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ABSTRACT 

Product velocity vector distributions have been 
t ,,:1 \'> '. .. " 

I." 

. ~ , . 

determined for the reactive and nonreactiv~ scattering,:' 

of N~ by CH4:' CD 4' and Ne. In the most prob1.ble ;,;' 
, + ' '+ reactive events, N2H and N?D are scattered forward 

at almost exactly the velocity calculated from the 

ideal stripp~ng model. At the higher projectile 

energies, the internal excitation of CH3 even for zero 

angle scattering is significant, and product internal 

excitation increases wit~ increasing angle. A,large 

isotope effect favoring abstraction of'H overD was 

' .. '., : :, ~ . 
"', :".' 

, " ' 

;,: ; 

".- I'· 

." :--

found. The nonreactive~spattering showed the oc~urrence 

of highly' inelastic collisions, even for small angle 

scatt~ring, and a feature wh1ch may be due to the, 

cullisional electronic excitation of CH4 or of ~ ~as 

discovered. 
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Many of the details of the dynamics of gaseous ion-

molecule reactions can be deduced from measurements of the 
- ." .. ' ,. 

energy and angular distributions of the ,ionic products and , . 
. ::.' .. 
',,' • '. >j" 

; .. " 

scattered reactants. The firstinvestigations l - 4 in this area::.",".": ': 
.' ': ,: 

have been largely concentrated on the reaction of N~ with the 

isotopic hydrogen molecules, because of its simplicity, large 

cross section, and a kinematic factor favorable for detection 

of the products. At relative kinetic energies above 3 eV, 

some of the prominent features of the N2H+ velocity vector 

distributions are direct consequences of the fact that the 

~ ," .;", , .j 
• ',,' .. '; t 

" "I, .. 
.!o' . 

. 
other (atomic) product cannot take up energy as internal 

. , .... 
: '".:"';, 

excitat'ion. Therefore, it seems of interest to examine a . :;',1' . ,. , , 
'. .': ,· .. ·f· .'", • 

", Ii ''',~ ':. 

similar reaction in which both products were polyatomic in ",", <::':' 
.,' :. 

order to see if th~ presence of extra internal degrees rif 

freedom significantly affects the partitioning of energy 

between internal and translational modes of the products. In 

this paper we report and discuss our measurements of the 

reactive and nonreactive scattering of N; by CH4, CD4, and Ne.'· 

EXPERIMENTAL 

The apparatus employed in this work is the same as·was 

used in our investigation of the N;-H2 reaction~3,4 Briefly, 

it consists of a magnetic mass spectrometer for preparation 

of the primary ion beam of known energy, a scattering cell 

containing the target gas, a 90° spherical electrostatic energy 

analyzer, a quadrupole lhass ,spectrometer, and an ion counter. 

The energy distribution of ions at various laboratory angles 

':. ,: 
" ' 

-f 
.' 

,; .' . ." ,'-. :' 

" 'I 
'j '. 
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'. .' ~'" 

q •. ,' 
from the primary beam was determined by sweeping the electro-.· 

to', 

',t • 

. ~ , 'static energy analyzer, and the angular distribution of ions 
.'. , ; ~, ',' 

, .. : ,:::.' " I! 

of fixed energy was measured by rotating the entire detection : :", ,::" .;. 

train with respect to the primary ion beam. Further details 
,., : 

. " ". 
, .: .' .'" .. ',.~ 

of the apparatus and procedure can be found in our earlier 
: " 

. ,," ", .. 
·'t' ", 

'," , 
". t"." 

I , ' , 
.. '!. 

':' " :, ::, ..... '. bl· t· 3.,4 .' :,.' . ,.': .. ':" ",. pu ~ca ~ons. In the present experiments, mt nentum analysis .r.· ... > ....... ';.. 
, t '\ ,', 1",:; 

" 

! \ ... :., .. 

(, .' ~ '{. I -f.'., ~, 

. '" , : .: ;,: ; 

~ i; I 

I. "', 

."'. .,. " 

, .. ,' ' ... ,.,,': 
' ... 

,'. :,'. 
j": . 
, . , 

} :-.-.. :.- ",,';." 

:. ~; • " ,'. , I':" 

.' ': • :., ...... '. ! .•..• ', 

~ . ' 
" -;... 

" ' . . ,'"' , 
,' .. ',' 

- .. 
. , ~ 

. " ,. \ 

. '" .. 

" -,', 

'. r ',i' 

. , .... , 
'of the projectile beam was performed at an energy· of 32 eV, 

which produced a beam energy spread of 0.96 eV FWHM. 
", .' .... 

,", ") .. i;.'(,:. ,',' 

" ,.' . 

RESULTS AND DISCUSSION 
, 

Figure 1 shows a velocity vector diagram for 25 eV 

(laboratory) N; impinging on a CH4 target •. The small circle 

about.the laboratory velocity origin indicates the locus of 

:the rms thermal velocity vectors of the met~ane molecule~ The 

r :, 

" ," 
';',' ':',.' 

,'; ," 

.". ;.,,,: " 

assumption of a ~tationary target for 25 eV and higher projectile 

energies seems quite well justified •. 

The region of velocity space where the ionic product of 

the reaction 

I (I) ,'. 
-\ 
\ 
I 

can appear is limited by the possible:! extreme values of Q, the 

difference between final and initial relative kinetic energies • 

Since for ground state reactants 

o 
Q=-L\E -U o 

i'; .. 

where 6E~ is the energy Change of the reaction, and U is the 

internal excitation of the product molecules, the values of Q 

consistent with reaction (1) are given by 

.1 . 

". 

:,' ," 

," ','. 

, '" 

~ ",. 

,:, . ' 
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':5 _ till° 
o 

(2 ) 

That is, for products in their electronic ground states, the 

\ :, .: 

/J 

I" 

. final internal exc~tation energy U must not excl._~d the sum of .' 

the smallest dissociation energies of N2H+ andCH3 • Equation' 
" 

;. /' 

1', . 

(2) can also be expressed as 

-2.5 - D(CH2 - H) ~ Q < till 0 
o 

which is based on a value of 4.5 eV for the first bond 

dissociation energy 'of methane. Thus there is a lower limit 

"f" 

" , ", . 

~ . .'.' 

,:, 

".',', " 

• ,', I. 

,I: 

.~ 
, 
r 

for the Q of reactibn (1) of - 7.2 eV if D(CH2-H)is taken 
5 as 4.7 eVe + 

;', 
. .,' . . ~ 

Any N2H observed in regions of velocity space I 

I 
,.;,< .' I 

that correspond to smaller values of Q must come from collisions , ,:', '. I 
i 
• I in which the methyl group is fragmented or electronically excited •. , 

The upper limit for Q is uncertain since 6E~ or equiva­

lentlYD(N2-H+)' is not known exactly" We have previously 

. 'c estimated for D{N2-H+) a lower limit of 2.5 eV and an upper 

limit of 3.5 eVe The latter corresponds to a value of -1 eV 
0 In the contour maps of scattered particle intensity for 6E • o. 

as a function of speed and angle in the center of mass system 

,which will be presented" the loci of velocities of N;, + 
N2H , 

+ 
or 

N2D which corr~spond to certain critical values of Q,appear as 

circles about the origin. 

,", 

.' ~ , 

\ 
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i 
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. , ...• ,.". ! .,~ , . " 
'" ' .. ;. 

: '.,,' ; ".:; ' . 

" ... , ;' In our earlier, investigation of the N~-H2 reaction, the" ';:", 
.' ; ;:. ~" ; ': ;:: I;. " .~ .. 
; ,,,;.,. ' . .' large ratio of projectile to target mass insured that all 

".<::~'.~;>:~; i,' scattered particles were confined to a very small range of' 

,):',: :,,::;::~,~:::.'<>, laboratory angles and speeds, regardless of their center of 

, ! ."." .',.:, 
.".' .:/", 

. , ' ~ -: ,t ,,'. 
~. ., 

;'i": ", :';. : .. , 
';;' 

, . ' .. ' .. 
.' :.',,' -' \ '.~ , '" . -~ . 
,','. .' :f';' 

. . . . " 
.' ," 

·1 ~ :.: " ,"'. .' 

", :,:.:. 

• I.' • 

mass scattering angle. Thanks to this kinematic concentration, , 
, : . ~ ~,': .,' , .. , 

we were able to determine the complete center of mass velocity ,.i .... 

vector distribution ,of products. In the N~ -:-CH4 system, however, ',.:' ,;,:' 
. ~.',: ,;~. 

the masses of projectile and tar~et are more nearly comparable" '.' " I 

and therefore, the scattered products can be spread out over 
, " 

a much larger range of laboratory, scattering angles and speeds.' "" 

It is possible, therefore, that products scattered through 
.:: t. ','.t.· '. '. 

:':/,: ::';;',:< ),:';", large c'enter of mass angles will not be detected for two reasons -",;' 
; . ~', : ~" .'.' . . " 

. '. " . ~. . .' ~. ~ 

".'~ .,:,,~ 

.'. ,.~.:, ~. ~', 
, . ~ L ::. _ 

.,-: J ' .: 

. ;', 

","-:' .' " 

. ,," 

., .. '. 

First, large angle scattering, intrinsically weak because it 

comes from small impact parameter collisions, would be spread 

, very thinly through a large region in velocity space, and 

1,::-

" 
., , 

. . .' . 
, . 

, ' the counting rate in the velocity space volume of the detector :::" 
. ' .;: ' 

,", ,. could easily be too small to be seen above background. Second,',;:; 
;. ' " i" ; ~. 7.; '.,. . ""::' '! :-. " .: :', .. 

• '. ", • . I . ~ i . . , . ~ , ,; : 

,; . "';',,/:;., the ions scattered through center of mass angles near 1800 are", 
. :.';-

,,':\:.'::, ,,:,'., moving with quite small velocities in the laboratory, as is 
'! •• ,' . 

, ' , 
'. 

f.;t " 

clear from Fig. 1. Since the transmission of our detection 

train falls for ions of less than 10 eV energy, many of the 

particles,scattered through large angles might not reach the 

detector. It was important, therefore, to perform an experi­

ment which would indicate'the sensitivity of the apparatus 

to. products scattered through large angles. To this end, we 

+ studied the scattering of N2 by Ne. 

,"-,.' ... 

: . /', 

~ ',';, 
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,-"; '" 
':1,' '. 'f' 

int,ensity contour map in, the center of ',., , ' ':y:/~,.' , 
•• ' , ": i. 

of N~ scattered by Ne at a relative '; >.' . 
>,".»~':.'".? " 

In this contour map and all others we,.::> .. , . ' .. :' .. ,; : <or' . ~,. f 

Figure 2 shows an 

mass coordinate system 

energy of 31.5 eVe 
3 

'. ~ ., 

., , ';' •• 1 "" • 

follow our usual procedure of plotting the counts per second 
.... I 

.. : .;, .... ~ I 

• I'.' 

'.:, ' 

. . ' . . 
.' ..... 

, .. ,.!' 

. , . 
'.' 

per unit velocity space volume, normalized to scattering gas 

pressure, beam strength, and scattering volume. As we have 

. pointed out,4 this quantity is ,the same in the center of masS 

, , 
: ',-

, , , , , 
", 

'. ' . .' " , 
, I 

and laboratory coordinate systems. The scattering at small angles .' 

is largely elastic, since it falls on or near the Q = 0 circle. ' 

,At large angles the scattering is increasingly inelastic as 

is indicated by the noncircular dashed line which runs through 

the peak scattered intensity at each center of mass angle. The 

magnitude of the energy loss suggests rotational and vibrational 

ex~i tat'ion of N~ is occurring, and the low-lying (1.12 eV) A 271" 
+ ' 

state of N2 may a~so be excited. The scattered signal becomes 

" ~ . 

.. '," 
, . },' 

, ~, ' 
I ,. 
\ 
I 
I , 

'; I 'j 
: "J,' .. i 

i 
I 

I 
I 

i 
! 
1 

,'" ," t 
" I } 

.. ~:.\ ,I, ,. ~. difficult to detect at center of mass angles of approximately 
". 1 

! 
' .. 

'. ~! •• ,I 

..... ". '" 

'f. 

~ 60°. At these angles, however, the scattered N; still has 
.1_ 

, I 
'", ' f 

i 
i 

,,';>. ", \ 
:: , ) 

, approximately 50 eV laboratory translational energy, which is 

certainly high enough to assure efficient transmission and 

,detection. Thus our failure to detect N; scattered from Ne 

through angles greater than ± 60° has a simple interpretation. 

Even for ~his case, in which the scattering is fairly well 

confined to a spherical shell in velocity space, with our 

present combination of ion beam intensity, scattering gas pres­

sure, and detector resolution, the back-scattered ions are 

, j '. ' • 1 
.j 

spread so thinly in velocity space that they cannot be detected. 

Consequently, for nonrea,ctive or reactive scattering of N; iby 

! 
\ 

, .. iI .' 

, ,i" ~' 

, 

i 
I, 

I 
I 
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. ! 

! , :, 

, 
. I 

. , 
" ' .... ' ", ·.1 .'. ',: '" 

CH4, the great· number of possible final internal states will;' /;;';';'.> ~ 

tend to spread the products even more thinly in velocity.spa~e,··:'''~'\;';,':::':''::'''; 
. , ',' '/ .' . 

'< ',and we cannot expect to observe the scattered particles at 
'Ii';' ".,' 

.. t 
t I 

• • - ,~ , j 

',"" ., large center of mass angles. 
'!-

" - ~ , : . :', ,< i 
I 
r 

;' ,.': -" 

,', 

+ Figure 3 shows the N2H intensity distribution from the 
',-:' .-

, 
,k 

+ N2-CH4 

,," .. ' ," f 

reaction at 25 eV laboratory, or 9.1 eV relative energy. ,'>, \.:;;,:~, t, 
t',:. I 

As expected, the detectable scattering was confined to rather 
.\. 

., ' ~ 

, ,'. ~", ~:-. ,,'. 

.' ". :;?l ';, ~ 
" ,,"" 

.j ,., small angles in the center of mass system. The maximum .;' 
! : .:~','" .. " : ~ \" -', : '.': •• ' ',I .( 

1 
, I "~ .' •. : '; i \. . I' . I I 

intensity occurs very close to the velocity (ind-':cated by ai,~,":' ,.'.': ,r 
The N+ beam' ,:- .:,> , '::'1 

2 '" , " 
'... 'i', 
I ~ to', '.' ~), l \,:. ' cross) calculated using the' ideal stripping model., 

profile at 20% maximum intensity and the similar one for N2H+ , ' : ,~::·,~','''l: 
; ',; ,.~.. .'" .!, 

intercept only :t 3.5° and ±6. 5° in the center of mass system, ""'" 
, ~.: ,/.,.:,-., ,; ~ : I ~ ,> , • ' , i"! ,.'_ 

" . 
,: ,,:,!. :,' :" which again indicates that very little impulse. is imparted to 
. ~t' 1,,1: ;' <,I ,~. 

\', i 

0; ,:,: !: 
, ",'* •• 

" 

" , 

'i.'.";"·,) ~I" 
. .. " :. ~ 

the methyl radical in'most 'reactive events. 
.:, ;, ~. : ': " 

, > ' ~, .:' It is clear from Fig. 3 that the scattered products lie 
.. ,:. '. ... 

"'. It", 

',' , . '~. , 

, . ,at velocities which correspond to Q values less than + 1 eV., 
.... ;: .:'.::<:: ",:, !: 

','.\,,:';,',;:. !. 
.<; i' 

'.' ..... " 

'. ' 

,' .. ' 

~ \. .: 

, ;,,' 

. : ,\ 

,w . 

, '. 
,!, 

. ~: i: I 

This shows that the 1.0 eV exothermicity of the reaction appears. r, 
.\',~;' r 

.. ". ",' I:: 

" ...' :! , . ~, 

!: 
u 

as. internal energy of the products, and not as relative trans-

lational energy. At the larger scattering angles, the most 

" ii: 
ii, 
\1 
j 

p~obable value of Qtends to be slightly more negative than ',r 0 

'I 

at smaller angles. It seems reasonable that in the smaller 
! .. ' " 

• ,'/ T' • II f: 

impact parameter collisions which lead to larger angle scattering, ..... ',~; 

the methyl radical might interact with projectile more strongly, 

and thereby acquire larger internal excitation. The dependence 

of Q on scattering angle displayed here is opposite to that 

observed for the N~-H2 system. 3 ,4 In this latter case, the 

" 

f: 
~ I tii 

H Iii 
rt: 
.il 

[
\1. 

·1, 

~ \ 

i,: 
~ 



· I < 

.... ". 

. ' .. :.' 

'. "" 

'; '" 

, ".' I • 

... . :. ,. " 

,.:1 ,: : f ~ 
,. 1<,';:: 

.',;:'" I,., 

,f '. .: • ~ ~ •. 

· ., ." 

, " ~" " 
, '," / j' 

"'.: 

" · ' 

'. 
" . .. : 

" 

-s-

N2H+ product scattered through small angles is excited almost 

to its dissociation limit, while at large scattering angles 

the'product internal excitation is approximately 0.7 eV smaller~, 

. " " 

and Q correspondingly less negative. Apparently in this case 
+ . 

.> :.. .:' 

the strong interaction of the departing ion N2H with an 

atomic neutral having no accessible internal modes produces a 

lowering of the product internal excitation at large scattering. 

+ angles, whereas in the N2-CH4 collisions the stronger interaction 

'. 

between N2H+ and CH3 tends to leave internal energy in the ..... 
'!, ;, 

methyl radical. "'l .', 

+ 
! ~ , Figure 4 shows the nonreactive scattering of N2 by CH4 . ",'. 

at 9.1 'eV relative energy. Essentially all the observed ., I.: 

scattering is slightly inelastic, with Q = -o.s eVe The separate 

closure of the two wings of the distribution and the absence 

of intensity in the region of the unscattered beam results 

from computing the intensity from Iobs-Ibeam' where I beam is ',: ' 

the intensity due to the beam with no scattering gas, and ,lobs .' 

is the signal with gas in the cellJ The introduction of 

scattering gas of course gives a net attenuation of the non­

reactive signal in the center of the beam. Hence at this point 

Iobs-Ibeam is negative, and no information is .obtained. Away 

from the beam center, when I beam has.fallen to 10-20% of its 

peak value, the nonreactively scattered signal lObs usually 

is much larger than I beam , and scattering information can be 

obtained. However, if there is a large reactive cross section, 

then the.nonreactive signal lobs wlll be atten1.lated, and thus 

IObs-Ibeam may remain negative out to center of mass angles of 

'.': 

.;', 

" ~ I 
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", 'I 

,,':, ,', ',::: " + " ' j ::-::> r>. ',:, 
:'. < :,::, " approximately 5°-10°. This is the ca.se for the N2-CH4 system, ,': ~::'::'; ,;tl 

";'" whose reactive cross section is large at low energies, andi.,::~",,(n! 
, ":,:,, . the reason why the intensity contours of Fig. 2 close a~" 

" ' Q' " ,:,.' ",';' '; ; 

',. i': " 
, ,- '-:' . " 

.' ... "" ;, : ,; 
: .", 

" . , . 
, 't", 

) ," ...... 

approximately 10°. 

At any particular scattering angle greater than 10°, the 

reactive and nonreactive scattering are distributed in speed 

differently, but have approximately the same intensity. The 

" , 

,:,~ <. >";,1; '; '::"; .' i 
. , ~, .. ; .' ~ : 

",'" .' 
:':~>, ' ::"i, 

.. "','. 
: ,.;., 

:", " 

.. '. 
" j ,',".'.' 

. .~. ; . 
• . ;,'. :' '\.1 tl 

~ I, 

!: 
'·r· ;! 

, t' nonreactive scattering is confined to a relatively sm~ll range 

of Q values, and the distribution does not broaden appreciably;:', ;;:.<.,. \i 
... ". II 

"'\, ';, -",' 

:, ::',,',::;',;:,).,1," in Consequently, if 'Y'>'/ : .. :",:," !I 
\' 

speed as the scattering angle increases. 
;', " " 

I , ,~ I'" 

chemical reaction were not occurring, we should expect to 

observe' the nonreactive scattering to angles of approximately 

.. ' . , 

:t ,.::,:\'''', 

+ 60°, as in the N2-Ne system. Since no nonreactive scattering .'" 
.' '",. '. ~ ,~ :".:.>. "::":-' is detected beyond 30°, we can conclude that the various :;,:; "to :1 

>:::'::':,<+'.',"';',' reactive processes must also attentuate the nonreactive signal,.'·::;,>:,:,,~ l' 
':":~,"':~:,:,)::,:,,:::::.>;', for the smaller impact parameter collisions that would lead to <', ... ::'}> [ 

'>. " , ;", ,:.' " '\ I:! 
t ,. ; i ' '. \' ~ 

. ·i· 

,': ,,' 

. i !,,"".~ . 
'; . '" .. ':' 

to: '. 

" 

: ..... -,. " 

large;i:::e 5 n:::::c:~:e d::::::::~ IOf N2D+ from the N~-CD4 "(>,>,! 
reaction at 10.4 eV relative energy., ';The peak proQuct intensity."" ' Ii 

!,I 
I is almost a factor of ten smaller than that found for the N;-CH4 I 

,. ,;" " .. .'. system at the comparable relative energy. 
, ; • ,~'. I ' :' 

This very large 
I 
!: 
I: 

;' <'. • I ' 
.;' 

, " , 

;: ... ' 

<' 

isotope effect for small angle scattering was also observed 
+ 4 for the N2-HD system, and is evidently characteristic of the 

stripping mechanism. The maximum intensity of, N2D+ occurs very 

near to the product velocity calculated from the ideal stripping 

model, which is indicated by a cross in Fig. 5. The product·. 

distribution is sharply peaked in angle., with the 20% of maximum 
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intensity profile intercepting only ±.7° in the center of 
+. mass system, just as was true for N2H from CH4 • Again,. there 

. is no evidence of strong forward recoil, and consequently the 

: '. :.'~ . '-'. , 

, . exothermicity ,of reaction appears as product internal excitation • ",.' ' 

'I :', I( 

The nonreactive scattering of N; by CD4 at 12.5 eV relative : .... , 
• j' , 

energy, shown in Fig. 6, is somewhat similar to the corre­
,', . " . 

.. ' 
.. ,;.' ' .. ' i 

)' " ,,' '.i' 'j' 

+ ' 
sponding N2-CH4 data. The scattering is slightly inelastic, ~ .. 

. ','. .~' ~ : "~'" . ,,(. 
!." .. ,I 

• ,I ' .... : and is confined to angles smaller than ± 30°. The intensity 

contours do not close at the small angles shown in Fig. 6 

because the background beam attenuation due to reactive 

, .• ,:: 1 
.'.,' ., 

, , '. , .. ~ :.:." ., : ,', .. 
" I.'? ';' 

.', ',; 

, j '.' j " ••• ' 

f' • .;" ••.• 

'" ':: '. ~ :::. scattering is much smaller than for the N~-CH4 system. The 
': .. ' 

..... 

, .. ~ , ' ~ .'; ". .~ ,:,' . " . '.. +' 
.. " .: : .. ,: intensity of scattered N2 at any fixed ,angle is greater from 

: t·· 
j .' '. 

','. , !. ': 

. " 
'1,' , 

,I, " ':.>" 
, ' 

.~' .' 

." .. 

.; 

. . ~. ' ".' , 

, 
.'.'. ' '. " :' 

" . ' 

,:' ,',' 
.i 
.1 
! 

f' '.'" 

CD4 than from CH4 at comparable relative energies. 
. .. .' . This also,,', ,:. 'r~ • , t 

' .. ", ; 

must be a consequence of the smaller reaction cross section 

observed for CD4 ., Again, the disappearance of nonreactive 

scattering at angles as small as 30° indicates that small 

. impact parameter collisions lead'to charge transfer or chemical 

reaction with products spread throughout velocity space. 

+ The reactive and nonreactive scattering of the N2 -CD4 

system at 50 eV laboratory (20;e eV relative) energy were also 

mapped, but are not shown here. The N2D+ produc+' had a maximum 

intenSity. almost exactly 0.1 of that observed in the experiment 

at 10.4 eV relative energy. In all other respects the product 

~. i . 
•• : •.••• 1 r 

'. . ~.. " . 
i 
! .. .;. ~., I 

. i 
. I 

'. :.; , I 

I 
'I 

J , :: , ;'t-, ;' 
, I 

,"" '.' I 
I 

i 

I 
.~ I 

.' .j t . , 

distribution resembled what was found at 10.4.eV. The intensity :~ I 
maximum fell almost exactly at the ideal stripping velocity, 

the 20% intensity contour fell within ± eO, ahd virtually all 

detected product occurred at Q values between -l.e and -4.5 eVe 
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The value of Q at the. intensity maximum was -3.0 eVe If all 
~. I \ : ;,;' .:.' ... . :,,', . ' .' 

::,."~:.;:::<.:··:·~r::; .. the product internal excitation was p~esent in N2D+' the most",' :,"'.j:.": ! 

:,:ii'::> negative value of Q consistent with a stable N2D+ would ~e ,"){,:::.:', I 
i'":i:;::;,,,:, -2.5 eV. Since we observed the peak intensity of N2D+ was'·",': 

,':::'1r::;.!:;<:-}.:::';:: associated with a Q of -3.0 eV, there must be at least 0.5 eV '" " :,' . 
. : , .... "" :,.,' i ,"I f 

.' 

;.:,>:;::) "" ,:,. ,..' . internal excitation energy in the CD3 group formed by the most' ,,; : ..... ::(.;, 

','~:,.'ii probable react,ive process. 'J::.'.: .. '.:': .. :':~"". 

';;~:i~(:,;i':,;:: s imn:: e t:
o
::::

c :~::r::: t ::r~:~ 4 a:v : 
0 
::c::t w::a :u:~: t: t:::::s ).S~{,:F. i ' 

: . . '. ~ ; 

11 I:;~!": ~ ... : '. -.; \ i! 
t " .. 

are more negative, which indicates that the higher energy 
" ... ( ' .. '~,:~' <::;:: " r : 

... , ..... '" . .'. .. :.1" 
:"'" ' h 

:! .. :, . collisions are more inelastic •. A map of the intensity of " ., 
• ,; ~ .' I 

..... " 

.',. ,J>.':. 

!;.' 

, . . 
·:·::.';~L;i, 

, .. 

. I' ": 

,",'.' It· 

+ . + . ' 
N2H . from the N2 -CH4 reaction at 21 .. 3 eV relative energy was 

6 elsewhere. 

t ' . 
'."\' ; ' .. > 1 I ~ 

, ••••.• ' 1,' 

.. , . .... 'f' ":',: ',; :~c. 

1",-•• ' also prepared, and has been published 
+ . The distribution of N2H from the 

I + "';', . . ~ ~ 
N2 -CH4 reaction carried ;.!:.c.: .. ,:::< ... ; i 

.. ' c '" . : '.' 'II' . .. . :.';' . '. ~~ , .... > 
or a rela+.i ve energy ... .. :~. 1. 

'.:' .. ';. ·1 
o'ut 'with a projectile energy of 110 eV 

The intensity peak lies almost.",':::'> I 
exactly at the ideal· stripping velocity. which is marked by a,.,.' ", I' 

of 40 eV is shown in Fig. 7. 

The corresponding Q value is -3.3 eV, which by the 

indicates that the methyl radical formed 

type of collision must have at least 0.8 

. , .. : ,\' 
•• ,'~ !." " •• :1. • 

.• oJ .'.' I' 
",' ", '-, . ',' 1 .• 

, l ' .,,'.- •• ";. 

1'1' , , ~' 

'" . 
.. "" q 

eV internal excitation energy. 
.: .. ,.: ...... :: .. 

From the intensity contours it: . .', ., . 

1 
• . j' .... f is, clear t,hat in a sUbstantial fraction of the observable 

reactive ,colliSions, much larger amounts of internal energy . . '! .. ': ::, .... 

, ,: i \ . '," , 1 ' 
" , ~ 

are transferred to the methyl group. Appreciable intensity 

appears on the Q'= -7.2 eV circle, at which the minimum energy. 

.' :.:-- ~, . ~, .'\J I '; 

: . . "··:t i 
.'. . '" :f I 

'. . it I 
;f I 
I: I 

;. ".' ii I 
in the methyl group is equal to its bond dissociation energy. '. '. :ll 
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Unless this energy is present as electronic excitation of 
... j- ';'., 

, • : : I,: -:. 

CH3 , the reaction which produces N2H+ associated with Q, values, ," 
i, 

, :.: ' '" 

,.! .' 

more negative than -7.2 eV must be . I", ',' ! j '.: I,': . '" 

N+ + CH - N H+ + CH2 + H 242 

Some intensity is observed even at the Q ~ -11.7' eV circle, 

and product formed at this velocity must ,come froml 

unless the excess internal energy is taken up as electronic 

excitation of CH2 " 

: " ,'.'j' •. ; i', •• 

. . , ' .. / . 
• ' •• ",' 1, •••• 

; , ",;, .,!! 
, I •• ' ' 

L •• •• ' 

.. : 

: •• , 'j'l 

" '\: .. 

',' ': .. ' '. ;., 

" .; .... ,; . + .. " 
Figure 8 shows the distribution of 110 eV N2 projectiles ",',:,' 

I 
'1 scattered by CH 4 . Most of the observed scattering appears to 

be inelastic with a relative energy loss of 4.4 eV or less. 
,,' i 

" .', , \ 
1 

There is, however, appreciable scattering in which the inelastic, ' "i :, '" I 
. , , ,loss is much greater • The Q values of -4.4, -13.6, and -17.1,",'::;, \ 

", '.,'" . I 

" , " 

: :"', .' :, .... ' 

• j ,' ...... '. 

, ,"', 

J "'"1 !.' 
? • , 

. ".< 

, .• ; . i:: (." .. " .... ,.: 

, . '~: . 
, , 

indicated by circles in Fig. 8, ,correspond to' excitation 

energies sufficient to cause methane to dissociate into one, 

three, and four hydrogen atoms, respectively. The Q value for 
I 

dissociation to two hydrogen atoms is:-9.1 eV, and is located 

quite close to the Q = -8.2 eV circle 'in Fig. 8. Of course, 

+ some of the internal energy may appear as excitation of N2 , or 

" ' 

as electronic excitation of. some of the hydrocarbon dissociation 

fragments, so that the dissociation of methane may n~t be 

complete even for Q values more negative than -17.1 eVa Thus, 

because of the large number of available final states, it'is 

not possible to specify the neutral products of these very 
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inelastic collisions. The data are significant in that they ::;:":':~''':\.,':" :':".' \ 

show that even :for rather small scattering angles,. very 
", ";", ,j .,,:::, 

.. ,,:., ~ . ;' , ' ~ 
. " : '," .. ' .• ' , ~ 

o~:J<, :~, '0: : .• :,' ,:':.' . 

inelastic sc~ttering can occur. Consequently we can expect 
, " '.,', 

'.,' ";>; :: : ~ ,~., ':l 
... ." ; :.~. :.:::' :'. ,: I,: 

".' ; 

that the small impact parameter collisions that'lead to the ." ...•. ~ ,'i~'" ' ,", ): 
" , 

unobservable large angle scattering will be even more 
) '~ .:.: " , i 'f " 

inelastic, :\ ... ,,' 
'.j' .' , ' . 

, ... ,. " 

"\-
• :: i" and will produce high levels of electronic excitation and 

\ .. ;J ,', 

or dissociation • 

One other feature of' Fig. 8.requires comment. There is' ,', • ,"·f' • : ! 

. ,', :'. 1.1 

.,r: ... :::::····j>.'.:.':'· a small peak in the intensity distribution at 0° and Q = -8.2 eV~/"> t 
'::>:"'.";:':,<"',:;':1:;' . ' ", . ',.' I-
!. ,.:;:' :.'l,;,:";," This peak also appears with the same intensity andQ value when, ; : ',:' \ t· 

,{';:,';;;,i/:<::>':""; CD4 is the scattering gas, and is also detectable in the . , '\:~<.':, I 
, I • .. . .:., . : t i .' :',' ~ ,. I j • ' I • _ .. ". I 
,:,.,,~:<;.:;,.,i,::. scattering o~ N~ from CH4 at 75 eV projectile energy. The , ... ':,:;",:,';, .. < ... ! 

:'::~"::',F':::<,::.,~';. location of the p'eak at 0°, and its quite narrow profile make".:,:,,:>, (: 
".' '. I 

it likely that it arises from an electronic excitation process.'.~:::·>,'· ': (' 
, .: ~. • ..'....... ; 1 

'.' ", , 

The firstallciwed. electronic transition of CH4 hp.s a threshold ~.:~::':, '.",.,,-';:.' 
'.' .•.• J, 

'
1 ',; : .•.. ,f , 

c'. ::: .,' , 

" ", .,' .~ at 8.5 eVe The C 2Z~ state of N; lies 8.0 eV ab~ve the groimd. :~' .. :,,:.: .. ;,';.~,:' i 

'. '."" state, and. thus' either electronic excitation of N; or CH4 .. ,' , .. ;....., !: 
' ... " /' 

... ~ . 
, . ~ . : .. ; " 

'f' 

.. : :'::"'::~;:,;X:/;'" . could be responsible for the observed peak. Figure 2 shows ':.:; .. ':<~' ~.,; I 
. " .".:,:;:.'.",;:: . ,": •... that the peak is not present when N; 1s scattered by Ne, .: '~'''~;\·:',<,·;'.'i ", .. ! 
".::.::'.',::.:.!,' , + ",' 

.\ ,and this suggests that'in N2 -CH4 'COlllsions it is ,the CH4 " 
"'.'j 

,'; t 

.', 

.':, " 

, ., ~ . . ~' " " 

which is being excited. On the other hand, we have observed 

rather weak excitation of the 8.0 eV level of N~ in collisions 

with Ar at comparable relative energies. The process which 
. + occurs in the N2 -CH4 system, therefore, must r~main unclear 

-.' 
until spectroscopic investigations can show whether or not the 

C 2Z~ state of 'N~ is excited in these COllisions. 
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Table I summarizes some of the numerical results which " :.,'/: . ' .. ,' . 
, :. :< ""..; ::.~.:':, ' 

'f'.- ,. 

we have derived from our experiments. As we saw from the '. :'>:1"',:.','·>. 

maps, the product velocity is in all cases very close to that 

calculated from the ideal stripping model. The produc~ to 

projectile laboratory velocity ratio vivo is, according to the 

model, simply M/(M+m), where M is the mass of N~, and m is 

the mass of the transferred H or D atom. For the transfer 

,' .. '. 
, .' ~, .. ;, ;:. r 

l: '. :. {'. ::; ~,' 
o;~' i ,~' !':: I " ,::~, 

" '!~". ;,', '. 
: ',:. t. " <' '.' '. "~ 

, • ," . _ ,.' .... ,.1, 

" .' .'~" 

, ~; \ , f' ;,: ~.,: • r 

, ' 
, ': 

.:.". 

of H or D, vivo is 0.966 and 0.933, respectively. 
\ ::.,:' " .-/.,: I 

The velocity;.,:':'" '. 
", 

ratios in Table I are all very close to these predicted values ~ "':'/'" 
• .' • ~: ':.:~ I' " ; t . , 

The close agreement over a wide energy range betwe~n 
'.:' .. :,' :: 

.'-:.>:'."I~""., observed values of vivo and those predicted from the ideaL 

:,L':'::', ,~' " .:. :'. :'" ' stripping model found in the N~ -CH4 system is in contrast to 

,.':0'.",. /,', 

.::. '\ ..... :­ ' .. :'.' 
: '~:., '.,. 

',,\:::' ' :.-\" ,:~".: , I' 

·t' I 

,':. '! 
i; . '. ','::''',' ~ + 
',:, ,::.!:, ". '. ;' the results for the N2 -H2 , D2, and HD system. In the latter 

"'. I 
I,,: ! 

':~:':.:.":" ,case, the observed3 ,4 values of vivo were greater than those 
. .'; ',.,.','" '. I 

.. ,.,' i 
,. I 

" ' i 

: : .: ,),','" predicted from th~ model, and became more so as the projectile 
: .1;' .,' ::' 

. '.)", I .'. 
1 ., 

" , ,.' 

.......... f" ;::, • 1 

"J' ,'. 

"', ,: 1.:',:. (::: ' 
" ~'.. ::.. " ; 

:.i' 

., 
, , . 

'. ' ., 

energy increased. There is a simple explanation for the 
.' I 
./" I 
, .. :( I' 
, ~ . .., \, ,. difference. 

\ 

According to the stripping model,. the internal '''" .'.' f 

. " .,; .' i 

excitation energy 

of reaction -6Eo; o 

of the product U is\ the s~ of theexothermicity,' "';.1 
0, " " 

and Ea' the energy pf the projectile relative ! 
, I 

to the atom it abstracts: 
, , . I 

For the reaction of N~ with the isotopic hydrogen molecules, 

all the product, internal, excitation must be p~esent in N2H+, 

and since the ion will not be stable if U exceeds its smallest 

dissociation energy, there is a natural upper limit4 of 

I. 
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..... :; .. ;.::'. E~ = 2.5 eV for operation of the ideal stripping model. For ',. ; 
. , 

+ ,,: ... :. ". I 
N2 -CH4 collisions this limitation of the ideal strippIng model,.,: , :~;" ~'. ! 

•. ! .. '.,' 

.... ~.; ... }./:.'; .... :.::., to low energies does not exist, since the internal excit~tion:·)\:·~·.(>.;·: 
",,' <, .. /,;. ;0>:;::' energy U may enter the methyl group and allow theN2H+ to .. c·?:: .. ·.. :",,/ '.J: 

.'~.:.,<'O:.,; stay below its dissociation limit and still move with the't/· .. :::::, 

)~':l,;?:,:?·::i '. ::::~ d s: ::::::: ::l:::::~be I:u:: ::: t~:::b::e::t:::l :::ons '.: ,':~:::: .'1 

. .";.':'''';'. ':'. as II ideal" stripping processes, for although the value of " ....,.'., ) 
,.r." ';':. ..... . ' ........... :'. ;; !: 
)' ... '·"L.·'.::/:"::· the velocity ratio vivo impl~es a weak interaction between.: .. ,';',: ji 

.f<:'::::'>'~~··:i:::; the projectile N~ and the spectator CH3 , the amount of energy··;:·.:,,.:.,:.:./ ... i·!: 
" . '. ,: " .;. ~ . '. .. ~. '. t 
J' .! :.';'. that must necessarily be transferred to the internal modes of >: . .':.:1 . i 

:.; ,; ,:.' " . ".<~ ::" :;\.' !. 
,.;. :>:."::':.' CH3 suggests that the interaction is not weak. "';:: ...... : .... ; I; 

'. : . ';'," .' The quantity that appears in the intensity contour maps,,:':.,,,,:., 'I 
:':!.:/:,:;.: .:-:.·,~.:;'i;,;) is r(e,u), the normalized intensity per unit velocity space,';.,:. ··.·r;.: I . 

..... ,,' ':: .•• / ..... ,:' .. 1· 

.;->:: ... ::.:(,:.\::; .. ·.volume, averaged over the detectoro, .. From this quantity, ;';,.: ... : .. ,;,: .... I 
, :,.::, '~.,~ir::<L::.'·." absolute differential cross sections\ I (e) and tota;' cross ,;::.: ';:;",:' '·:.::i·'. ! 

,,:,: :~::,:,.:, . sections a I ~::e = CsmloC:;: ~:: :::~the,\\rel"tj,onB " ,:, (3): .,: I. 

~.' • • • ~ , • • f F .,,"', I ' 

'.,.:', .'. a = 2 ... fTro I(e) sine de:' \' " (4):': ( 
' .. '. , i r 

.' , I' 

. ' 
j" ", 

, .' :~ "', ... : ."; ,'", 
,;'1. 

~ •• 'I , 

. 
and· the results are given in Table I and Figs. 9 and 10. 

Although the transmission factor of our detector system has 

been found to be constant over a wide range of energies, the 

actual value of the factor is difficult to determine accurately. 

Consequently we have scaled all of our results for N~ reactions 
:', . , I 
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+ to the total reaction cross section ~or N2-D2 at 11.2 eV 
.. . 

'. 1 ••• 
. " 

., -", 

, 

relative energy which was measured by Turner et al. 7 SU9h '. r • J.' .• ~::.~. 
' "!", 

. .'1' ';,'. ,". 
" f 

.' ~::, .:. '.l '. ',: :,:: ,~~ . " .'IIt 

calculations and the normalization were discussed in our 
. -r,.:.: .. :. :.J,< .. :':"'::.. I 

earlier work. 4 We estimate that the uncertainty in the total:,·.:··.':· ... : :.; " . ".:','/ : .. < (.it i 

,cross sections due to experimental uncertainties and the ~ .. ",:.';.".:, 
." <',:' 'j.!': 1 

. normalization factor is ± 25%. The uncertainties in the 
" .. ', ',' 

, •• ',"'1 ,',,' 

'." . " 

absolute differential cross sections are at least this large. '.' 
J .... :. " ) .. ' • ~ .' ':,', 

The reduced differential cross sections r(e)/r(e=oO) for 
, .. . ." 

l ," 

the reactive scattering are shown in Fig. 9, and the values of .':';' .' '<,'/' 
,':",; I , .,. 

r (e=oO) are given in Table r. For the N~ -CH4 system, the '<,:,"; ::'.:,:: .. ':.~ :.1 
',. ',;\;t" 

angular distribution r(e)/r(o), becomes markedly broader with 

increasing projectile energy. The data in Table r show. that ..' ',';': ~ 
. , . ' .:', ."',' ~ 

at e = 0° the intensity falls rapidly as the projectile energy' .~.,',~~.:'>.:':::',. . . , .... 
t", ;' . 

\. :" ~ . ~ ... ,:'. :,'i. . 
. . "';.J. . ';., increases . The intensity maps here and in Ref. 6 show that 

at the higher energies, ve~ inelastic reactive processes 
<.'. ,': ' ! 

: ,::>,,:,,'~~ :'. I 
, '/ <'<::"f .. occur, particularly at large angles •. ' The combination of the s e,·:.> ... :,(. I 
,';,,-,::. effects produces the broadening in r(e)/r(o). Evidently as~, ,,',,'. ,;: \ 

• ;' " r •• ~ .: :. ~ ::',' '.: _ • • ' " .' ! 

.... ,'f': .• 
• • J. ",' 

, :.,',.f "" 
. ': '\'" .' 

., ',: f - ...... : 

'. ,'" 'I 
'. ' . . . 

• t ~ . 

'; .f· .. : 
: ,I, •.•• :,f. 

. :' . ... 

" ' 
~; .... . : .. 

.'. 
: " 

•• ,. ,j. i 

projec·tile energy increases, the contributions of the grazing ".< :",'< i 
;:"<.<.1 

collisions to the reaction cross section are lost, and the. 
I , 
I 

more violent smaller impact parameter:collisions increase 
: 
I 

in relative importance • 

The rather limited data 'on reactive collisions for the 

CD4 system do not show the broadening of r(e)/r(o) at the 

higher energy •. The larger momentum changes a~sociated with 

large angle reactive scattering of the heavier isotopic product 

are apparently not favored, just as one might expect from the 

. Born approximation, for example. I , 
, . . , 
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!::~;.i:~:<:.,.,::/ .. ::-:.:{~)~/: The experimental values qf the total reaction cross 

.'.,':' ....... ':\': .. :\:;:.::-. section are shown in F'ig. 10 along with, the results for the 
"'.:::(;;.::' '.' 4 

:.\;,;;}::::~):':.!~;<>~ N; -H2 , D2 , and HD systems, ,for comparison. These total 

:~:,;,~·t:';:;,\:::{'{/:·. sections are plotted as functions of E~, since for the 
::\~):;':' .. F~:':"·' ·>.:;/~r ::' ", ' 
<::~~":;::i,.,:!rJ'::::i>:.·: molecular hydrogen systems 
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at least, the cross section for 

;:.:.:.::;: .. .':;.':;;:/":. abstraction of Hand D are very nearly equal at the same 

:;ii:l?!\?:·':\·~;·::'·r: .. ::~;:r::t E:~ta:h: r::: ,::::::~: ::::::" t::V::m:
o
::::: ' quite •...• i .. 

>::.;'.;-;':::':!.:; '>.,. The difference between the molecular hydrogen systems 
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. k';)~.~ ',/;;:;: /~:" 
on one· 

" .. ' . 
~ . ' ' , 

.·:,·.:,.:.i. '.:',: hand and the methane systems on the other, may be at 
'rr:;.;:~l.;::;+;:<); :;;:}.,:.: ; " :: i' 

'/>: .. '::!/;~';"~,';;'J'),:~," partially related .to the availability of internal modes in' CH3 ..... '. ,.<".:' _! 

least 

!'.;<:~':""'(.<::.': but. 'lot the hydrogen atom. The large high energy· isotope .::.;',.:"'1 
'( ,.', ',' ,," effect for forward scattering and in the total cross section.:'" >~.. :! 

• ' •• '.; • 1 , ' . ~, , ..... :. .'. 'l 'i 

:' ". ': ';.,~:,:'~:'\:. ::' :J:. .; ....... : ::~.;,;' '; I 
,::,;.{i/':.· :>;;t:~:.· Of, the molecular. hydrogen system ha: been attributed to the' ':;i"::::,.~:·'.,,;:··:· I 
'. r,;),~li:::<.:: difficu~ty of pro.duct stabiliza.tion through forward recoil •.. \. . ...... ", I 

~:)'r;,:c .: .. Th e + observation that the c roa s a ection for forming N2H + and ". ;.,.),: .... ' t,:,! 

• .J' ! ", • :';", N2D from isotopic mol ecular hydrogens is the same at the same ,: ~ ,;« ..... 
; ' .. :, .. , ;, /... ,'. . . ',' i 
.. "'" '. 0 

::.:;;;~ ::.:; E is attributed to the fact that the incipient· internal 
,:i.· . a 

excitation energy of an ion fo~ed by; stripping is -l\E~ + E~, 

which is the same for various isotopes at a given E~" Thus 

.the stabilization problem is the same·for both isotopes at the 
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, It is obvious that the total reaction cross sections 
"I' . + 

for the N2-methane systems are smaller than those for the 
'" \ 

+ . 
N2-hydrogen systems. This is perhaps surprising in view of ."<:: ,/:.," '*: 

, " \;.. ':~ ... ~. " '..,'! ":, , 
the virtually identical energetics of these reactions, and 

. , 

+ the product stabilization problem that exists in the N2 -

hydrogen system •. It may be, however, that the undetected 

,.:, <'i i:··!>;':·:·;·:~:· : 

'~ .. '; 
,".':: ',:: ',',':'::,:," ri, f 

products scattered through large angles in Nt-CH4 collisions·;;,<.<·~. .,' 
, , t .• ' .". 

~ \ " /.'.::!., 
may account for a significant fraction of the difference in .. ";. :: 

.:':. ',' ,:') ". 

total cross sections. ) 

It has been pointed out that the intensity observed at 

very negative Q values in the higher energy experiments may 

, ;.,' -.' 
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. ·.1.· . ( . 
~ ,1.::. i',:: 1 ~: .>.:." 

: "~,: ~ '..:"" I 

represent collisions in which the methyl radical is fragmented .' /'\\:"',.>~ 
, . ' : 

,.' : '"" .; ,;>". or electronically excited. In order to'display in a more ; .'r 

~ , 
: ;,' . 

.;i " .,';'j. ' 
'. I . 

. " ' 

quantitative manner the increasing importance of such highly 

endothermic collisions, we computed partial differential and 

total cross sections which include only intensity that lies 

..... • J , I 
; ..... .: . ,: ' 

'.: .... . ..... ! 

i,': 

I 
I 
I 

at Q ~ -4.7 eV. This cut off value of -4.7 eV for Q was chosen,:'::, 
,.1" ' , 

'.' '.' .L, .':;:-

,~.i·.,;' ;:", ",somewhat arbitrarily, although Q > -4,.7 eV does correspond to ,. 
'. ' 

, ','". ,",: 
\',: ~.: .~:.: '; :~"'; , .. ,~" 
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a region of velocity space. in which e~citation of CH3 to it~,': . ~;;.,:,':" ... I 
lowest known electronic level is not possible. The results."," ':' ! 
are shown in Fig. 10 and Table I~ and it is clear that highly '.:';'~~" i 

. I 
l 

endothermic collisions constitute an important fraction of I 
\ 

.. 
, .,' , 

the reactive processes at high collision energies. 

Although the data of Fig. 2 were intended primarily as a 

test of the apparatus sensitivity, a comment concerning their 

interpretat~on is in order. We have computed differential 

, /1 • 

cross sections for the Nt - Ne scattering using Eq •. 3 for the ... 
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'>,,::,'i' /,:".:' .::< .. : region between e = 20° and 50° at 5°' intervals • Al th oughI ( e ),::/'>" 
. :; .. <.:,. .... .,f,:: .... falls off rapidly with increasing angle, we found that 

" 'J '.:.'" I 

'.' '.'.,." k,. :i ... ::,,:'1 "", '. , . 
" ",:. 

~ t,·.: ' I : ' I' j , , , e sine I(e) = 0.76 J2/sr 

·'is a very good approximation at all angles (stnd. dev. = 

.1'0.06 fl.2). " Since the relative' energy in the experiment was 
<. 

;:; .: fairly high (31. sev) and the observed intensity fell outside :,:. . . . 

,.' the very small angle region, the scattering is clearly from 

the repulsive wall of the intermolecular potential. It may 

" : be possible to' draw from the experiment some information about·:-,:,;.~,;:'·.;:,. 
I,,'.':'" • 

,.:_ ".; J .. \, 

this part of the potential by using the elegant high energy,'.,.;: ,', ,.:.:.>'~ ": 
'" . . \ 

i:,,~:(i::~:r:: ::::::::c O:F ~h: · 2 ::~::o ~:e::::. ~::e::::t::i:: :;P:; ~::ilyi~;" 
. . ' i'':;::' theory it is necessary to assume that all collisions of a 
~- '. :~. ,I ... »': ~-::,~:~:,' 

.j' . 

given impact parameter will scatter into the same center of 
,.'~ .. 

., ',' " 

, , :.l ~.,' 

'" mass angle, whether elastic or inela.stic. It is by no means 
'. ~ '. . , \ 

:;<:: .. y;.:i:·'::;·,'···i.:.·."·' clear that this assumption is valid for all inelastic processes,,' ::. :':::' 
, , ,.' • I • \' • 

I ; • ~:' '. !" .. f ,,' ' . '.' . ~. ':: ~ '. . \ • , , .' ~ 
and consequently no detailed analysis of the data of Fig. 2: :;,' ". '::.' 

" "', has been made. 
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SUMMARY 

+' This study of the dynamics of the reactions of N2with 

CH4 .and CD4 has shown that over a wide range of energies, the 

most probable reactive event is abstraction of a hydrogen or 
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" deuterium atom by the stripping process. Althouuh very little , " ' .. ' 

1 .' ~ • . , 

, : t ,. 

, I', .~ 

Or no momentum' is imparted to the methyl radical' in such 

collisions, it is left with a SUbstantial amount of internal 
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energy, particularly when the projectile energy is large. 
I :.:~. .... I '~'. ,'j. • 

" ;;:'. 
. . ~ :' . . . .:', : . ..,-

'.' ..' ..... :: Even for the highest proj ectile energies, there is no appre- ':;~" .'. 

,d:,,',::':' ciable forward recoil of the N
2

H+, in contrast to what was,,',',,'. 

::)~::",:, found in the Nt - H2 , D2 , and HD sys terns. Even in the relatively '< I 

..... (\ .'. ,. '.: . small range of angles where reactive scattering could' be ~ :::-::,:.;' .. :,::.'10': 
""i" 

~ ... ', ':', . i" .' ",. 
detected, Q was found to be a function of angle, with product ":., 'i' .:.:.1 . 

. ~" .' .' '. '. 

. internal excitation increasing with increasing angle. 
, '~. . 

" ';', 

".' nonreactive scattering was very weak at low projectile energies, :,~ .. : .. ' '. 
:' 

. because of competition with reactive scattering. The dis-
• :~. I' '.,': ). \ 

.; ',·:t'·"'·,-

appearance of nonreactive scattering at all energies for angles;. 

greater than 30° indicates that small impact parameter 

collisions are overwhelmingly reactive or highly inelastic 

.•.. < .:,:::.:'; ',: and spread the products very thinly over a large region of 
, .. 
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velocity space. At high projectile energies the nonreactive 

scatt~ring is very inelastic, and there .exists at e = 0° and 

Q = -8.2 eV a feature which may be due to the electronic 

excitation of methane or of N~ •. ' A very large isotope 

is observed in the reactive scattering, with the N2D+ 

of much lower intensity and confined to smaller angles than 

the N2H+ ion. Finally, it has been demonstrated that even at 

what might be considered by chemists to be enormous relative 
I , 

.. ,. 
, .. 

j • ",' 

t,.,;, .. ' collision ,energies, a. simple abstrac.ti?n. r;e,action' occurs with .' 

". 

'.i large cross section.. , .. , ,.:': ;:.'1,: <' .. ,;::~'.' 
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+ Scattering Data for Reactive N2 -CH4,CD4 Collisions.' , '. '. ~.' 

.':"1":: ;i', " 

0.961 

0.958 

Q( eV) 
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Figure 1. Velocity vector diagram for the collision of 25 eV 
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N; with CH4 at 300 o K, The large circle is the locus, . 

of final velocity vectors for elastically scattered, ' 

+ N2, and the radius of the small circle is equal 

to the rms speed of CH4, The small cross marks 
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the velocity of N2H.formed by the ideal stripping-
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Figure 2~ The normalized scattered intensity of N; per unit 

velocity space volume in the center of mass system. 
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,The circle labeled Q = 0 is the locus of elastically 

+ scattered N2• Notice how the scattering becomes 

more inelastic as the scattering angle increases. 
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3· A contour map of the intensity of N2H 
+ 

from 25 eV 

N+ 
2 on CH4· The stripping velocity is indicated by 

a cross. Note that there little forward ". is very 

~ . . 

.,: 

recoil, and that the Q at maximum intensity decreases 

and product internal excitation increases as the 

" scattering angle inc:r:eases. 
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A contour map of the nonreactively scattered N~ from 
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Figure 5.": A contour map of the intensity of N
2

D+ from 25 eV 
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+ The cross locates the velocity of N2D 

formed by the ideal stripping process. 
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The intensity contours + scattered nonreactively of N2 ':. 

from CD4, Notice that the scattering in principally 

inelastic even at angles as small as iO o
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Figure 7. The intensity contours of N
2

H+ from 110 eV N~ on 

The peak intensity lies very close to the ideal 

'. stripping velocity, which is indicated by a cross. 

Notice that there is virtually no forward recoil, 

especially at small angles • 
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Figure 8.' A contour ; map of the intensity of nonreactively scattered 
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N2 • Virtually all the detected scattering is inelastic. 

The subsidiary maximum at Q = -8.2 and zero degrees may 
'+ ' 

be due to electronic excitation of methane or of N2. 
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The ratio-of differential cross sections r(e)/r(o) for 

formation _of N2H+ and N2D+ as a function of the center'·· 

of mass scattering angle e. The labels on the curves 

give the values of E~,. the energy of the projecti~e 

relative to the abstracted.atom. 
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Figure 10 •. The total detected reactive cross sections as a 

~; . 

o 
function of E • , a The solid line gives the results 

for the reaction of N; with isotopic hydrogen molecules.', 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
mISSIon, 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 behal f 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 hi~ employment or contract 
with the Commission, or his employment with such contractor. 


