
Lawrence Berkeley National Laboratory
Recent Work

Title
DYNAMICS OF THE REACTION OF N+ WITH H9. IV. REACTIVE SCATTERING AT RELATIVE c 
ENERGIES ABOVE 6 eV

Permalink
https://escholarship.org/uc/item/4bj2p2hk

Author
Mahan, Bruce H.

Publication Date
1976-08-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4bj2p2hk
https://escholarship.org
http://www.cdlib.org/


•• 

to 

LJ J 

Submitted to Journal of Chemical Physics LBL-5454 
Preprint Co \ 

DYNAMICS OF THE REACTION OF Nt WITH HZ. IV. 
REACTIVE SCATTERING AT RELATIVE ENERGIES ABOVE 6 eV 

Bruce H. Mahan and W. E. W. Ruska 

, -::-:: E : V E 0 
.. \ \~'r;ErJCE 

gU~t,H;:Y l!ld30RAiORV 

August 18, 1976 L : U P /\ P , 1.\ !'l D 

orc.UMENT5 St;;.CTION 

Prepared for the U. S. Energy Research and 
Development Administration under Contract W -7405-ENG -48 

For Reference 

Not to be taken from this room 

" • 
-' 

t"' 
tJj 

t"' 
I 
U1 

*" U1 

*" 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



• 

• 

• 

s 0 5 

+ DYNAMICS OF THE REACTION OF N WITH HZ. IV. 

REACTIVE SCATTERING AT RELATIVE ENERGIES ABOVE 6 eV 

Bruce H. Mahan and W. E. W. Ruska 

Department of Chemistry and Materials and 
Molecular Research Division of the Lawrence Berkeley 
Laboratory, Uni~ersity of C~lifornia, Berkeley 947Z0 

ABSTRACT 

Product velocity vector .distributions for the 

reaction N+(HZ,H)NH+ ahd its isotopic variants have 

been determined in the range of relative energies 

above 6 eV: The reaction is direct, and there is a 

critical relative energy above which the spectator 

stripping peak disappears and is replaced by a double 

intensity lobe structure. Some evidence of the 

reaction of electronically excited metastable ions, 

probably N+ (ID),. is . found. The results are compared 

with the predictions of the se~uentialimpulse model 

of reactive scattering. The agreement is generally 

good~ except that more very large angle scattering 
+. + 

is observed, particularly for the N (HD,H)ND case, 

than is predicted by the model. 



Product velocity vector distributions have been measured 

for a substantial number of ion-molecule reactions. l One of 

the features most characteristic of direct exoergic hydrogen 

atom transfer reactions of the type A+(HZ,H)AH+ in the low to 

intermediate relative energy range is the appearance in the 

product. velocity distribution of a very prominent peak at 

the spectator stripping velocity. The internal energy of 

the product formed by spectator stripping increases linearly 

with increasing initial relative energy. It was predicted 2 

that at the critical initial relative energy at which the 

internal energy of the stripped product first exceeds its 

dissociation energy, the stripping feature would be lost. 

Experiments have shown this to be true only in a 
. 3~S + + restricted sense. For the react10ns of NZ ' CO , and 

Ar+ with HZ' the intense forward peak in the distribution 

does not disappear above the critical energy, but instead 

moves forward from'the spectator location to higher relative 

speed where the product is stable. Thus a relatively intense 

peak in the forward recoil direction persists for initial 

relative energies well above the critical spectator limit. 

Only in one reaction,6,7 O+(HZ,H)OH+, is the spectator 

stripping peak entirely lost when the relative energy exceeds 

the spectator'limit. 
+ 

Since the reactions of NZ 
markedly exoergic (~H ~ -1.4 eV) 

" 

CO+,and Ar+ with HZ are 

and the O+(HZ,H)OH+ reaction 

is less so (~H = -0.4 eV), it seems reasonable to connect 

exoergicity with the feature of the potential energy surface 

2 
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which makes direct forward recoil possible. Inasmuch as the 

reaction N+CHZ,H)NH+ is very nearly thermoneutral and shows 

a spectator stripping peak in the intermediate relative energy 

(Z-7 eV) range, it appeared that it would be of value to 
\ 

investigate the reactive scattering in this system at high 

initial relative energies. in what follows, we report product 

velocity distributions for the reactions of N+ with HZ and HD, 

and compare these results with the predictions of the sequential 

impulse mode1 7 ,8 (SIM) of direct chemical reactions. 

~~E~E~~~~!~! 
The apparatus used in this work has been described in 

detail previously.9 The experiments are performed by allowing 
, + 

a collimated, energy select~d beam of N ions to impinge on 

a taiget gas contained, in a scattering cell. The scattered 

,ions pass through an electrostatic energy analyzer and a 

quadrupole mass filter before being detected by an ion counter. 

The detector components and exit aperture of the scattering 

cell are mounted on a rotatable lid, which permits the 

intensity of scattered ions to be measured at various angles 

and energies. 

In most experiments, N+ ions weie extracted from a 

microwave discharge through a 9:1 NZ-He mixture. Irt previous 

d . 7,10 h· f d· h h b h d stu les, t IS type 0 lSC arge as een sown to pro uce 

ions predominantly in their electronic ground states. To 

ascertain the st~te composition of the N+ beam more directly, 

attenuation experiments of the type described by Rutherford 

and Vroomll were carried out. These showed that the fraction 

3 



of metastable excited N+ from NZ-He discharges was no more 

than 0.03. Other experiments were performed with N+ drawn 

from microwave discharges through mixtures of ammonia or 

nitrous oxide with argon. In the former case, a metastable 

e~cited state population of approximately 3% was found, 

while in the latter case, 6% of the beam consisted of 

metastable excited ions. 

Our experimental results are presented in the form of 

contour maps of the specific intensity I(8,u), the intensity 

of ions per unit velocity space volume normalized to unit 

beam, strength, scattering gas density, and collision volume. 

A polar coordinate system is used, with the radial coordinate 

u representing the speed of the ion relative to the center 

of mass velocity of the complete target-projectile system, 

and the angular coordinate 8 measured with respect to the 

original direction of. the projectile ion beam. The specific 

intensity is normalized such that 

sinede [ 
z -u I(8,u) du 

is always proportional to the true total cross section cr. 

Results 

Figure 1 shows a contour map of the specific intensity 

of NH+ from the reaction of' N+ with HZ at an initial relative 

energy of 6.87 eVe The product distribution is very similar 

to those found in investigations of several hydrogen atom 

abstraction reactions in the low to intermediate energy range, 

4 
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and is in agreement with the results of an earlier investi

gation. 12 The asymmetry of the distribution about the ±90o 

I axis indicates that the reaction proceeds by a direct inter

action mechanism. The intensity maximum occurs at the 

spectator stripping velocity. Compared with the distributions 

from other direct. ion-molecule reactions, the stripping peak 

in Fig. 1 is somewhat broader and less prominent relative to 

the large angle scattering. 

Figure 2 shows the product velocity distribution from 

the N+(H2 ,H)NH+ reaction run at an initial relative energy 

of 12.5 eV. At this energy the spectator stripping velocity 

lies within the circular zone of product instability defined 

by the translational exoergicity Q assuming the value -4.6 eV. 

For values of the final relative speeds which correspond to 

Q ~ -4.6 eV, the 2IT ground state of NH+ is unstable with 

respect to dissociation to N+ and H. The 4[- state of NH+, 

which is nearly degenerate with the 2IT ground state at the 

'l"b ° ° dO ° 13 N(4 S) d H+ d equ1 1 r1um separat10n, 1ssoc1ates to an, an 

is unstable for Q values less than -3.7 eV. It is clear that 

the peak at a scattering angle of zero degrees which was so 

prominent at lower energies has disappeared at this higher , 
energy, and has been replaced by two intensity maxima at ±60o. 

This is just the general behavior predicted7 ,8 by the 

Sequential Impulse Model (SIM) for athermoneutral abstraction 

reaction. Similar behavior was observed in the investigation 

+ + of the o (H 2 ,H)OH reaction. 

5 



It will be noticed in Fig. Z that the product intensity 

at zero degrees is small, but not equal to zero, as might be 

expected from the SIM or from the primitive stripping model. 

This might be a consequence of the finite primary ion beam 

width, or of the difficulty of removing the contribution of 

the reaction of N+ with the background gas in the detector 

train. On the other hand, the possibility that this small 

forward scattered component might represent a contribution 

from a legitimate dynamical process led us to examine the 

reaction at still higher energy. These experiments were 

difficult because the cross section for the production of 

NH+ is very small at these high relative energies. 

Figure 3 shows the NH+ distribution obtained from N+-HZ 
collisions at 15.6 eV initial relative energy. It was 

ascertained that the large angle scattering at this energy 

·6 

was of very small intensity, and it was not investigated in 

detail. The double lobe structure at ±60 o expected from the 

SIM is evident in Fig. 3. In addition, there is a component 

in the very small angle region which is of comparable 

importance. This small angle component lies forward of the 

spectator stripping point, in the velocity zone in which the 

product is stable. Thus, part of the reactive scattering does 

display the direct forward recoil which is expected only from 

exoergic reactions. 

Since the SIM indicates that forward recoil of the pro-· 

duct at exactly zero degrees must come from reaction exoergicity, 

the NH+ in the small angle high velocity region may come from 

'. 
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the reaction with HZ of N+ which is in a metastable excited 

electronic state. To ascertain whether or not this is true, 

we investigated the high energy reactive scattering of N+ 

drawn from microwave discharges through NH3 - Ar and NZO - Ar 

mixtures, and compared the results with the concentration 

of metastable N+ as determin~d by the beam attenuation method. ll 

Figure 4 shows the NH+ distribution obtained at 15:6 eV 

irtitial relative energy using N+ prepared by a microwave 

discharge through an NZO- Ar mixture. Relative to the two 

large angle lobes, the small angle peak is clearl~ mor~ 

prominent than it is in Fig. 3. The attenuation method 

showed that the beam from the NZO -Ar mixture contained 

approximately 6% metastable excited N+. A similar experiment 

was run using a microwave discharge through an NH3 - Ar mixture II 

to prepare N+. The relative prominence of the small angle 

scattering was intermediate between the results displayed in 

Figs. 3 and 4, and the beam attenuation results showed that 

the concentration of metastable excited N+ had an intermediate 

value, approximately 3%. The correlation of the very small 

angle product intensity component with the fraction of 
+ metastable N in the beam makes it highly likely that the 

part of the reaction which displays forward recoil comes 

from the reaction ,of N+ in one of its lower metastable stables 

cln,ls,Ss) to give NH+ in its ground electronic state. A 

recent investigation in our laboratory14 of the N+CHZ,H)NH+ 

reaction at very low initial relative energies has also 

produced clear evidence of fDrward recoiledNH+ for~ed by 

7 



reaction of N+(ID) with HZ. It is of interest to note that 

the velocity vector distributions show evidence of the 

metastable excited reactant only at very high or very low 

initial relative energies. 

In order to provide more experiments which would test 

the SIM, we investigated the reaction of N+ with HD, and 

measured both the ,NH+ and ND+ velocity vector distributions. 

Figure 5 shows the NH+ from N+-HD collisions at an initial 

relative energy of 9.7 eV. At this energy, the spectator 

stripping peak lies just within the zone of stable product 

velocities. The observed vector distribution is strongly 

peaked in the forward direction, and the intensities in the 

small angle region are significantly greater, relative to 

the large angle scattering, than in the case of the N+(Hz,H)NH+ 

. reaction. 

One of the distributions of NH+ from N+-HD collisions at 

higher initial reactive energy is shown in Fig. 6. The 

spectator stripping point lies in the unstable product zone, 

and the double lobe structure observed in other high energy 

experiments is present. Note that the lobes occur at smaller 

scattering angles that was the case for the N~(Hz,H)NH+ 

reaction at a similar relative energy (Fig. 2). 

+ 
At an initial relative energy of 6.55 eV, ND formed by 

spectator stripping from N+-HD collisions just becomes unstable. 

A velocity vector distribution for the N+(~D,H)ND+ reaction 

was determined at this r~lative energy, and showed the 

expected double lobe structure ~ith no peak ~t the spectator 

8 
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stripping velocity. There was also prominent ND+ intensity 

at large scattering angles. In fact, we observed a nearly 

constant angular distribu~ion from 60° t6 180°, which was 

approximately two-thirds as intense as the lobes in the 

forward scattering region. This propensity for the deuterated 

product to be scattered at larger angles than the proto·nated 

product in ion reactions with HD has been observed previously, 

most notably6,7 in the O+-HD reaction. 

The distribution of ND+ formed from collisions of N+ 

with HD at an initial relative energy of 9.7 eV is shown in 

Fig. 7. The double lobe structure has disappeared,virtuglly 

all the ~roduct appears in the backward scattering region, 

and there is an intensity peak at 180°. An experiment was 

also carried out at an initial relative energy of lZ.3 eV, 

and the ND+ was found to have a distribution similar to that 

of Fig. 7, with the peak at 180° relativeiy more prominent, 

if lower in absolute intensity. 

A number of experiments were performed in which the 

distribution of N+ scattered non~reactively by HZ or D2 was 

measured. The results of the experiments done at the lowest 

and highest relative energies are shown in Figs. 8 and 9 

respectively. Even at initial relative energies as low as 

6.87 eV, there is very little detectable large angle non~ 

reactive scattering. As Fig. 8 shows clearly, the large 

angle scattering and some of the small angle scattering is 

quite inelastic. As the relative energy is increased, the 

small amount of non-reactive scattering which is observed is 

9 



confined to smaller and smaller angles. Therefore, in this 

high energy regime, collisions between N+ and HZ which are 

head-on, or nearly so, essentially always l~adto the dis-· 

+ + 
appearance of N either by reaction to form NH , or by charge 

f + H+. trans er to give HZ or 

It is of interest to note that in Fig. 9, all the non~ 

reactive scattering is confined to small angles. There is no 

evidence of any N+ scattered impulsively from one of the 

target atoms. Such impulsive features were found 7 ,15 to be 

+ 
.prominent in the non-reactive scattering of 0 by HZ' HD, and 

D2 , and they were considered to be one of the clearest 

indications that the SIM might describe the reactive scattering 

well. The absence of impulsive non-reactive scattering in the 

N+-H 2 system does not necessarily mean that the impulsive 

model for reactive scattering is inappropriate. The total 

intensity of N+ scattered non-reactively is small, and the 

component which might be scattered impulsively from one target 

atom could very easily be below the sensitivity of the detection 

system. 

The observations that both the hon-reactive and the 

reactive scattering are of low total inteniity SUggest that 

charge transfer to form H2+ or H+ are the dominant product 

channels at high relative energy. We are un~ble to make 

+ + 
measurements of the angular distributions of H2 and H, or 

even to identify the masses of the ions formed by charge 

transfer. However, we are able to collect the ions formed 

in the scattering cell with velocities which are much smaller 

10 
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than that of the projectile ions. When N+ is incident on HZ 

with a relative energy of 8.7 eV, the slow ion cdrrent amounts 

to approximately 60% of the beam attenuation. Since the 

collected slow ion current is a lower limit for the amount 

of charge transfer, the results indicate that charge transfer 

is the dominant collision pr~cess in the range of relative 

energies investigated in this work. 

Discussion 

Many of the features of the product distributions can be 

interpreted with the aid of the pa"rtial state correlation 

11 

d " 16 h" h " d d" " +(3 ) . 1agram, w 1C 1S repro uce 1n F1g. 10. When N P approaches 

HZ collinearly, it·may move on a doubly degen~rate 3n surface 

,which leads adiabatically to NH+(Zrr) and H(ZS), the ground 

state products. No deep wells or barriers are expected along 

this path. Upon bending, this 3rr s~rface splits into 3A, and 

3A" surfaces, which beco~e 3Al and 3AZ as the isosceles 

triangle conformation is reached. The former (not shown on 

the diagram) involves an excited configuration,but the latter 
3 + 3 . 

is the lowest AZ state formed when N ( P) approaches HZ along 

the bisector of the bond axis. Merely by using symmetry 

arguments supplemented by qualitative considerations based on 

molecul~r orbital configurations it is not possible to 

characterize this 3rr - 3A" - 3Az surface quantitatively. 

However, the nature of the 3Az surface has been el~cidated 
17 by an SCF-CI calculation performed by Schaefer et ~. This 

calculation reveals a relatively shallow (-Z.5 eV) potential 
+ energy well at large N -HZ distances when the HZ distance is 



slightly expanded. Thus at large N+-H Z distances, the 3AZ 

surface does lie low in energy, and from this we conclude 

that the complete 3rr - 3A" - 3AZ potential surface of N+-H
Z 

provides a relatively flat, angle independent path bet~een 

reactants and products. It is this type of surface which 

should lead to product distributions similar to those pre-

dicted by the SIM, which incorporates an ang~e independent 

potential. 

Figure 10 also shows that collinear approach of N+(3 p ) 
3 - . 

towards HZ can put the system on a E surface which leads to 

NH+(4 E-) and H(ZS). Consideration of the molecular orbital 

configuration suggests that this surface may have a shallow 

well along the reaction path, and may also have a low energy 

barrier in the product channel. If this were true, approximately 

one-third of the very low energy N+-H Z collisions would be 

non-reactive, and this would help to account for the fact 

+ + 
that the thermal (300K) rate constant for the N (HZ,H)NH 

reaction is approximately one-half the ion-induced dipole 

18 3 -capture rate constant. Upon bending, the E surface be-

comes 3A" and eventually 3Bl in the isosceles triangle geomet~y. 

At large N+-H Z distances, this 3Bl state is the highest of 

+ 3 
.the three states formed as N ( P) approaches HZ along the 

perpendicular b isectorof the bond. Thus the 3E - - 3 A" - 3Bl 

surface would appear to be angle dependent, and at least 

+ 
initially should tend to favor a collinear approach of N 

toward HZ. It is also of interest to note that non-adiabatic 

behavior on this surface is possible, and can lead to the charge 

12 
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3 - + + transfer products NH( l: ) and H , or N and HZ' Without a 

detailed knowledge of the nattire of the avoided crossings 

which can lead to charge transfer it is imposs:ible to predict 

how important it should be. However, the likely existence 

of such avoided crossings does allow a rationalization of 

the importance of charge transfer which was observed experi·· 

mentally. 

The correlation diagram provides a rationalization of 
+ the forward recoile9- NH which is observed at high relative 

energies, and is associated with metastable excited N+. One 

component of the states which arise whenN+(ID) approaches HZ 

collinearly is a In surface. This surface correlates with 
+ Z NH·C n), and the full exoergicity of approximately Z eV is 

in principal available to help provide product stabilization 

by forward recoil, as evidently occurs in the exoergic 

reactionsofNz+' CO+, and Ar+ with HZ' 
.. 3 3 3 Since the n - Art - AZ surface is expected to have 

cha~acteristics which are approximately those assumed in the 

SIM of high energy reactions, it is worthwhile to compare the 

observed product distributions with the predictions of this 

simple model. A detailed account of the SIMhas been given 
. 8 .. 

elsewhere, and here we will only briefly summarize its 

principal features. 

The SIM predicts that for the reaction A(BC,C)AB, the 

product distribution may consist of two distinct components: 

a spectator stripping feature which involves collisions in 

which A hits B, AB is formed, and·C is undisturbed, and a 

13 



"hard sphere" feature which results from A hiting B elastically 

and impulsively, B hiting C in a like manner, and AB being 

formed if its internal energy is less than its dissociation 

energy. The internal energy and final translational energy 

of the products are completely determined by the sequence of 

two separate elastic impulses. 

The general shape of the product distribution is 'largely 

determined by two factors. One is a limiting cardioid in 

velocity space which gives at any angle the maximum product 

translational energy which can be achieved by a sequence of 

two elastic impulses. The spectator stripping event occurs 

at the cusp of the cardioid. The low speed limit for products 

is provided by the stability circle, which is the smallest 

final translational speed that the products can have and be 

stable with respect to dissociation. 

Examples of the limiting cardioids and stability circles 

appear in the SIM distributions of Fig. 11. The siz~ of the 

8 limiting cardioid depends on the initial relative velocity 

VI and the masses only through the quantity 

where the letters represent the masses of the atoms. Thus 

the cardioid scales with VI' and only one cardioid is needed 

to represent the limiting product velocity for all initial 

velocities and all isotopic variations, provided the scale of 

the drawing is changed appropriately. To facilitate comparison 

between the various isotopic cases, all the cardioids in Fig. 11 

14 
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have been taken to be of the same size, and accordingly, 

location of the center of mass velocity within the cardioid, 

and the length of the projectile velocity vector change as 

isotopic substitutions are made. 

The stability circles always have the center of mass as 

their origin, and they do not scale with the initial relative 

velocity. Therefore, stability circles for different initial 

relative energies must be drawn for each isotopic case. As 

Fig. 11 shows, the stability zone of velocities for the AB 

product is largest at low initial relative Yelocities~ and 

decreases toward zero as infinite initial relative velocity 

is approached. A particularly significant initial relative 

velocity is the one at which the stability circle first inter

sects the cardioid at the cusp. At this energy, the spec

tator stripping peak should disappear. Above this energy, 

the distribution should have the double lobe structure which 

is evident in the experimental results of Figs. Z and 6. 

The intensity and,to a much lesser degree, the detailed 

shape of the hard sphere component of the distribution are 

controlled by the factor d Z3 /ro ' the ratio of the mutual hard 

sphere diameter of Band C to their bond dist~nce in the BC 

molecule. In the special case. where this ratio is equal to 

unity, the intensity contours are circles concentric with 

the cusp of the limiting cardioid, and the intensity falls 

off as the inverse square of their radii. This is the ca~e 

plotted in Fig. 11. For smaller values of d Z3 /ro ' the hard 

sphere distribution rises more rapidly in the small angle 

15 



region, but i~ relatively unchanged at large ~ngles. Of 

course, as d Z3 /ro decreases, the total intensity of the two

impulse hard sphere component decreases, and the fraction of 

spectator type collisions increases. 

The foregoing discussion and Fig. 11 indicate that in 

the various isotopic experiments, the product distribution 

which might be detected is fundamentally the same except for 

the location of the stability circles relative to the limitirig 

cardioid and the location of the center of mass relative to 

the stable product velocity zone. Thus, according to the 

primitive SIM, isotope effects in angular distributions have 

a relatively simple origin. 

In comparing the predictions of the SIM with experiment, 

we must be aware that the calculated diStributions have not 

been averaged over the projectiie velocity spread and the 

detector bandpass. Such averaging would be possible, of 

course, for any case desired, but it would then not be 

feasible to represent the 

compact form of Fig. 11. 

predictions of the SIM in the 

+ 
To begin with the N -HZ system at 

6.9 eV, we note that the predictions of Fig. 11 are in general 

accord with this experimental results of Fi~. 1. That is, 

the spectator stripping peak is predicted to be in a stable 

region as is observed experimentally, and the predicted 

intense scattering out to about 45° is observed. The very 

large angle scattering appears to be relatively abitmore 

intense experimentally than is predicted by the SIM. 

16 
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Much the same can be said for'the N+(HD,D)NH+ reaction 

at 9.7 eV. The spectator stripping an~ intense ,forward 

scattering predicted in Fig. 11 is in ,fact observed in Fig. S. 
+ However, Fig. 11 indicates that there should be no NHproduct 

from N+-HD collisions at angles greater than 85°, and such 

large angle scattering is apparent, although of quite weak 

intensity in Fig. S. The ND+ distribution from N+-HD collisions 

at 6.5 eV, which we do not show, is ~lso generally consistent 

with the predictions of the lowest panel of Fig. 11. That is, 

the spectator stripping peak is absent, two intensity maxima 

occur in the small angle (~300) scattering region, and product 

is observed at all larger scattering angles. The most obvious 

discrepancy is that the scattering in the very large angle 

region is somewhat more intense relative to the small angle 

scattering than is predicted by the SIM. 

If we consider higher relative energies, we see that for 

the N+-H 
2 system at 12.5 eV, Fig. 11 predicts no spectator 

stripping, a double lobe pattern of intensity at small angles" 

and very weak backscattering with no intensity in the region 

around 180°. The lobe structure is found in Fig. 2, as 

predicted. It must be stressed that the position and general 

appearance of the lobes are highly influenced by the angular 

resolution of the detector. This may explain the appearance 

of the Ibbes at ±60° in Fig. 2, rather than at a smaller pair 

of angles which might be expected from Fig. 11. The large 

angle scattering in Fig. 2 is weak, but again is probably, more 

intense than is expected from the SIM. 

17 



For the N+(HD,D)NH+ reaction at 12.5 eV, Fig. 11 predicts 

a pair of intensity maxima at small angles, and no spectator 

stripping or backscattered product. This is consistent with 

the experiment of Fig. 6. + Note also that the NH lobes from 

HD appear at smaller angles than those from H2 , as Fig. 11 

suggests. 

The most serious discrepancy between experiment and the 

+ + . 
SIM occurs for the N (HD,H)ND reaction at 9.7eV and'above. 

Figure 11 suggests that a crescent shaped distribution with 

intensity maxima in the small angle regirin an~ an intensity 

minimum at 180° should be observed. Figure 7 in fact shows 

very little forward scattering, and an intensity maximum at 

180°. Thus, apart from the fact that the SIM predicts that 

backscattering should be more important in this isotopic 

system than in any other, the model and the experiment are 

here in clear disagreement. 

Given our lack of knowiedge about the detailed potential 

energy surfaces, it is unlikely that any completely satisfactory 

explanation for the partial failure of the SIM can be advanced 

with certainty. However, certain possibilities are evident. 

The discrepancy is that in all isotopic cases,and particularly 

in, the N+(HD,H)ND+ system, there is more product intensity at 

180° than is predicted by the SIM. Scattering at 180° comes 

from collinear or near collinear collisions. For the collinear 

NHH+ and NHD+, the kinematic angle 6 ,19 B between the asymptotic 

,.,,:,,". :lilt :llld pl"oduct troughs of the skewed potential surface 

is 48.8° and 31.3° respectively. This means that collinear 

18 
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events in these systems should lead'to multiple impulse or 

chattering collisions 7 which are not in the SIM. While it is 

difficult to predict what the results. of such chattering 

collisions will. be, the possibility of their occurrence makes 

the observed deviations from SIMbehavior in the large angle 

region much less surprising.~ 

For the collinear NDH+ system, the kinematic angle 8 is 

67.6°. This will not produce multiple collision phenomena. 
+ In fact, ND with relative low internal excitation is produced 

by a binary impulse sequence which is completely incorporated 

in the SIM. It is this favorable outcome of the binaty collision 

sequence for collinear and near colliriear collisions which is 

responsible for the large angle ND+ intensity predicted by 

theSIM. What is not predicted is the peak at 180°. 

So far our discussion has been concerned with only the. 
333 . IT - A" - AZ surface which leads to ground state products 

and has the flat, angle independent features which areconsis-

19 

tent with the SIM. 
. 3 - 3 3 We have noted, however ,tha t the . L - Ail - . B. 

surface has features which might encourage a collinear approach. 

This surface also forms NH+ in its 4L:- state, which, since it 

dissociates to N(4 S) and H+, is approximately 1 eV less stable 

than the ZIT ground state of NH+. The following argument then 

presents itself. There may be an important tendency for 

scattering on the 3L:- - 3BI surface to follow near collinear 

paths. Most of the other types of collisions on this surface 

may lead to charge transfer, or to transient product which is 

unstable with respect to dissociation. The NH+(4L:~) product 



which is most likely to be stable is that formed by collinear 

or near collinear collisions on this surface. This is most 

obvious for the NDH+ mass combination because this is the 

only combination which can, according to the impulse model, 

produce stable backscattered ND+ or NH+ in either the Zn or 

4r - states at high energy. In this manner we can rationalize 

the ND+ intensity peak at 180°. A decision as to whether or 

not this is the correct rationalization will have to await 

detailed information on the nature of the lower potential 

surfaces in this system. 

Summary -------
We have shown that the thermoneutra1 reaction of ground 

state N+ with H2 to give ground state NH+ and its isotopic 

variants in large degree follow the type of dynamics pr~dicted 

by the sequential impulse ~odel. That is, there is a critical 
. / 

energy at which the spectator stripping peak disappears and 

is replaced by a double lobe structure, and in the reaction 

with HD, the protonated product is scattered preferentially 

to much smaller angles than the deuterated product. More 

large angle scattering is observed experimentally than is 
I . 

expected from the SIM, particularly in the case of ND+ from HD. 

This is rationalized as due to contributions from an angle 

dependent potential surface which favors collinear collisions, 

and which is most likelY to.produce stable product when the 

isotopic arrangement is NDH+. We have also detected the direct 

forward recoil of NH+ formed by the exoergic reaction of 

N+(ID) with H
2

. 
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Fig. 

Figure Captions 

+ 
1. A contour map of the specific intensity of NH from 

the N+(Hz,H)NH+ reaction at an initial relative energy 

of 6.87 eVe The small cross marks the spectator stripping 

velocity, and the small circles locate the intensity 

maxima along th~ ridge of the crater-like intensity 

distribution. 

Fig. Z. A contour map of the specific intensity o£ NH+ f~om 
N+-H Z collisions at an initial relative energy of l2.S eVe 

Note the double lobe structure and the absence of a peak 

at 8=0°. 

+ + 
Fig. 3. The specific intensity of NH from N -HZ collisions 

at lS.6 eV initial r~lative energy. Note the very low 

overall intensity and·· the broad peak at 0° as well as 

the lobe structure at ±600. 

.+ + 
Fig. 4. The specific intensity of NH from N -HZ collisions 

"at lS.6 eV initial relative energy. The N+ was drawn 

from a microwave discharge through an NZO-Ar mixture, 

and contained approximately 6% metastable excited N+. 

Fig. S. The intensity distribution of NH+ from N+-HD collisions 

at 9.7 eV initial relative energy. 

Fig. 6. The intensity distribution ofNH+ from N+-HD collisions 

at lZ.3 eV initial relative energy. 

Fig. 7. The intensity distribution of ND+ from. N+-HD collisions 

at lZ.3 eV initial ~elative energy. 

Fig. 8. Non-ieactive scattering of N+ by HZ at 6.87 eV initial 

relativ~ energy. Note that Q=O. corresponds t~ elastic 

scattering, and that Q = -4.S eV corresponds to collisional 

dissociation of HZ. 
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Fig. 9. Non-reactive scattering of N+ by DZ at 33.3 eV 

initial relative energy. The circle labeled impulsive 

behavior is the locus of possible velocity vectors for 

N+ scattered elastically from a s~ngle free deuterium 

atom . 

Fig. 10. A partial electronic state correlation diagram for 

the N+-H Z system. At the left, N+ is assumed to approach 

HZ along the perpendicular bisector of the bond. At the 

right, a collinear approach is assumed. Crossings which 

are avoided in the more general conformations of Cs 
symmetry are indicated by dotted lines. 

Fig. 11. Product intensity distributions for the reactions 

of N+ with HZ and HD as predicted by the sequential 

impulse model-. The same limtting cardioid applies in 

each case and at each relative energy. The relative 

energy for each stability circle is inaica'ted by the 

values labeled E . 
r 
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N+ + H2 -.. NH+ + H (125 eV) 
Relative Energy = 15.63 eV 
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N+ + H2 - NH+ + H (125 eV) 

Reloti ve Energy = 15.6 eV 
N+ from N20/Ar discharge 
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N+ + HD -'NO+ + H (55 eV) 
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N+ ... H2 --+ N+ + H2 (55 eV') 
Relative Energy = 6.87 eV 

Q=O 
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