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 Diqital Library

University of California


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

Uu @ Jd o3 w o 0

Submitted to Journal of Chemical Physics LBL-5454

Preprint € |

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

LT IEIVED
LA nEriCE
Bruce H. Mahan and W. E. W. Ruska Wi fa Y LABORATORY

Lol 6 1976

August 18, 1976 LI ARY AMND
NOCLUMENTS SECTION

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

- A

For Reference

Not to be taken from this room

J

yobe-1d1

\’J



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.



00 4 3 46 0 35085

DYNAMICS OF THE REACTION OF N WITH H IvV.

| 2 |
REACTIVE SCATTERING AT RELATIVE ENERGIES ABOVE 6 eV

‘Bruce ‘H. Mahan and W. E. W. Ruska

Department of Chemistry and MateriaIS’and

"Molecular Research Division of the Lawrence Berkeley

Laboratory, University of California, Berkeley 94720

ABSTRACT

‘ProdUCt velocity Vector,distributions for the
reaction N+(H2,H)NH+ and its isbtopic variants have
been determined in the range of‘relativevenergieé |
above 6 eV. The reactioh is direct,fand.there is a
critical relative energy above which the spectator
-stripping peak disappears éhd is replaced by a double
intensify lobe structure. Some evidence of the
reéctioﬁ of_electronically excited metastable}ions,
probaBly N+(1D),is-fdund. The resﬁlts are compared
with the predicfions‘of the sequential impulse model
of reactive scattefing. Thejagreement ié genefally
good, except thaf more véry large'aﬁgle scattering
is observed, particularly for the N'(HD,H)ND' case,

- than is predicted by the model.



Product velocity vector distributiongvhave been meaSuredH> 
for a substantial number of ion-molecule reactions.1 One of
'the features most characteristic of direct exéergic_hydrbgen>»
atom transfer reactions of the type A+(H2,H)AH+.in_the low to
ihtermediate relative energy range 1is thé appearance in the
product velocity distribution of a very prominent peak at
the spectator étripping velocity. The internal energy of
the product formed by spectator stripping increases linearly -
with increasing initiél relative:enefgy. It was predicted2
that at the critical initial relative energy at which the
internal energy of the stripped product first excéeds its
dissociation energy, the strippingrfeature would_bé lost.

Experiments have shown this to be true only in: a
| 3-5

+

. + '
restricted sense. For the reactions of Ny, » CO , and

Ar® with H,, the infense 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 specfatof 1iﬁit.

Only in one reaction;f”7

O+(H2,H)0H+, is the spectator
stripping peak entirelyblost when the relative energy exceeds
" the spectator'limit. ' - - ' .

Since the reactions of N2+, CO+;.and Af+ with H, are
markedly exoergic (AH = -1.4 eV) and the'0+(H2,H)OH+ reaétion-'

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

exoergicity with the feature of the potential energy surface
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which makes direct forward recoil possible. Inasmuch as the
reaction N+(H2,H)NH+ is very nearly thermbneutral and shows

a spectator stripping peak in the intermédiate rélative energyb
(2-7 eV) range, it appeared that it would be of value to |
investiéate the reactive scattering in this system atrhigh
initial relative energies. In what follows,vwé report product.

velocity distributions for the reactions of N" with H, and HD,

2
and compare these results with the predictions of the sequential

7,8

impulse model '(SIM) of direct chemical reactions.

B N ]

The apparatus used in this work has been described in
detail preViously.9 Thé experiments are pefformed by allowing
a collimated, energy selected beam of N ions to'impinge‘on |
a targef gas contained in a scattering cell. The scattered
.ions pass through an electrostatic energy analyzer,and a.
quadrupole mass filter before being détected by an ion counter.
The detector comﬁonents.and exit aperturé‘of the scattering
cell are mountéd on a rotatable 1lid, which permits the
intensity of scattered ions to be measured at various angles
and energies. . |

In most experiments, N* ions were extracted frdm a
microwave discharge through a 9:1 N,-He mixture. In pfevious

st:udies,7"10

this type of discharge has been shown to pfoduce
ions predominantlyvin their electronic gropnd states. To
ascertain the state COmpositiOn of the N' beam mdfé directly,
attenuation experiments of the type'describe& by Rutherford

and Vroomll were carried out. These showed that the fraction



of metastable excited N' from NZ-He discharges was no more
'thén 0.03. Other experiments were performed with N drawn
from microwave discharges’through mixtures of ammonia or |
nitrous o*ide With_argon. FIn.the former case, a metastable
exCited'stété population of approximately 3% was found,
while in theﬂlattér case, 6% of the beam consisted of
metastable excited ions.

Our experimental results are presented in the form of
contour mapé 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 coordinéte system is used, with the radial coordinate
u répresenting‘the.speed of the ion relative to the center
of mass velocity pf the complete target-projectile system,
and the angular coordinate 6 measured with fespect to the
original direction of.the'projéctilé ion beam. The specific

intensity 1is normalized such that

[- < T

w : .
o = 27 sinede J u? I(6,u) du

o X o o
is always proportional to the true total cross section o.

Results .

Figure 1 shows a contour map of the specific intensity'.‘
of NH® from the»réactionvof“N+ with H2 at an initial relative
energy of 6.87 eV. The product distribution is very Siﬁilar

to those found in investigations of several hydrogen atom

abstraction reactions in the low to intermediate energy range,
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and is in agreement with the results of an éarlier ;nﬁesti—

gation.12 The asymmetry of the distribution about the +90°

axis indicates that the reaction proceeds by a direct inter-

- action mechanism."The intensity maximum octurs at the

spectator stripping‘velocity. Compared with the'distributioné

from other directiion¥molecdle reactidns, the stripping peak

in Fig. l'is somewhat broader‘and less piominent relative to

the large angle scatfering. | |
Figure 2 shows ‘the product velocity distribution ffom

the N+(H2,H)NH+ reaction Tun at én initial relativerenergy.

of 12.5 eV. At this energy thé spectator stripping velocity

lies within the circuiar zbnevof product instébilityvdefined'

by the translational exoergicity Q assuming the Vaiue -4;6 eV;'

For values of the final relative speeds Which correspond'tO'

Q < -4.6 eV, the ZH.ground state of NH' is unstablé with

, respectvto dissoéiation to N' and H. The 42_ state of NH+,

which is neariy degenerate with the ZH ground state at the

13

equilibrium separation, dissociates to N(4S) and H+, and -

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 S0
prbminent at lower energies has disappeared at this higher

energy, and has been replaced by two intensity maxima at +60°,

This is just the general behavior predicted7’8 by the
Sequential Impulse Model (SIM) for a thermoneutral ébstraction
reactioh. Similar behavior was observed in the investigation

of the 0+’(H2;H)OH+ reaction.



It will be noticed.in Fig. 2 that the‘producf'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 1egitimate dynamical process led us to examine the
reaction at still higher energy. Tnese experiments were
difficult because the cross section for the‘production of
NH' is very small at these h1gh relative energies.

Figure 3 shows the NH* d15tr1but1on obtained from N* Hz-
collisions at 15.6 eV initial relative energy. It was

ascertained that the large angle scattering at this enefgy

was of very small intensity, and it was not investigated in
detail. The double 1lobe structure at +60° expected from the
SIM is evident in Fig. 3. In addltlon, there is a component
in the vefy small angle'feglon which is of comparable
importance; This small angle component lies fofward(of the
spectator stripping point, in the veloc1ty zone ‘in Wthh the
product is stable. Thus,vpart of the reactive scatterlng 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



the reaction with‘H2 of N which is in a metastable-excited
electrohic state. To ascertain whether or not this is frue,
" we investigated the high energy reactive scattering oij+

- Ar and N

drawn from microwave discharges‘through NH 0O - Ar

3 2

mixtures, and compéred the results with the concentration

of metastable N+_as determined by the beam attenuation method.llv
Figure 4 shows the NH' distribution obtained at 15.6 eV

initial relative energy using N* prepared by a microwave

discharge through an_NZO-— Ar mixture. Reiative to the two

large ahgle lobes, the small angle peak is clearly more

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

showed that the beam frombthe NZO -;Ar mixture contained

approximately 6% ﬁetastablé'excited N'. A similar experiment

was run»using a microwave dischargé through an NH3 - Ar mixtureﬁ

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

' scattering was intermediate between the results displayed in

Figs. 3 and 4, and tﬁe 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 fhat the

part of the reaction which displays forward recoil comes

from the reaction[of'N+_in one of its lower'metastéble stabiés

(lD,IS,SS) to give NH+,in its ground.electronic state. A

recént investigation in our.labofatoryl4 of the N+(H2,H)NH+

reaction at very low initial relative energies hés‘aiso

“produced clear evidence of forward recoiled NH® formed by



‘reactidn ova+(1D) with H,. It is of intereét to.hote_that
the vélocity vector distributions show evidehce of the
metastablé‘excited reactant only at very high or very iow
initial relati&e‘energiés.

In order td provide more_experiménts'which wduld 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 coliisionsvat an initial
relative energy of 9.7 éV.. At this energy, the spectator
stripping peak lies just within the zone of stable*productA
velocities. The.observed vector distribution is strongly
peaked in the forward direction, énd the intensities in the
small angle region are significantly greater, ielative‘tov
the large angle scattering, than in the case of the N+(H2,H)NH+
~reaction. |

}One of the distributions of NH' from N'-HD collisions at
higher inifial reactive energy is shown in.Fig. 6. The
spectator stripping‘pdint lies in the unstable product zoﬁe,
and the double lobe Stfucture'observed in other high energy
experiments is present. 'Nofe that the lobes occur at Smaller
scattering angles that was the case for the Nf(HZ,H)NH+
‘reaction at a similar relative energy (Fig. 2). :

At an initial relatlve energy of 6.55 eV, ND formed by
Qpectator stripping from N'-HD collls;ons just becomes unstabié.
v A‘velocity vector distribution for thé N+(HD,H)ND+'reacfion.
~was determined at this relati;e energy, and shoﬁed the |

expected double lobe structure with no peak at the spectatbr
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étripping velocity. There was élso prominent ND* intensity
at‘lérge scattering angles. In fact;.we observed a nearly
constant angular distribution from 60° to 180°, which was
approximatély two-thirds as intense as‘thé'lobes in the
forward scattering region. This propensity for the deuterated
product to be scatteredAat larger angles than the protonated
product in ion reactions with HD has been observed preViqusly,
most_notab1y6’7 in the 0 -HD reaction.

- The distribution of Nb+ formed from collisions of N*
with HD at an initial relative energy of 9.7 éV is shown in
Fig.'7.' The double lbbe structure Has disappeared, virtually
éll'the product appears-in the backward scatfering region,
_ahd there is an inténsity peak at 180°. An experiment was
also carriedAout at an initial relative energy of 12.3 eV,
and thé ND' was found fo have a distribution similar to that
of Fig. 7, with the peak at 180° relativély more prominent,
if 1ower in absolﬁte intensity;

| A number of expériments were performed in which the
distribution,of N* scattered non~reactive1y by H2 or D, was’
measuréd. The results of the exberimentsvdone 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 ﬁbni
reactive scattering. As Fig. 8 shows Clearly, the large
angle scattering and some of the small angle scéttering_is.
quité inelastic. As the relative energy 1is increased, the |

small amount of non-reactive scattering which is observed is
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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 lead to the dis- .

appearance of N' either by reaction to form NH+; or'by-charge
transfer to give H2+ orva; |
"It is of interest to note that in Fig. 9, allvthe_hon;.
reactive scattering is confined to small angles. Thefe is no
evidence of any N* scattered impulsively from one of the

,15

target atoms. - Such impulsive features were found7 to be

.prominent in the non-reactive stattering»of o' by'H HD, and

29
.DZ,.and_they wéremconsidéréd to be one of the clearest
indications fhat'the'SIM might describe“the reactive scattering
' ﬁeil. The absence of impulsive non-reacti#e scattering ‘in the
N+-H2‘SYStem does.not necessariiy méan'thét'the impulsive
model for reactive scattering is.inapprdpriate.‘ The total
intehsity of N scattered non-reaétively is small,-énd-thev
componeht which might be scattered impulsively from dne target
atomvcould very easily be below the sensitivity of the detection
system} | o

The observations that bbth the.hon;reactive and the
reactive scétterihg are of.lbw'tofal intensity sﬁggést that
charge‘transfer to form H2+.or'H+ aré’the domihant product
channeis at high relative energy. We are unable to make
measuremehts,of the énguiar distributions of Hz+ ;nlef,,or '
even to.identify_the'masses of the ions formed by charge
transfer. However, we are éble to collect the ions formed

in the scattering cell with velocities which are much smaller
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than that of the projectile ions. When N' is incident on H,

with.a relative energy of 8.7 eV, the siﬁw ion cﬁrreht amounts
to approximately 60% of the beam attenuation. ~Since the
,.collected slow ion current is a lower limif fdr the:amount;
of charge traﬁsfef,‘the results indicate that éharge transfer
is the.dominant“collision process in the range of relative

energies investigated in this work.

Discussio

ey o A

Many of the features of the product‘distfibutions can be
interpreted with the aid of the pa}tial state correlation
diagram;6 which is repfoduced in Fig. 10. When N+(3P) appfoaches°

szcoilinearly, it may move on a dbubly degenérafe 3H surface
‘which leads adiabatically to.NH+(2H) and H(ZS),_thé ground
stafe préducts. No deep Wells or barriers are expected along
this pafh. Upon bending, this 3H surface'splits-into 3A' and
3A"_surfaces, which becoﬁe 3A1 and 3A2 as the isosceles
friahgle conformation is reached. The former (not shown on
the diagram) involves an excited configuration;1but the latter
is the lowest 3AZVState formed when N+(3Pj'appr0aches H, along
the bisector of the bond axis. Merely by using symmetry |
arguments'supplemented by qualitative considefatiohg based on
molecular orbital.configﬁrétions if is not possible to
characterize this - - San - 3A2 suffacevquantitatively.
Howevef, the nafure of the 3A2 Surface has.been elucidatéd

by an SCF-CI calculation performed by Schaefer gg gl.l7 This
calculation reveals é relatitely shallow (~2.5 eV) pofentiall

energy well at large N+—H2 distances when the H, distance is
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3

slightly expanded. Thus at 1arg¢_N+-H2 distances, the “A

_ 2
surface does lie low in energy, and from this we conclude

3A” - 3A2 potential surface of N+'-'H2

that the complete 3Hv-
provides a relatively flat, angle independent path between
reactanﬁs 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 angle indepehdent
potential. | | |

| Figure 10 also shows that collinear approach of N+(3P)
towards H2 can put the system ona 3Z-.surface which leads to
NH+(4Z°) and H(ZS). Consideration of the molecular orbital
cohfiguration suggests that this surface may have a shallow
well along the reaction path, and may also have a 1owAenefgy
bafrier in the product channel. 1If this were true, approximately
one-third of the very low energy N+;H2 collisions would be
.non-reactive, and this would help to account for the facf
that the thermél (300K) rate constant for the N+(H2,H)NH+
reaction is approximately one-half the ion-induced dipole

18

capture rate constant. Upon bending, the 3Z-'sur'face be-

comes SA" and eventually 3B1 in the isosceles triangle geometry.

] state is the highest of
the three states formed as N+(3P) approaches H2 albng the

- perpendicular bisector of the bond. Thus the 32- - 3A'-' - 3B1

At large N+-H2 distances, this 3B_

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
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2
detailed knowledge of the nature of the avoided crossings

transfer produéts NH(;z-) and H+, or N and H-+.'.Without a

which can lead to charge traﬁsfer-it ié impossible to predict
how important it should be. However, the 1ike1y existence
of such avoided crossings does allow a rationalization 6f 
the importance of charge‘transfer which Was'observed éxperi".'
mentally. |

The correlatipn diagram provides a rationa1ization.Of
.thé forward recoiléd NH* thch is observed at high ielative
energies, and is assqciatéd with metastable excited N'. Oné
Component bf the states which arise when.N+(1D) approaches Hz
Collineariy is a 1H surfaqe. This surface éorfelates with
NHf(zn),:and the full exbergicity of’approxiﬁately 2 eV is
in principal available td hélp providé prodﬁét stabilization
by forward recdil, as,evidently occurs in the exoergic
.reactionsof N2+, CO+, and Ar' with H2.  |

" Since the_3H I —<3A2 surface is expectéd to have

characferistiCS which are approximétely those aséumed_in.the
SIM of highrénergy'réactioﬁ§, it is worthWhilé to compafe thé
observed product distributidns with fhé ﬁredictions df thié
simple model. A detailed account of the_SIM‘hés.been'given
elsewhefe,_8 and_here we will only briefly summarize.its
principal features. | |

The SIM predicts that for the reaction A(BC,C)AB, the
produCtvdiStribution may'consist of two distinct components:
a spectator stripping feature which inﬁolves ;ollisiohs in

which A hits B, AB is formed, and.C is undisturbed, and a
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"hard sphere" feature>which results from A Hiting B eléstiéallylb
and impulsively, B hitiﬁg C in a like manner, and AB being
formed if itsbinternal energy is léss than its dissociation
energy. The interhal energy and final_trénslational energy

of thé products are completely determined by'the sequénce of
itwo separate elastic impulses.

The general shape of the product distribution isélargely
determined by two factors. One is a limiting cardioid in
velocity spéce which gives at ény angle the maximum product
translational energy which can be achieved by a sequence of
two elastic impﬁlses.’ The spectator stripping event oécufs
‘at the cusp of the cardioid. The low speed 1limit for prdducts
is provided by the stability circle, which is the smallest
final translational speed that the products can have and be
stable with respect to_dissotiation.

l. ‘Examples of the 1imiting cardioids and stability circleé'
appeér in the SIM distributions of Fig. 11. The size of the
limiting cardioid depends8 on the initial relati#e veloéity

V1 and the masses only through the quantity

- A B
R = V) (7578 (550

where the letters repreéent the masses of the atoms. Thus

the cardioid scales with Vl’ and only one cardioid'is ﬁeeded

to represent the limiting product veiocity for all initialv
velocities and all isotopic variations, provided the‘scale'of
the drawing'is changed appropriately. To-facilitate cohparisqnl

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

R
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havé been taken to be of‘the same size, and_accordiﬁgly,.
vlocation of the center of mass.velocity Within the cardioid,
and the length of the projectile Velocity-vectbrkchange as
~isotopic substitutions are made.

The stability circles always have the center of mass -as
their origin, and fhey do no% scale with the initial relative
vélocity. Therefore, stability circles for different‘initialv
rélafive energies must be drawn.for each isétopic case. As
Fig. 11 shows, the stability zone of velocities for the AB .
product is 1arge$t at low initial relativé'velocities; and
decreases toward.zero as infinite initial relative velocity
'is_approached. A pafticularly significant initial relative
velocity is the one at which the‘stabilityvcircie_first inter-
sects the cardioid.at the Cusp. At this energy, the spec-
tator_strippiﬁg peak Should disappear. Abbve this energy,
lthe'distfiﬁution should have the double lobe struéture which
is evident in the experimental results of Figs. 2 and 6.

. The intensity énd,xto a much 1esser'degree, the detailéd'
shape of the hard sphere component of the distribﬁtion are
controlledvby the factor d23/r°, the.ra;io 6f'the.mutua1 hard
sphere diameter of B and C fo their bond distance in fhe 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 thevinverse square bf their radii. This is the casg
plotted in Fig. 11. For smailer_values of dzs/ro,'the hard

sphere distribution rises more rapidly in the small angle
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'region, but is relatively unchanged at 1argé]angiesﬁ‘>0f"
course, -as d23/rb decreases;'the tétél'iﬁfénsify of'the fWo;
impulse hard Sphere:component decreases,'énd the fraction of
 spectator type'COllisidns.increases{-'

| The foregoing discussion and Fig. 11 indicate that in
the various isotopic experiments, fhé pfodUct distribution
which.might be detected iS'fﬁndamentally the same except fdr '
the location of the stability circles relative td the limiting
cardioid and the_lbcation of the center of mass relative to
the stable product velocity zoné. Thué,.accordihg to the
primitive SIM, iSotope»effects in angular distributions have
‘a rélatively sihplé ofigin.~ |

In'compafiﬁg thé predictions of ﬁhe SIM with expériment’

we must be aware that the calculated distributions have not
beeﬁ averagéd 6ver the ﬁrojecti1e Velocity spread and the
'ldetector bandpassf- Such éveraging would be poséible, of
course, for any case desired,.but'it would then not bé
feasible to represént the predictions'of the SIM in.the
compact form of Fig, 11. To begin with fhe.N+-H2 system at
6.9 eV, wé'note thét-the prediCtiohsvof Fig._ll are'in’generai
accord with this experimental resuits'of Fig..l. Thaf is,
fhe specfator stripping peak is prediéted to be in a stable
vtegion as is observed experimentally, and the predicted
_.intense scattering dUt_to about 456 is observed. The very
large angle scattering appéars to be relatiVelyva'bit'more

intense experimentally than is predicted by the’SIM;
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‘Much the same can be said.fer'the'N+(HD‘DjNH+ reaction
at'9 7 eV | The - spectator str1pp1ng and. 1ntense forward |
ascatterlng predicted in Fig. 11 is in fact observed in Fig. 5.
| However, Fig. 11 indicates that there should be no NH product-
from N+-HD cellisions at angles greater than 85?, and such
1arge‘ang1e scattering is apparent, althoughuof qnite weak
_intensity'in'Fig, 5. The ND' distribution from N'-HD collisions
~at 6.5 eV, which we do not show, is also generallyvconsistent
with the predictions of the lowest panel of Fig; 11. That is;
the spectator:strippingppeak is absent, two intensity maxima
occur in the small angle (~30°) scattering region, and product
a.is.observed‘at all larger scattering angles. -Tne most obvious
discrepaney is that the sCattering in;the very large angie
‘region is somewhat more intense relative to the small angle .
scattering‘than'is predicted by the.SIM.

If we con51der hlgher relative energles we.see'thatbfor
‘the N* H2 system at 12. 5 ev, F1g 11 predlcts no spectator
strlpplng, a double 1obe pattern of 1nten51ty at small angles
and very weak backscatterlng w1th no 1nten51ty in the reglon
around 180°. The lobe structure is found in Fig. 2z, as
predicted. It must be stressed that the p051t10n and general
appearance of the lobes are. hlghly 1nf1uenced by the angular’
resolutlon_of the detector. This may explain the appearance
of the 10bes 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.
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For the N+(HD,D)NH+ reaction at 12;5 ev, Fig;.ll prediCté
a pair of intensify maxima at small anglés, and no specta£6;..
stripping or backscattered product. This’is,consiétent with
the experiment of Fig; 6. Note also that the NH' lobes from
HD appear at smaller angles than those from Hz, as Fig, 11
suggests. ' |

The most serious discrepancy betweén eXperimeht and the
SIM occurs for the N+(HD;H)ND+ reactiqn at 9.7 eV and»abové;
Figure 11 suggests that a crescent Shapéd distribution'wifht
infen#ity maxima in the small angle region and an intensity
minimum at 180° should be observed. Figure'7.in fact shbWS"
very little forward SCatfering, and an intenSity maximum at
180°. Thus, apart from the fact that the SIM prédicts~that
backscattering should bg.more important in this isotoﬁié -
systém than in any other, the model and.the_ekperimeni“are
‘here in clear disagreement. |

Givenbour lack of knowiedge about the defailéd poténtiai
energy surféées, it is unlikely that any completely satisfactory:'
explanation for the partiéllfailure of the SIM can be"advanced"
Qith certainty. However, certain possibilifies are evident.
‘The discrepancy is that in all isotopic caSes,'ahd particularly‘
in. the N+(HD,H)ND+ system, there is more product intensity at
| 180°vthan is prédicted_by the SIM. Scattering at 180° comes
from collinear or near collinear collisions; Fof.thefcollinear

NHH+ and NHD+, the kinematic angleé’19

8 between the asymptotic
reactant and product troughs of the skewed potential surface

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

e
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events iﬁ these systems should lead’fo multiple impulse or .
chattering’collisions7 which are not in the SIM. While it is
difficult to predict what the results of such chattering
colliéions will be, the possibility of their occurrence makes
thé bbserved»deviations from SIM behavior in the iarge.angle
region much less surprising.d |

For the collinear NDH" system, the kinematic angle B is
67.6°. This will nof produce multiple collision phenomeﬁa.
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 favorabie outcome of the binary collision -
sequence for collinear and near collinear colliéions which is
responsible for fhe large angle ND* intensity predicted by |
the SIM. What is not predicted is the peak at 180°.

So far our discussion has been concerned with only the
- dan - 3A2 surface which leads to ground state products
and has the flat, angle independent features which,ére'consis—
‘tent with thé SIM. We have noted, however, ‘that the ;2— - sA" - 3]3E
surface has features which‘might encourage a collinear appreach. |
This surface also forms NH' in its 4Zi_stafe, which, since it
dissociates to N(4S)_and H+, is approximately 1 eV less stable -
than the ZH.grouhdfstatg of NH+. The following.argument’then
presents itself. There may be an important tendehcy for
scattering on the 37 - SBi surface to follow near collinear
paths. Most of the other types df_collisions on this surface

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

unstable with respect to dissociation. The NH+(4Z’) product
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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' méss combination because this is the
only combination which can, according to the iﬁpulse model,
produce stable backscattered ND' 6r NH® in either the ZH or
42_ states at high energy. In this manner we can rationalize
the ND+.intensity peak at 180°. A decision as.tovwhether or
not this is the correct rationalization will have to‘await

detailed information on the nature of the lower potential

surfaces in this system.

~ s ay ay,

We have shown that the thermoneutral reacfion of ground
state N' with H2 to give ground state NH* and its isotopic
variants in large degree -follow the type of dynamics prgdictéd
by Fge sequential impulse model. That is; there 1is abcritical
energy at which the spectator stfipping peak disappears and
is replaced by a double lobe structure, and in the reaction
with HD; the protonated product is‘scatteréd preferentialiy
to much smaller anglesvthan the deuterated product. .Mofe
large angle scattefing is observed experimenta}ly'than.is
expected from the SIM, particularly in the case of ND+-fromvHD.
This is rationalized as due to contributions from an angle |
dependent potential surface which favoré collinear Collisions,
~and which is most likely to.produce stéble product when the
isotopic arrangement is NDH+, We havé ;150 detected the direct
forward recoil of NH' formed by the exoergic‘reaction ofv -

N* (D) with H,.
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Figure Captiohs

1. A contour map of the spec1f1c 1ntens1ty of NH from -
the N* (H, JH)NH' reaction at an initial relative energy
of 6.87 eV. The small cross marks the spectator stripping
velocity, and the small circles locate the iﬁtensity o

maxima along the ridge of the crater-like intensity

“distribution.

2. A contour map of the specific 1nten51ty of NH' from

N H2 collisions at an initial relative energy of 12.5 eV.
Note the double lobe structure ‘and the absence of a_peak
at 6=0°,

3. The specific intensity of NH* frbm'N+—H2 collisions

‘at 15.6 eV initial relative energy. . Note the very low

overall intensity and the broad peak at - 0° as well as
the lobe structure at +60°.

4. The specific intensity of NH+ from N+—H2 collisions

"at 15.6 eV initial relative enérgy.. The N* was drawn

from a microwave discharge_thfough an NZO—Ar mixtufe,

and contained approximately 6% metastable excited N*

5. The intensity distribution of NH' from N'-HD collisions
at 9.7 eV initial relative energy.

6. The 1nten51ty d15tr1but1on of. NH' from N HD COlllSlonb

at 12.3 eV initial relative energy

7. The intensity dlstrlbutlon of ND' from N -HD collisions
at 12 3 eV initial relative energy.

8. Non-reactive scattering of N by H, at 6.87 eV initial :
relative energy. Note that Q=0 corresponds to elastic
scattering, and that Q = -4.5 eV corresponds to collisional

dissociation of HZ'

24"
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9. - Non-reactive scatterlng of N by D2 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 single‘free deuterium -

atom.

10. A partial electronlc state correlatlon diagram for
the N* HZ system. At the 1eft,,N+ is assumed to approabh
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.

11. Product intensity distributions for the reactions
of N' with-Hz and HD as predicted by the sequential
impulse model. The same limiting cardioid applies 1n
each case and at each relative energy. The relative
energy for each stability circle is indicated by the
values labeled E
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N* + Hy —= NH* + H (125 eV) S
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N* + Dy —= N* + D, (150 eV)
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