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Molecular beam techniques were used to study the 
reactive and non-reactive scattering of the nitrogeji posi
tive ion from hydrogen isotopes and helium, at enei.^ies 
above the stability limit for spectator stripping. Reactive 
scattering was observed from H- and HD targets. The inten
sity maxima for NH product from both isotopes, above the 
stripping limit, were in the forward hemisphere at CM angles 
from 20° to 60°. The position of these maxima were 
dependent on the isotope used and relatively insensitive to 
collision energy. At the highest energies studied, a small 
product peak appeared on the centerline. This peak was 
correlated in intensity with the amount of excited N ( D) 
in the beam (<3I under normal conditions) and is attributed 
to the reaction of the excited ion. At energies slightly 
above the stripping limit, ND product from HD target showed 
a similar distribution to that of the NH product, except 
for an additional maximum at X = 180°. At higher energies 
only, the 180° peak was present. All reactive scattering 
was of low intensity. 
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Non-reactive scattering was observed from \i~ and D, 
targets, and from He at one energy. With both H, and D,, 
the scattered intensity was low at all angles away from the 
beam direction. The product showed moderate endothermicity, 
and was centered about the system (ion-molecule) centroid 
instead of the impulsive (ion-atom) centroid at all energies 
Scattering from He consisted of an elastic component and a 
component resulting from the electronic transition 

N ( P) •» N ( D) . The total cross-section for charge 
°2 exchange at 70 eV was investigated and estimated as >2S A : 

charge exchange is therefore the dominant channel at higher 
energies. 

A correlation diagram for the system is presented and 
compared with the available £ priori calculations. Two 
surfaces are expected to lead to reaction. One is a 
3 3 A, - It surface, which is essentially flat and produces 
+ 2 NH ( Jl). An avoided crossing on this surface may lead to 

charge exchange involving collinear approaches and producing 
N( S). The other surface, a B, - Z" surface, has a 1 eV 

+ 4 -barrier to perpendicular approach and produces NH ( I ) . 
Charge exchange is likely for perpendicular approaches, 

t yielding N("D). As a result, collinear approaches are 
3 2 -expected to be most reactive on the B, - 1 surface; non^ 

3 3 collinear, on the A, - H surface. 
Theoretical models are presented in which an incident 

hard sphere A, representing the projectile ion, strikes one 
of a pair of hard spheres B-C representing the B hydrogen 



molecule. After an impulsive A-B collision, an impulsive 
B-C collision may take place. The relative energy of A to 
B is then examined, and a reactive event is considered to 
have occurred if the energy is less than the dissociation 
energy for the A-B molecule. This model is treated both in 
the collinear case and in three dimensions. A graphical 
technique for the collincar case is summarized and applied 
to reaction on the 'B, - I surface: it successfully pre
dicts the observed scattering behind the center of mass. An 
integral equation for the three-dimensional case is developed. 
Khen applied to reaction on the A. - /! surface, it 
accurately predicts the observed scattering forward of the 
center of mass. A synthesis of the two treatments, repre
senting the behavior of the system on both reactive surfaces, 
and considering the charge-exchange channel, correctly 
predicts the observed product distribution. Predictions 
are also presented for the as yet unobserved case of reactive 
scattering from V- target. 
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CHAPTER I 

BACKGROUND 

A. Introductory Remarks 

Chemical reactions which occur in nature are remarkable 
for their complexity. The combustion of wood in air, for 
example, involves an almost innumerable array of chemical 
species, both as reactants and as products; each species in 
turn reacts under a wide variety of conditions and environ
ments; and each of these cases involves a number of quantum 
states. The history of chemical kinetics, and even of 
chemistry itself, involves in large part the successive 
removal of these layers of complexity. The ultimate goal in 
this process is to observe the interaction of reactants of 
precisely determined relative energy and internal states, 
reacting to yield products of equally precise characteri
zation, under completely defined conditions. 

Molecular beam techniques have allowed a close approach 
to this goal. It is now common to study reactions in which 
the initial relative energy and quantum states of the 
reactants are quite accurately defined, and the energy and 
angular distributions of the reactants are observable; even 
further refinements have been achieved under certain circum
stances. This work will apply these methods to the study 
of the N ( P) ion in collision with He, H,, HD, and D-
molecules in their room-temperature equilibrium state 
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populations. The distributions in energy and in angular 
deflection of the reactive and non-reactive ioric procucts 
will be measured, and the results applied to elucidate 
features of the potential surface for the reaction. 

B. Reaction Kinematics 

Our goal in this work is to interpret distribution of 
products from a scattering event in terms of the detailed 
mechanism of the reaction under study. First, however, we 
must examine the fundamental constraints on the product 
distribution imposed by the requirements of momentum and 
energy conservation. In order to do so, let us consider an 
arbitrary scattering event: 

a + b •* c + d (.1) 

in which reactants a and b_ collide to produce products c and 
d. To reproduce our experimental conditions, we will let b 
be at rest relative to the laboratory and give a_ an initial 
velocity v . After collision, the products £ and d_ will 
have laboratory velocities v' and v\ respectively. Through
out this work, primes will indicate post-collision quantities. 
Also, we will use the letter £ to represent both the species 
and the mass of the species a, and similarly for b_, £, and d. 
This results in a simplification of notation; the context 
will serve to make the particular usage clear. For example, 
the laboratory energy E of species a prior to collision may 
be written as: 
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E a - I v a 2 - C2) 

Let M represent the total mass of the system: 

M = a b - c • d. (3) 

In addition to the laboratory-fixed (LAB) frame, it is 
useful to refer to the center of mas'- (CM) frame of reference. 
This frame has its origin at the center of mass of the 
collision system and thus moves relative to the LAB frame 
with a velocity v . This velocity may be expressed in terms 

cm r 

of v by recalling that the total momentusn of a system of 
particles is equal to the system mass times v . -Therefore: 

Mv„„ >= av„ (4) 
cm a v ' 

and, 

V * n V . (SI 
cm R a l ' 

To distinguish velocities measured in the CM frame, we shall 
use the letter u with the appropriate subscript; e.g., u and 
u'. Two other coordinates should also be defined: the LAB 
c 

and CM scattering angles 6 and X respectively. The LAB 
scattering angle 8 is the angle between the vector postj^ 
collision velocity v' and the initial velocity v'; similarly, 
X is the angle between u' and u . We can express oi-.r initial 
conditions in terms of CM velocities by writing: 

u a = v a " vcm = M va <6> 

"b = "7cm " " H V <7> 
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These relationships are illustrated graphically iv Figure 1. 
The CM frame is particularly convenient for expressing 

the conservation of momentum restrictions on u' and u!. We 
c d 

note that the initial CM momenta sum vectorially to zero: 

au a
 + bub = 0. (8) 

After collision, the same must be true; thus: 
cK + d " d = °- ( 9 ) 

Therefore specification of either of u or ul uniquely 
specifies the other. 

Energy conservation considerations are most conveniently 
handled by separating the total LAB kinetic energy before 
collision into the energy of the center of mass and the 
energy E 1 of the reactants relative to the center of mass: 

E = 7 vlm + E , (10) 
a 2 cm re1 ' 

whence E , is easily found to be: rel 
Erel " H V CID 

Since, in the absence of outside forces, the system mass and 
momentum are invariant, the first term on the right in equation 
(10) is fixed and only the relative energy is available to 
do work on the system. We may therefore restrict our 
attention henceforth to E ,. 

Energy conservation produces the following expression: 

Erel + ° = Erel + U' + < <12> 
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Figure I - l . Velocity vector diagram for a + b •+ c + d. 



where E_ - and E_ . are the CM kinetic energies before and rel rel b 

after collision, U and U' are the internal energies of the 
reactants and products respectively, and AE° the heat of the 
reaction under study. We can define the translational 
exoergicity, Q, by: 

Q " Erel " E r e r < 1 3> 

Equation (12) then becomes: 

Q = U - U' - AE°. (14) 

In addition, we may write Q as a function of the velocities 
u and u', using the definitions of kinetic energy in terms 
of velocity, and removing u. and u, through the momentum 
conservation expressions (8) and (9). The result is: 

Q = § K 2 - ^ a 2 - CIS) 
This relation shows that, for a given initial velocity, u' 
vectors of equal magnitude imply equal Q values. If the u' 
values of products from a single experiment are plotted, then 
lines of constant Q will be represented by circles drawn 
about the CM origin. 

By considering the restrictions on the quantities U and 
U" in equation (14), we may obtain upper and lower bounds 
for Q in any given reaction. We shall deal with reactants 
which are essentially in their ground vibrational and 
rotational states, so that U may be taken as zero, with the 
exception of a possible electronic term. By considering 
varying electronic states to represent different species, we 
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may absorb any electronic excitation into the heat of 
reaction, and set U equal to zero for our purposes. In 
addition, we shall deal with three-body events, so that 
either species c or d will be an atom, and have no internal 
energy. U' will then be limited to values between 0 and 
the dissociation energy of the diatomic species, D , if 
stable diatomic product is to exist. That is: 

0 «S U' < D° (16) 

which' implies that: 

-AE° > Q > -VP - AE° (17) 
0 ^ 0 0 v ' 

(Similar restrictions would exist, of course, without the 
simplifying assumptions of this paragraph, but more 
quantities would be required to express them.) 

These limits are best illustrated using a velocity 
vector diagram known as a Newton diagram. An example of such 
a diagram has already been introduced as Figure 1. Figure 2 
shows such a diagram for elastic, inelastic-nonreactive, and 
reactive events. In Figure 2a, an elastic event is illus
trated: a_ = c_, b_ = d, and Q = 0. Thus, by equation (15), 
u and u' are identical, and the scattered product may appear 
anywhere on a circle (the "elastic circle") drawn through 
the initial a_ velocity and about the center of mass. In 
Figure 2b, a non-reactive, inelastic event occurs: a and c 
are still identical, but Q is less than zero. The scattered 
product is thus found within the elastic circle. In 
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Figure 1-2. Newton diagrams for three types of 
scattering: (a) non-reactive elastic; 
(b) non-reactive inelastic; (c) reactive. 
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Figure 2c, the reactive case is treated. The elastic circle 
of Q = 0 still exists, but its location is no longer obvious 
by inspection. Depending on the mass ratios in equation (15) 
and the heat of reaction, u' may be greater than or less than 
u for elasticity. a 

Figure 2 also shows the LAB velocity vectors v' fcr the 
three types of events, together with the l.AB and CM scatter
ing angles 6 and X. It is worth noting that in all cases, 
v' is restricted to a relatively small area about v . In c cm 
the non-reactive case, for example, the elastic circle is an 
outer bound to the product, and 6 is restricted to: 

. v . 
6 < sin"1 ~ = sin .b/a. (18) 

a 

It is also clear from the figure that, in general, two values 
of 6 may correspond to one value of X, although the associ
ated v' vector will differ in magnitude. 

C. Reaction Models 

The conservation laws ordain the broad outlines of the 
product distributions; the finer details are imposed by the 
mechanism of the reaction concerned. A number of simple 
models have been proposed to explain various observed product 
distributions. Several of these models may be classified as 
direct models, signifying that they assume that the inter
action tine between rcactants is short in comparison to a 
rotational period. To describe these models we will consider 
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a more particular case of reaction (1) , namely the 
generalized reactive triatomic collision: 

A • BC -• AB + C (19) 

and use the conventions for mass and velocity developed in 
the previous section. 

Of particular interest is the "spectator stripping" 
model. In this model, the A atom is assumed to collide 
only with atom B, imparting no momentum to atom C. Atom C 
is thus a "spectator" of the collision, whence the name of 
the model. As a result, the AB product must be produced 
with the velocity of the A-B center of mass, so that: 

The internal excitation must equal the energy of A relative 
to B, so: 

Qss = " A!B V ^ 
The product will thus be produced at an angle X = 0° in the 
CM frame with a velocity: 

( S A B > S S
 = < V A B J

S S " Vcm =. (A+B?(B+C) V ( 2 2 > 

In a related model, the "ideal rebound" model, the A 
atom is conceived of as reacting completely inelastically 
with the B atom, and then the AB product collides elastically 
with the C atom. As in the spectator stripping model, the 
internal excitation is the energy of A relative to B: 
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QRB " JOT V <"> 
However, the product is formed with a velocity less than 
that of the center of mass: 

**>„ " (£&) (A4) VA (") 
and therefore at a CM angle of 180° and a CM velocity of: 

i AC 
C UAB\ B " (B+C)(A+B) V <"> 

This model may be generalized by allowing AB collisions with 
C leading to CM scattering angles otheT than 180°. The 
product may then appear at any angle on the Q circle given 
by equation (23). This generalization is the "elastic 
spectator" model. 

A third impulsive model assumes that A first collides 
impulsively and elastically with atom C, ejecting the C atom 
and rebounding itself. It then reacts inelastically with 
the B atom to form the product. This is the "ideal knockout" 

fi - ft model. In the first step of the model, atom A with speed 
v, collides head-on with atom C with speed zero, so that the 
center of mass of the A-C pair moves with velocity (A/(A+C))v,. 
The relative velocity of A relative to the A-C centroid is 
now (C/(A+C)) v.. After the collision, the A velocity 
relative to the A-C centroid is reversed, and the laboratory 
A velocity v. is given by: 

Av. Cv. . _ • . A A A-C „ ,,,, 
VA ' JJZ - 7RI " Â T V < 2 6 ) 
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The A atom then combines with the B atom, which has remained 
at rest in the laboratory. Its laboratory momentum is zero, 
and the sum of the momenta of A and B represent the lab A-B 
momentum: 

(A*B) v; B = A(£§) V A (27) 

so that the AB product appears at the lab velocity: 

K B > K O • (A)(AT§) V <28> 
This product will thus lie behind the center of mass of the 
system, with x * 180°; by subtracting v! R above from the 
centroid velocity we can obtain an AB velocity in the CM 
frame of: 

rn« 1 . AC(A-2B+C) .. , 7 0 1 

C U A B J K O (A+c>(A+S)(h+c) UA- ( 2 9 ) 

The Q value predicted by this model is perhaps most 
easily obtained by accounting for the other energy terms. 
After the A-C collision, the total energy of the system is 
the sum of the A and C kinetic energies. After A and B 
combine, the total energy is the sum of the AB kinetic energy, 
the (unchanged) C kinetic energy, and the internal energy -Q. 
Thus : 

c «' 2 • A v' 2 . c „'2 + A + B «' - n f?m 
7 V C * 7 V A 7 V C * "2- VAB QKO { 3 0 ) 

, = A .2 A+B .2 ,.,, 
?KO 7 VA • -7- VAB- ( 3 1 ) 
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Subst i tu t ing from equations (26) and (28] , 

0 = * (*Z£)2 v 2 - * i i (Ji.)2 (±£\ v 2 (321 
K̂O 2 \A*C/ VA 2 U+B/ \A+C/ V A' { - i i } 

1 2 or, factoring out the initial energy E. = y Av,: 

QKO " 5CT (AT§)2 EA- ("̂  

The predicted velocities and Q values for the models are 
collected in Table I-I. 

We shall deal with the effectiveness of these models in 
explaining observed scattering in actual systems later in 
this thesis. At this point, however, it is interesting to 
note that the predicted Q value for each model becomes 
increasingly negative with increasing E,. As a result, for 
each model there is a value of E, at which Q no longer falls 
within the limits of equation (17), and product is no longer 
stable to dissociation according to that model. Behavior 
at this point turns out to be of considerable interest in 
classifying ion-molecule reactions. 

Each of the models so far examined has been character
ized by a marked peaking of product either forward or back
ward of the center of mass. Markedly contrasting behavior 

9-12 is predicted by the collision complex model. In this 
model, the colliding species remain in close contact for 
several rotational periods before dissociating in a statisti
cal manner to products. (The word complex is used here to 
identify this close association, and implies no special 



Table I-l 
Kinematics of Several Impulsive Models 

Model XAB VAB / vA UAB / UA ' Q / E A 

Spectator n- A AC B 

Stripping u 5+B" (A+B)(B+C) S+B" 

Rebound 180' ^ (gjfcjj) JK^VW J & 

Knockout 180° -L. (^z£.\ , . ' AC /A+C-2B\ B / A - C \ Z 

Knockout 180 j^g \j^) -(A+BV(B + C) I A+C I ATff [l^C I 
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assumptions regarding the configuration or future behavior 
of the atoms involved.) As a result, the uniqueness of the 
original direction of motion is lost, and product is equally 
likely to be ejected in either the forward or backward 
direction. Due to the possible coupling of momenta within 
the complex, it is not a necessary consequence that the 
product be isotropically distributed about the center of mass; 
it is, however, required that the product be symmetric about 
the x = ±90° line. Rigorously, such a distribution is a 
necessary but not sufficient condition for the existence 
of a complex mechanism; practically, alternative explanations 
are sufficiently unlikely that forward-backward symmetry is 
usually accepted as conclusive evidence of complex formation. 
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CHAPTER II 

EXi'r.KiKfcNTAL 

A. Apparatus 

The apparatus used in this work has been previously 
described in ' i^'.l. Thccforc, only a b*. uccuunt will 
be undertaken here. A schematic diagram of the apparatus is 
given in Figure TI-1. As can be seen, it consists of an ion 
source, an ion beam focusing section, a scattering region, a 
product analysis section, and a detector. 

The experiments in this work were all performed with a 
microwave discharge ion source. In this source, a suitable 
gas flows through a quartz tube, which is surrounded by a 
Broida cavity of the type described by Fehsenfeld, et al. 
Microwave power radiated by the cavity sustains a discharge 
in the gas, which is maintained at a pressure on the order 
of 10-100 microns. Microwave power is supplied to the cavity 
by a 3 GHz commercial diathermy power source. Two electrodes 
serve to contain the discharge and establish the potential 
of the plasma. One electrode is mounted directly on the 
inlet flange of the apparatus, and has a 2 mm hole to allow 
gas flow and ion extraction. The other is suspended in the 
tube, and is perforated to allow for gas flow. 

A minor modification was ir,ade to the source to allow 
the easy removal and replacement of the rear discharge 
electrode. Previously, the electrode was made of platim.ii 

http://platim.ii
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Figure II-l. Schematic diagram of the experimental apparatus. 
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and sealed permanently into the quartz tube. The modified 
configuration uses an o-ring seal to connect the rear of the 
tube to a small chamber containing the gas inlet ?:id a device 
for suspending the electrode. This allows easy replacement 
of electrodes, and facilitates experimentation with various 
electrode materials. While of limited importance in studying 
the nitrogen system, this capability has proven valuable in 
exploratory studies of halogen ions. 

For the routine production of nitrogen ions, we used a 
mixture of nitrogen and helium in about 9:1 proportion as 
measured by an ionization gage. The electrodes were made of 
stainless steel. The best available ion currents proved to 
be about 0.1 to 0.03 times the 0 currents available with 
the source, with a concomitant reduction in the apparatus 

3 resolution. Winn has speculated that production of the 
monatomic oxygen ion proceeds by a two-step process involving 
dissociation of the 0, molecule (minimum energy 5.1 eV) 
followed by ionization (minimum energy 13.6 eV). If so, the 
higher dissociation energy of N- (~9.8 eV) would explain the 
reduced amount of N ion produced. 

The advantage of this type of source over the more 
traditional electron impact method lies in the relative 
mildness of the ionization environment. nnile electron 
impact ionization usually required electron energies on the 
order of 100 volts, the electron temperature in our source 

3 is about five volts. As a result, few if any of the ions 
produced should be in an excited electronic state. This 
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conclusion is supported by two previous studies with this 
source involving 0, and 0 . For 0 ?, the first ionization 
potential is 12.2 eV and the excitation energy of the first 
excited state is 3.8 eV. Chiang et al. found only 33 
excited C 2 in this case. For 0 , the equivalent energies 
are 13.6 eV and 3.3 eV. Winn concluded that the resulting 
+ 3 

0 beam was "nearly pure" ground state ion. We therefore 
expect the N ion beam used in this study to be predominantly 
in the ground state. 

The question of excited states was dealt with more 
directly in this work by the use of alternate gas combinations 
as N sources. Based on appearance potentials compiled by 
Franklin et al., the gases NH. and N^O'might be expected to 
produce at least some ion in the excited D state. These 
gases were diluted in a large amount of argon (about 20:1 
proportion as measured by an ionization gage), and the 
resulting mixture used to support a microwave discharge. 
In both cases, a N beam of comparable intensity and stability 
to that obtained from the microwave discharge of N, was 
observed. The results of this substitution will be presented 
in Section C of this chapter. 

Ions are extracted from the source region and formed 
into a collimated, raonoenergetic beam by the focusing section, 
which is illustrated in Figure 11 -2. The energy of the ion 
beam is determined by the voltage applied to the ion source 
electrodes and by the discharge plasma potential. Other 
focusing voltages are referenced to the ion energy voltage 



Final focusing 
region 

*BL677-3635 
Figure II-2. Details of the reactant focusing region. A microwave 

discharge source is substituted for the electron impact 
sourre shown. 
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so that focusing conditions are relatively insensitive to the 
energy setting. An initial focusing stage extracts the ions 
and focuses them onto the entry slit of a 66° magnetic mass 
spectrometer, which serves as a momentum analyzer. A pair 
of quadrupole lenses in the initial focusing stage transforms 
the beam from a cylindrical to a ribbon-like configuration 
for maximum transmission through the analyzer. The geometry 
of the analyzer produces a momentum resolution of IX t'h'IIM. 
The analysis voltage may be varied independently of the ion 
energy for maximum efficiency of analysis. Following analysis, 
the beam is reconverted to a roughly circular cross-sect ion 
and focused on the scattering region by the final fncusing 
stage. 

Provided that the mass of the extracted ions is fixed, 
the momentum analyzer serves to produce a monoenergctic beam. 
On the other hand, if the discharge region is monoenergetic, 
the analyzer serves as a mass selector. In practice, the 
beam is essentially fixed both in mass and energy, since the 
discharge Tegion is equipotential to good accuracy. However, 
some mass impurities may be passed by the filter: the 
effect of these minor contaminants are discussed in Section 
C of this chapter. 

Reaction with the neutral gas takes place in the 
scattering region within tht main vacuum chamber of the 
apparatus. All of our experiments were carried out using a 
scattering cell to contain the reactant gas. The "front" 
aperture, a 2 x 2 mm square, is fixed in line with the exit 
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point of the focusing section, and receives the incident 
beam. The rear aperture is a 2 mre diameter circle which may 
be rotated. It is positioned in line v.ilh the detector 
aperture, so thai the two rotate together to scan the angular 
distribution of products. The apertures arc conical to 
reduce streaming of the scattering gas into the path of the 
beam, and allow cell picssurcs to exceed the vacuum chamber 
background pressure by a factor of about 1,000. 

Gas enters the cell through an entry pipe from the lid 
of the apparatus. The pressure is regulated using a 
Granvi1lc-Phi 11ips variable leak, and is monitored with a 
MKS Raratron capacitance manometer. The manometer reading 
represents the pressure at the top of the entry pipe, and 
must be corrected to obtain the absolute pressure in the cell 
itself. Since only relative pressures are usually of 
interest in this work, the correction is omitted unless 
otherwise stated. It is worth noting thai the manometer 
reads true (mechanical) pressure and is thus unaffected by 
the nature of the gas measured. 

The product analysis section provides angular, energy, 
and mass characterization of the scattered products. Angular 
resolution is obtained by rotating the detector in alignment 
with the exit aperture of the scattering cell: the cell and 
detector aperture dimensions determine a 2.S" resolution at 
full width. A 90° spherical sector electrostatic energy 
analyzer then selects ions of a desired energy with a 
resolution of 34 FKIIM. Ions leaving the energy analyzer are 
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focused by a set of lenses into a quadrupole mass spectro
meter (QPMS) which rejects all ions not of a preset charge^ 
to-mass ratio. The resolution of the QPMS is adjustable, 
and is set for a FWHM of about 1/2 mass unit for this work. 
A second set of lenses then focuses the mass-analyzed ions 
intc the detector. The detector counts individual ion 
impacts. 

The detector is of the scintillation type, and represents 
a modification of the apparatus from previous reports. The 
basic design and operation of scintillation detectors is 

7 8 well documented. ' This particular detector was designed 
by Dr. James A. Farrar of this lab and will be described by 

9 
him in a forthcoming report. In this detector, the incoming 
ions are first attracted to a metal plate held at a voltage 
of -25 kV, causing the ejection of secondary electrons. The 
plate voltage then accelerates the electrons towards a sheet 
of scintillating material, which emits a burst of photons. 
A phototube then responds to the photon burst by producing 
a pulse which is recorded by counting equipment. The coun
ting equipment is that previously employed with the solid^ 
state detector. 

The principal advantage of the scintillator over the 
solid-state detector is operational simplicity. The scin
tillator operates at room temperature with no warmup time, 
while the solid-state detector requires cooling to liquid 
nitrogen temperature. Also, the scintillator does not 
involve the replacement of sensitive and expensive 
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semiconductor wafers. In addition, the scintillator is 
capable of a slightly higher counting rate. In exchange, 
the new detector has a slightly higher noise level. However, 
the variation in the number of background counts between 
successive thirty-second collection periods is still no 
greater than one count per second. 

B. Data Collection and Processing 

To conduct an experiment, it is first necessary to 
obtain a stable and intense beam of the required mass and 
energy. This is done by adjusting the potentials on the 
various ion lenses and electrodes until the desired, result 
is obtained. The beam intensity may be monitorec by con
necting the ion lenses following the energy analyzer in the 
product analysis train to an electrometer. The electrometer 
current thus represents an angular- and energy-analyzed 
measure of the beam intensity. 

When a stable beam is obtained, scattering gas is 
admitted to the scattering cell and the analysis and detection 
equipment energized. The scattering gas pressure is adjusted 
to provide about 151 attenuation of the incident beam: 
multiple scattering events are therefore negligible. 

A single data point is obtained by setting the analysis 
energy, angle, and mass to the desired values and counting 
the ions impacting on the detector during a known time. A 
sequence of such observations thus provides a set of numbers 
representing scattered ion intensities as a function of beam 
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energy; product mass, angle and energy; counting time and 
scattering gas pressure. The last two of these quantities, 
along with the number of counts observed, are automatically 
recorded on a teletypewriter; the other variables are 
entered by hand. A typical scattering map contains several 
hundred such observations. 

In addition to product scattered from within the scat
tering cell, some ions will reach the detector following 
collisions between the beam and the background gas in the 
vacuum chamber. To account for these spurious incidents, 
background observations are conducted. These involve 
repeating a series of observations with the scattering cell 
emptied. Scattering gas is leaked into the chamber until 
the chamber pressure, as measured with an ionization gage, 
is equal to the chamber pressure observed with the scatter
ing cell filled. The background intensities observed are 
subtracted from the equivalent signal intensities during 
data analysis. 

While in principle observations can be made in any order, 
it is most efficient to minimize the number of settings which 
must be changed between each point. When a complete scat
tering map is to be made, this is best accomplished by 
fixing the product energy while varying the angle over the 
range to be observed. This procedure is referred to as a 
"cut," and most of the data to be presented here is made up 
of cuts. To avoid systematic errors, an effort is made to 
make cuts in both directions (ascending and descending angle) 
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and in a random order of energies. Nevertheless, in 
examining the data, it is well to realize that points of 
constant laboratory energy are more likely to be subject to 
a constant systematic error than points of equal laboratory 
angle. Background observations are usually made in a second 
cut immediately following the relevant signal cut. 

It is not possible to monitor the incident beam inten
sity during the collection of data, since any such measure
ment would absorb or deflect the beam. Therefore the 
collection of data is interrupted periodically (about every 
30-45 minutes) and the beam intensity observed. These 
measurements serve to normalize the data. 

Data is processed using a FORTRAN program written for 
the Lawrence Berkeley Laboratory's CDC 7600 electronic 
computer. The program input includes all of the observed 
quantities listed in the preceding paragraphs. The program 
then produces, for each data point, an intensity I given by: 

Ti PE l l 

o 

where: S = number of signal counts 
B = number of background counts 
T = counting time, in seconds 
1 = incident beam intensity, in picoamps 
P = scattering gas pressure, in units of 6-10 

torr 1 0 

E = energy setting of the energy analyzer, in volts 
f(9) = detector angular viewing factor. 
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The background level B is set by the program to a nominal 
value in the absence of a higher observed reading; the 
nominal value is a program input, determined as described 
ir. Section C of this Chapter. When successive observations 
of i differ, the program assumes the change between 
observations to have been linear and calibrates i accordingly. 
Due to the geometry of the energy analyzer, E is related to 
the LAB energy of the transmitted ions by: 

E - 0.44 E^ B. (2) 

The quantity I has been shown to be invariant to the CM to 
LAB coordinate conversion. 

The program then produces table of I together with the 
input quantities and useful derived quantities both in the 
LAB and CM frames. These tables are also copied to an IBM 
Datacell in the LBL Computer Center, where they are access
ible to other programs for further analysis. Finally, the 
program plots values of I in CM polar coordinates. A second 
plot symmetrizes the first about the beam centerline to 
remove the effects of minor apparatus asymmetries. From the 
plots, one can draw contour maps of I, which represent the 
primary results presented in this work. 

C. Considerations of Resolution and Error 

The basic data of this work are contour maps of the 
quantity I (X, u')- It is therefore appropriate to address 
the resolution of the apparatus with respect to each of the 



t|uantit ies i, /., and u' separately. The last two of these are 
in turn determined by the laboratory quantities 9 and F.IR. 

Resolution in laboratory angle 0 is fundamentally limited 
to the +1.25° limit, determined by the cell and detector aper
tures. In addition, it may be further restricted by the un
certainty in the angular location of the primary beam, and by 
the symmetrizing process in the production of the map plots. 

The width of the beam is usually less than 2° FWHM, or 
comparable to the detector resolution. Small variations in 
the beam angle have been observed in the course of an experi
ment: they do not exceed a few tenths of a degree. In the 
process of building the symmetrized plot, the computer pro
gram interpolates between the angles of observed points which 
are not precisely symmetric about the centerline. This pro
cess may diminish resolution somewhat, but hardly by more 
than half the distance between points. This distance is one 
degree in all instances where angular resolution is an 
important concern. Our angular resolution is thus near the 
apparatus limit of 1.25°. 

Energy resolution is subject to similar considerations. 
The instrument resolution is about ±1.51 of the LAB energy 
being observed. Beam widths are usually a fairly constant 
1-2 volts HWHM, and variations of several tenths of a volt 
have been observed between cuts. The computer program per
forms no operations affecting energy resolution. The energy 
resolution is thus apparatus-limited at high energies (say 
270 eV) to +1.5$ and becomes limited by beam width to about 
1-2 eV at lower energies. 



As Figure 1-1 indicates, the effect on X and u' of 
uncertainties in 6 and E depends in an involved way on the 
actual coordinates involved. It is clear, however, that a 
fairly small range of coordinates in the LAB frame spans the 
entire allowed CM area. The actual expressions relating 
changes in (8, E) to those in (X, u) can be found to be: 

1 v'" v,--. c o s 9 

du'/dE = i £2 (3) 
c v'-y 

v'»v__sin6 
du'/de = — (4) 

. v sine 
dX/dE = i - ° i ^ — (5) 

c v'y z 

,,, / sin26v'v \ 
dX/de = - (cose , — — ) (6) 

v'cos6-v c m \ y / 

where y is an expression defined by: 

y 2 = v' 2 - 2v'v_ cose + v 2 (7) 
' cm cm 

and the mass convention is identical to that of Chapter I, 
Section A. The quantity Q is frequently of more interest 
than u'; the equivalent expressions for Q are: 

d Q / d E = - M cm ( 8 ) 

d v-

dQ/de = - ̂  (Vv c msin9). (9) 
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A better intuitive conception of the magnitudes 
involved can be obtained by concentrating on the area around 
the primary beam velocity, where v' = v and 6 = 0. There 
the derivatives (43, (5), and (93 are zero, and expressions 
(33, (63, and (8) reduce to: 

du'/dE = ^ r (103 

dX/de = M/b (113 

dQ/dE = b/d. (123 

Thus dQ/dE ranges from 1 for non-reactive scattering to 3 
for ND product from HD, and dX/de is 8 for a H- tar-get and 
4.5 for a D-, target. The effect on CM resolution of the 
LAB resolution limits is increased accordingly. 

The resolution of the instrument relative to I is more 
complicated, since it involves all of the quantities in 
equation (13. Most of these variables, however, are quite 
accurately known. Counting time is determined by the 
electronics of the counting equipment and is essentially 
exact. Gas pressure is read by the BARATRON to about one 
part in 300. The accuracy of the energy determination was 
previously discussed. The viewing factor is obtained 
graphically from the cell and detector dimensions and is in 
principle exact if the angle is known: the uncertainty in 
angle is discussed above and is of no significant effect. 

Resolution in I, in the sense of minimum, detectable 
signal, is determined by the difference between signal and 
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background counts observed at the point (the quantity S-B in 
equation (1)). The background signal varies randomly due to 
noise and external radiation, and the size of this variation 
sets a minimum to the observable signal. Since the detector 
in use is new, we have carefully monitored the background 
under a variety of conditions. Variations are of course 
decreased by longer counting times: most of our observations 
involved times of 30 seconds, and the following figures per
tain to that case. An essentially constant 1 cps is contri
buted by the detector with the electron emission cathode at 
ground potential. Field emission from the cathode contri
butes another five or so cps. The distribution of observa
tions about this central value is approximately Gaussian with 
a half-width of 0.6-1.0 cps. The point in this distribution 
below which 801 of the observations lie has been taken as 
the nominal background value in this work; it is separately 
determined for each experiment. Thus the possibility of 
several higher-than-average backgrounds being mistaken for a 
significant feature is reduced. The minimum significant 
signal is therefore about 1-2 cps. The cross-section repre
sented by this counting rate is of course a function of beam 
intensity and scattering gas pressure. 

At signal levels significantly above noise, however, 
the reproducibility of I values is essentially determined by 
variations in the incident beam intensity i . The stability 
of the beam varies with the system under study and is usually 
improved with increased beam intensity. Experience with the 
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N system (including the periodic intensity calibrations 
during experiments and continuous observation of beam sta
bility when experiments are not in progress) indicates that 
during a cut beam stability is usually constant within 101, 
but may occasionally vary as much as 30%. Thus, 30% is an 
upper found to the uncertainty of I at a single point. 

The interpretation of a scattering map is not, however, 
dependent solely on the value of I at any one point. On the 
contrary, trends involving several points are always required 
to reach a conclusion. Without entering into a complicated 
analysis, it seems reasonable to assert that the perceived 
behavior of I at a map point is based on at least four 
independent measurements: the point as measured; the sym
metric point (as e ->• -8) ; the adjacent points on a line of 
constant lab energy, and the adjacent points of constant lab 
angle. It also seems reasonable to estimate the effect of 
additional determinations of a value by the relation valid 
for normal distributions: i.e., that uncertainty is 
inversely proportional to the square root of the number of 
observations. The uncertainty of a feature on a map can 
then be estimated as no greater than: 

15% = ^ (13) 

No important conclusion in this work is based on differences 
of less than a factor of 10 in I. 

At this point a possible systematic error should be 
considered. Our results are obviously quite sensitive to the 
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chemical and quantum purity of the primary beam. The quantum 
state of the reactant is not selected at any point in the 
reactant analysis, and is therefore dependent on the output 
of the source. We have described above evidence based on 
previous studies using this source for concluding that the 
reactant ion is predominantly in its ground state. In 
addition, in studies of the non-reactive scattering of N 
off He, we observed no transitions except those involving 
the electronic ground state. By contrast, when Tsao conduc
ted similar observations using an electron impact source 
with this instrument, transitions involving the excited 
( D) state of N were observed. 

The N beam composition has been more directly investi
gated using the attenuation method of Turner et al. As 
applied on our apparatus, the method appears capable of 
resolving excited state concentrations with an accuracy of 
about 3% of the total beam intensity. Ion beams from elec
tron impact were found to be about 15% excited. By contrast, 
the N~ microwave discharge produced no detectable excited 
ion (<3%). Discharge of NH, in argon showed indications of 
an excited state concentration at the threshold of 
detectability (~3S), while the nitrous oxide-argon discharge 
produced about 6$ excited ions. 

In addition, the beam may be contaminated by several 
possible ions of similar masses. Since the source region is 
not ideally equipotential, small amounts of ions of neigh
boring masses may pass through the analysis magnet. Likely 
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candidates are the nitrogen isotopes N (natural abundance 
0.37%), and 0, which may be present in the discharge region 
as an impurity from the atmosphere. These ions can be dis
tinguished from product ions by two principal features. 
First, while product ion intensity decreases with decreasing 
scattering gas pressure, primary ion intensity increases. 
Secondly, these ions, having the same momentum but greater 
mass than the desired reactant, will be found at a lab energy 
given by the expression: 

m A Ex " i£ EA W 
where m and E are the impurity mass and energy, and m. and 
E. the similar quantities for the primary ion. 

Impurity ions have been observed at masses IS and 16 in 
the course of this work. In each case they represented a 
maximum of a few tens of counts per second, in comparison 
with primary beams of at least 10 ions per second. In these 
concentrations, the magnitude of scattering of the impuri
ties is entirely negligible and background measurements 
serve to remove the spurious counts entirely. 
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CHAPTER III 

FEATURES OF THE (N+H,)* SYSTEM 

A. Potential Surface 

The energetics of a chemical reaction are usually 
described in terms of its potential surface. In general, a 
system of n particles requires 3n coordinates to specify its 
condition. When the absolute position of the system is not 
of importance, as is true in gas-phase kinetics, the three 
coordinates specifying the position of the system center of 
mass may be neglected. The energy of the system may be 
considered as a function of the remaining 3ii-3 coordinates. 
The resulting function constitutes a hypersurface in 
C3n-2)-space, referred to as the potential surface. The 
projections of this surface into two or three dimensions can 
be plotted graphically, and usually give considerable 
intuitive insight into the characteristics of the reaction. 

In principle, the potential surface may always be 
obtained by solving the Schroedinger equation for the system. 
In practice, reliable approximations to the surface are 
extremely hard to obtain, even for the comparatively simple 
A + H, systems. In the case of ion-molecule reactions, the 
situation is further complicated by the existence of multiple 
low-lying electronic states, each giving rise to a separate 
potential surface which may interact with the others. It is 
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most useful, then, to have a method of predicting the main 
features of the reaction surface from basic principles. 

An effective means of doing just that involves cor
relation diagrams. Proposed in a seminal paper by Mahan, 
the technique has been applied with success to several 

2-5 experimental systems. The only data required are the 
states of the products, reactants, and significant inter
mediate configurations, together with an ordering of them 
in terms of energy. Thermodynamic information about the 
actual relative energies of the states improves the preci
sion of the results but is not essential. The method may 
be applied either to molecular states or orbitals, but 
experience has shown the state version to be more reliable. 
We will therefore deal exclusively with state correlations 
in this work. 

The first step is to assume a plausible geometry for the 
collision. This geometry will then have certain symmetry 
elements, which can be used to identify it with one of the 
symmetry point groups of group theory. Group theory states, 
quite generally, that any entity with a symmetry corresponding 
to a point group can be expressed as a linear combination of 
the irreducible representations of that group. For instance, 
a molecular orbital may be expressible as the sum of several 
irreducible representations, each representing a separate 
potential surface. The representations are denoted by the 

2 
familiar Toennies symbols (e.g., n ) . To avoid a cata
strophic descent into jargon, we shall refer to that component 
of a molecular state represented by the irreducible 
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2 2 
representation n , for example, as the n surface, or as 
having the symmetry n . 

Two general principles are now applied. The first is 
that the symmetry of the states is conserved throughout the 
collision. The other is that surfaces of the same symmetry 

7 do not cross. As a result, the product and reactant states 
can be linked uniquely by a small number of lines, each 
representing a cut through a potential surface. These lines 
can be modified by plausible assumptions (either from 
chemical intuition or orbital correlations) about the 
behavior of the surfaces near the stable configurations. 
The result is a quite useful approximation to significant 
portions of the potential surface. 

This somewhat abtruse discussion becomes more meaningful 
with the consideration of a concrete example. Figure III-l 
displays the molecular state correlation diagram for the 
NH, system obtained by Mahan and Fair. On both the extreme 
left- and right-hand sides are shown the energy levels for 
the low-lying states of (N+H,) . On the left-hand side, it 
is assumed that the N atom approaches the H ? molecule along 
the perpendicular bisector of the molecule. This geometry 
has the symmetry of the C, v point group, and the resolution 
of the states into the irreducible representations of that 
group is shown at the left of the diagram. The next column 
from the left shows the states of the bent intermediate HNH , 
and next to it are the linear HNI1 states. The linear states 
are of C^ geometry, and are also special cases of C? 
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geometry. Immediately to the right of them are shown the 
(HN+H) states, representing the products in C geometry. 
The correlations drawn between the columns represent slices 
through the potential surface parallel to one coordinate, 
the others being held constant. Moving from the left, the 
pertinent coordinates are: (1) The distance from the N atom 
to the H? bond midpoint; (2) The HNH bond angle; and (3) one 
of the NH bonds, the other remaining fixed. 

On the right-hand side of the diagram, the assumed 
collision geometry requires the N atom to approach along the 
H- internuclear axis. The point group of this symmetry is 
C w , and the reactant states are resolved into the irre-
producible representations of that group. The correlation 
proceeds through the NHH intermediates to the (NH+H) 
products. 

More probable than either the exactly perpendicular or 
the exactly collinear approaches, of course, is the inter
mediate case. In this instance, the only symmetry element 
is the plane defined by the three atoms, and the point group 
is C . The reduced number of symmetry elements causes sur
faces, previously of different symmetries, to become of the 
same symmetry. As a result, some crossings become avoided. 

3 The most important of there is the crossing between the A, 
and B, surfaces, shown as avoided in the dotted lines in 
the figure. 

The energy levels of H , N and H- , and of the ground 
states of NH and NH- shown in the figure are based on 
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spectroscopic determinations as tabulated by Moore. The 
relative positions of the excited states of NH are the 

9 results of ab_ initio calculations by Liu and Verhagen. The 
excited states of NH, , in the bent and linear configurations, 
were determined using theoretical calculations by Chu, Sui, 
and Hayes, by Walsh, and by Gimarc. The resulting 
diagram should thus have quantitative as well as qualitative-
significance. 

Examination of the diagram shows two principal paths 
from reactants to products. One is an essentially flat 
surface connecting ground state reactants, the A, and n, 
states of NH, , and the II state of the product NH . It 
is accessible from both the collinear and perpendicular 
approaches, as well as in the intermediate C geometry. The 

4 -other surface connects ground state reactants to the z 

state of the products, and to the deep well occupied by the 
B. ground state of NH, • This surface is freely accessible 

by collinear approach, but there is a significant barrier to 

perpendicular approach. In the C geometry, the avoided 
surface crossing allows access to the well. 

Avoided crossings are particularly interesting features 
because of the phenomenon of su-face-hopping. The reaction 
is rigorously restricted to a single surface only when the 
motion of the atoms is infinitely slow. Otherwise, there is 
a finite probability of the reaction crossing from one sur
face to another, particularly when they ire close together. 
The Landau-Zener expression has been used to estimate this 
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13-15 probability, and is given by: 

P = exp(-u) 
,2 

ZJl H12 f l 1 

hv | H n - H 2 2 | ^ 

Here P is the probability of surface-hopping, v is the radial 
velocity at the crossing point, and the H.. are elements of 
the perturbation Hamiltonian. H.„ is the coupling between 
surfaces, and is hence one-half of the separation between 
them at their closest point; H,. - H-_ may be shown to be 
the difference in slopes between the two surfaces near the 
crossing. Equation 1 is rarely applied quantitatively to 
ion molecule reactions, chiefly because of the difficulty in 
ascertaining the radial velocity v. However, qualitatively 
it alerts us to the possibility of velocity-dependent surface^ 
hopping behavior when surfaces approach closely, and de
scribes the characteristics of the surfaces favorable to 
such behavior. In addition to the crossing mentioned in the 
previous paragraph, there is another close approach in the 
area between the NH--H and NHH configurations, where two Z 

surfaces converge. 
Recent theoretical calculations have confirmed signifi

cant features of Figure III-l. Gittins and Hirst used 
unrestricted Hartree-Fock calculations to examine the B,, 
3 3 3 -
B, and A, states of bent HNH and the Z state of linear 

NHH. In the HNH case, they investigated the energy as a 
function of the bond angle and of the distance from the N 
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ion to the H, bond midpoint (N-H, distance). These are the 
portions of the surfaces represented by the second and first 
correlations from the left, respectively, in Figure II1-1. 
The results were essentially as predicted. The dependence on 
bond angle of the A, and B, surfaces, small in any case, 
may be of the opposite sign. There may also be a slight well 
in the A, su. face between reactants and bent 1INH. In the 
linear case, the Z state energy was examined as the N-H 
and H-H distaices were varied: these are the rightmost two 
correlations of Figure III-l. The results here were exactly 
as predicted, rfith a well-depth of about 1.07 eV between 
reactants and products. 

Schaefer and co-workers have applied configuration^ 
interaction calculations to a full two-dimensional study of 
the 3A, and 3i( 1 states of HNH +. The N-H, distance varied 
from 1.25 to 5.00 bohr, and the H, internuclear distance 
(H-H distance) ranged from 1.2 to 2.6 bohr. Their results, 
like those of Gittins and Hirst, show a shallow depression 
in the A, sirface, with a minimum of some 2 eV at H-H = 1.8 
bohr, N-H, " 2.1 bohr. The B, surface is essentially 
identical to that of Figure I1I-1 when examined at the 
equilibrium >H distance. However, the energy of this sur
face is sign ficantly lower at greater H-H separations, 
approaching 4 eV (relative to reactants) when H-H =2.6 
bohr, N-H, = 1.25 bohr. Perhaps the most interesting ques
tion about these two surfaces is the shape of the avoideJ 
crossing which develops in C symmetry. This problem, which 
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requires three dimensions for its description, was not 
addressed by Schaefer et al. 

B. Relation to Previous Studies 

So far we have dealt with specifics: facts and concepts 
required to present the experimental results and conclusions. 
At this point, we shall become more general, and seek to 
place our work in context as part of a continuing research 
effort. The ion-molecule reactions: 

A + + H 2 -*- AH + + H (2) 

where A represents a second- or third-row atom and H, 
includes the isotopic variants HD and D-, are a fruitful 
domain for a brief survey. These reactions are complex 
enough to show chemically interesting behavior, yet suffi
ciently simple not to baffle our intuition. They are also 
near the limit of complexity which can be dealt with a. priori 
by theoreticians with any reliability. For this reason, 
they have excited appreciable experimental interest. We 
shall restrict ourselves to a review of those works which, 
like the present one, produce angular and energy distributions 
of the reaction products. 

Workers in this laboratory have investigated reaction 
(2) with A representing C, 0, Ne, Ar, and N. ' In 
addition, Koski and co-workers have studied the C and F 

21 22 systems; * Doverspike et al. have examined the C and Ar 
23 24 reactions; ' Wolfgang and co-workers have investigated 
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the Ar example; "' and Henglein and associates have looked 
27 at some aspects of the N case. These efforts have led to 

some tentative classifications of the resulting scattering 
distributions. We shall refer to three general types of 
behavior, each representative ofa different energy range, 
which we shall call complex, stripping, and trans-stripping 
behavior. 

At the outset, we should stress the oversimplifications 
inherent in such a classification. The most prominent 
qualitative characteristics of the scattering are abstracted, 
at the price of ignoring finer structure which may be both 
marked and significant. Nevertheless, understanding begins 
with classification, and the scheme is useful and informative 
if applied with caution. We shall endeavor to point out the 
limitations relevant to each category as we examine them in 
turn. 

Complex behavior is represented by scattering distribu
tions which have the forward-backward symmetry of the complex 
model discussed in chapter I. This behavior implies a complex 
with the characteristic lifetime x long with respect to a 
rotational period T This in turn requires a well in the 
potential surface of depth -V which is large with respect to 
the energy E , of the collision. Obviously this condition "' rel ' 

will fail at some point as E , increases; complex behavior, 
if observed, is thus restricted to the lowest energy regime. 
In practice, there is usually a smooth progression from 
nearly complete symmetry at low energies to the strongly 
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asymmetric distributions characteristic of impulsive models, 
and we shall thus generalize the term complex behavior to 
describe distributions with "substantial" forward-backward 
symmetry. This is equivalent to restating the lifetime and 
energy conditions so that T > x ; -V > E .. 

Complex behavior has been reported for the C and F cases 
of reaction (2]. ' In neither case is the symmetry complete 
at the lowest energy studied. In the C system only a slight 
asymmetry is seen at a collision energy of 2.86 eV; a well-
depth of 4.3 eV is expected on the basis of correlation 
arguments. It is interesting, however, the Doverspike et al. 
have extended the energy range studied down to 0.64 eV and 
noted no further increase in symmetry. ° In the F system, 
almost complete symmetry is reported at 0.21 eV. Correlation 
diagrams indicate a FH, state with an energy of -9 eV 

relative to reactants, but suggest that this state is not 
22 

accessible to the reactants. Further study appears war
ranted on this problem. 

At intermediate energies, all scattering distributions 
observed so far resemble the predictions of the spectator 
stripping model to a considerable extent. It seems reason
able to characterize such patterns as stripping behavior. 
This designation in particular must be applied with caution. 
Kuntz, Mok, and Polanyi defined stripping as a process pro-

29 ducing predominantly forward scattered products; we concur 
with Winn that this definition is overbroad to the point of 

28 being uninformative. We shall apply the term to direct or 
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short-lived (relative to x ) interactions in which there is 
little transfer of momentum to one of the reactant atoms in 
a substantial fraction of cases. In scattering distributions, 
this corresponds to the existence of a substantial peak at 
the location predicted by the spectator stripping model. 

Mahan has emphasized the oversimplification inherent in 
the spectator stripping model, observing: "Without question, 
the idea that atom B can be transferred to A with no force 
being exerted on C is quite remarkable." We should 
certainly not allow the fascination of our classification 
scheme to beguile us into neglecting scattering away from 
the stripping peak, which is frequently substantial. We 
should also remember that the prominence of the striDping 
peak is to some extent an artifact, based on the collection 
of product only in the detector plane. This weights the 
observed distribution by a factor of (sine) , giving 
exceptional prominence to small angle scattering. Despite 
all these caveats, however, stripping behavior remains the 
predominant feature of scattering distributions at inter
mediate energies. 

The two systems displaying low-energy complex behavior 
exhibit a gradual shifting of the peak intensity towards 
higher velocities as energy increases. In the F system, 
the peak has moved close to the strippii.g position at 0.39 eV. 
Increasing energy improves the approximation, until the 
coincidence is essentially complete at the dissociation limit 

2? + 
for stripping product, 0.81 eV. In the C system, the 
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transition is slower and never complete: at the dissociation 
limit the peak still lies at a slightly lower velocity than 

4 predicted by the spectator stripping model. 
In the Ar and 0 systems, which do not display complex 

behavior, the stripping model is "a very good approximation 
3 19 at all energies studied up to the dissociation limit. ' 

In the Ar case, there is also a marked peak behind the center 
of mass, emphasizing the limits of the stripping model. 

Behavior at energies above the stability limit for 
spectator stripping will be classified as trans-stripping 
behavior. It was originally expected that, at this point, 
the forward intensity peak would disappear. In the Ar 
system, however, an intense peak remains at x = 0° and near 
the dissociation limit in energy, even though the stripping 

19 prediction lies in the unstable zone. Angular distributions 
for the F system were not reported in this zone, but the 

22 energy of the forward peak shows similar behavior. In the 
C system, the peak continues to coincide with the stripping 
prediction, indicating the formation of excited electronic 
states. 

Dramatically different behavior was observed in the 0 
18 system. Above the instability limit, the peak intensity 

moves off the centerline to larger CM angles, remaining near 
the instability limit in energy. The position of these 
maxima is isotope-dependent and nearly independent of energy 
within the trans-stripping regime. This difference has been 
attributed to the fact that the Ar and F reactions are 
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considerably exothermic, while the 0 system is essentially 
thermoneutral. The exothermicity of the former reactions 
may be expended as repulsion between the products, thus 
stabilizing the impulsive stripping mechanism. In the 0 
system, this method is not available, and alternate mechan
isms must come into play. For this reason, the behavior of 
the nearly thermoneutral N reaction in the trans-stripping 
regime was of particular interest to us. 

The scattering of nitrogen ion from H. was among the 
first' systems studied with our apparatus. The energies in
vestigated ranged from 2.5 to 8.1 eV, and spanned the strip
ping region. The intensity observed was concentrated in a 
forward peak at the spectator stripping location and a 

20 smaller, backward, peak near the ideal knockout velocity. 
Subsequently, Fair and Mahan reacted N with H-, D 2, and HI) 
at lower energies and in a different apparatus. In this 
lowest energy regime, complex behavior was observed, with 
symmetry nearly complete at 0.79 eV. The transition to the 
stripping regime is complete above about 2.79 eV. They 
explained this behavior as due to the avoided crossing 
between the A, and B- surfaces, discussed in the first 
section of this chapter. At low relative energies, reaction 
occurs adiabatically on the lower surface and is dominated 
by the deep Nlf? well; at higher energies, transition to the 
upper surface at the crossing becomes predominant, essential] 
closing off the well and producing NIUC A,). 

Other studies of the N + H, reaction have concentrated 
mainly on total cross-sections. Fehsenfeld et al. measured 
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a thermal cross-section of 5.6 x 10 cm sec in 1967. 
Recently, Henglein and co-workers studied the energy dis
tribution of Nil and ND from HD target over the stripping 
range. Their results were essentially those of Tsao, Mahan, 
et al. They also observed the total cross-section as a 
function of energy in the range from 1-5 eV. The current 
study extends our knowledge of the system into the trans^ 
stripping regime, and serves to test the tentative generali
zations summarized in this section. 



References 

1. B. H. Mahan, J. Chem. Phys. 5J>, 1436 (1971). 
2. B. H. Mahan and J. S. Winn, J. Chem. Phys. 57, 4321 

(1972). 
3. Keith T. Gillen, Bruce H. Mahan and John S. Winn, 

J. Chem. Phys. ̂ , 5373 (1973). 
4. Bruce H. Mahan and Thompsom M. Sloane, J. Chem. Phys. 

S9_, 5661 (1973). 
5. James A. Fair and Bruce H. Mahan, J. Chem. Phys. 62(6), 

515 (1975). 
6. For an extensive discussion of the method, see Gerhard 

Herzberg, Molecular Spectra and Molecular Structure, 
Vol. Ill, Van Nostrand Reinhold Co., New York (1966), 
p. 312 ff. 

7. Gerhard Herzberg, op_. cit. , p. 442 'ff. 
8. Charlotte Moore, Atomic Energy Levels, Nat. Bur. Stds. 

(U.S.) Circular 467 (1948) . 
9. H. P. D. Liu and G. Verhaegen, J. Chem. Phys. 53, 735 

(1970). 
10. S. Y. Chu, A. K. Q. Siu, and E. F. Hayes, J. Am. Chem. 

Soc. 94, 2969 (1972). 
11. A. Walsh, J. Chem. Soc. 2260 (1953). 
12. B. Gimarc, J. Am. Chem. Soc. 93, 593 (1971). 
13. C. Zener, Proc. Royal Soc. (London) A137, 696 (1932). 
14. L. Landau, Z. Phyz. Sowjet, Z, 46 (1932). 
15. E. C. G. Stueckelberg, Helv. Phys. Acta, 5_, 369 (1932). 
16. Martin A. Gittens and David M. Hirst, Chem. Phys. Lett. 

3_5, 534 (1975). 
17. Henry F. Schaefer, el al., to be published. 
18. Keith T. Gillen, Bruce H. Mahan and John S. Winn, 

J. Chem. Phys. 59, 6380 (1973). 



53 

19. M. Chiang, E. A. Gislason, B. H. Mahan, C. W. Tsao and 
A. S. Werner, J. Chem. Phys. ^2_, 2698 (1970). 

20. Eric A. Gislason, Bruce H. Mahan, Chi-Wing Tsao and 
Arthur S. Werner, J. Chem. Phys. 54̂ , 3897 (1971). 

21. C. R. Iden, R. Liardon and W. S. Koski, J. Chem. Phys. 
56., 851 (1972) and J. Chem. Phys. 5±, 2757 (1971). 

22. F. K. Wendell, C. A. Jones, Joyce J. Kaufman, and W. S. 
Koski, J. Chem. Phys. 63.(2), 750 (1975). 

23. E. C. Herbst, R. L. Champion and L. D. Doverspike, 
J. Chem. Phys. 6_3, 3677 (1975). 

24. L. D. Doverspike, R. L. Champion, and T. L. Bailey, 
. J. Chem. Phys. 4_5, 4385 (1966). 

25. P. M. Hurl, Z. Herman and R. Wolfgang, J. Chem. Phys. 
52, 660 (1970). 

26. Z. Herman, J. Kerstetter, T. L. Rose, and R. Wolfgang, 
Disc. Faraday Soc. 44_, 123 (1967). 

27. G. Eisele, A. Henglein, P. Botschwina, and W. Meyer, 
Birichte der Bunsen-Gesellschaft, 78, 1090 (1974). 

28. John S. Winn, Ph.D. Thesis, University of California 
LBL Report 1820 (1973), p. 176. 

29. P. J. Kuntz, M. H. Mok and J. C. Polanyi, J. Chem. Phys. 
5£, 4623 (1969). 

30. Bruce H. Mahan, in Interactions Between Ions and 
Molecules, P. Ausloos, editor, Plenum, New York (1975). 

31. Bruce H. Mahan, in International Review of Science II, 
Vol. 9, Butterworth's (1976). 

32. F. C. Fehsenfeld, A. L. Schmeltekopf, and E. E. Ferguson, 
J. Chem. Phys. 46, 2802 (1967). 



54 

CHAPTER IV 

RESULTS 

A. Scope and Presentation 

The principal experimental results to be presented in 
this work are a series of fifteen experiments, each comprising 
a determination of the product intensity from a given reac
tion at a given beam energy. These experiments each include 
an examination of the entire accessible range of product 
energy and scattering angle. Using these determinations as 
a guide, an additional thirty-one experiments were performed 
covering a more restricted portion of the theoretically 
available product range. 

The order in which these results will be presented 
follows almost irresistibly from the characteristics of the 
experiments themselves. A fundamental separation is into 
reactive and non-reactive processes. Within the reactive 
category, the results are further subdivided according to 
the reactions studied. They are: 

N* + H 2 + NH + + H (1) 

N + + HD + NH + • D C2) 

N* + HD •* ND + + H. (3) 

The logical fourth member of this sequence is the reaction: 

N + + B- * ND + + D. (4) 
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An effort was made to study this reaction, but observable 
product intensities were not found. This was hardly sur
prising, since the signal from reaction (4) may cover a 
laboratory velocity space about eight times the volume of 
reaction (1) and since the product intensities from the 
first three reactions were near the resolution limit of the 
apparatus. 

In the category of non-reactive experiments, we dealt 
principally with the two processes: 

N + + H 2 -• N + + H 2 (5) 

and 

N + + D 2 - N + + D 2. (6) 

For kinematic reasons, experiments at lower relative energies 
were performed with H, target, while those at higher energies 
used D, as the scattering gas. Despite some overlap, the 
pair of reactions basically comprise a single study, and 
will be presented together. Experiments involving the 
process: 

N + + He -* N + + He (7) 

were performed chiefly for comparison with the results of 
reaction (6), 3nd will be presented in that context. As a 
final contribution to the non-reactive section, we will pre
sent observations bearing on the charge exchange reaction: 

N + + ll2 - N + II* (8) 



B. Reactive Scattering 

Our examination of reaction (1) commences with Figure 
IV-1, which represents the intensity of NH product at an 
initial relative velocity of 6.87 eV. The figure is a plot 
of product intensity contours in CM polar coordinates, which 
we shall refer to as a map. The large cross at the center 
of the map marks the location in velocity space of the 
center of mass. The small dot near the right-hand edge 
marks the CM velocity of the incident beam and is surrounded 
by a dotted line marking the beam spread. The product inten
sity contours are shown in terms of the quantity I of 
equation (11-13• Also shown are two circles, corresponding 
to lines of constant translational exoergicity ("Q-valucs"). 
They mark the loci of Q = 0.6 and Q = -4.6, the limits of 
product stability implied by equation (1-17). 

As mentioned in Chapter II, our data processing program 
yields both symmetrized and unsyrametrized map plots. The 
maps presented here represent the symmetrized output. 
However, it is frequently also of interest to know the 
location of the maxima obtained on each cut. These maxima 
are marked by the small circles in the figures, and are 
based on the unsymraetrized values of the results. 

The relative energy of Figure IV-1, 6.87 eV, lies in 
the range previously examined by Tsao et al.: this experi
ment thus serves as our point of departure from known to 
unknown territory. The predominant feature of the map is the 
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Figure IV-1 
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large peak forward of the center of mass, on the centerline, 
and at about the velocity predicted by the spectator strip
ping model. This predicted velocity is marked with a small 
"x". There is also a smaller peak behind the center of mass. 
These features characterized the entire stripping range in 
earlier work. 

Figure IV-2 shows the same reaction at an energy of 
8.75 eV. The stripping peak is still evident, and a ridge 
of intensity still appears behind the centroid. The strip
ping peak has now moved to the inner edge of the stability 
limit, and the observed intensity has diminished considerably. 

In Figure IV-3, the energy has been increased.to 
12.5 eV. Spectator stripping does not produce a stable 
product at this energy, and we observe that the peak at 0° 
is no longer in evidence. Instead, the maximum intensity 
appears in two symmetrical lobes at a CM angle of about 60°. 
The maxima of the cuts, marked by the small circles, fall 
near the inner limit of the stability zone. 

Figure IV-4, taken at 15.6 eV, reveals an interesting 
development. The two lobes at about X = +60° are still in 
evidence, albeit weaker. However, there is also evidence of 
product again appearing on the centerline. All of the 
product intensities are extremely low, and lie at the very 
limit of the apparatus resolution. The rather unexpected 
central peak in Figure IV-1 motivated us to examine the 
identical reaction and energy using beams from alternate 
source gases. The results, using ammonia and nitrous oxide 
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Figure IV-4. N from N,/He discharge, as usual: <3% excited 
state concentration. 
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respectively as N sources, are given as Figures IV-5 and 
IV-6. We notice an increased intensity of the central peak, 
relative to the side peaks, with the NH, source and an even 
greater increase when N,0 is used. 

With Figure IV-7, we commence our study of reaction (2). 

Shown are the reaction products from collision at a relative 
energy of 9.71 eV, approximately the same as that of Figure 
IV-2. The two figures resemble each other closely. Figure 
IV-8 shows the same reaction at 12.35 eV, a similar energy 
to that of Figure IV-3. Again, the two distributions are 
quite similar, with the emergence of two symmetric lobes. 
In this case, the CM angles of the lobes are near 30°. In 
Figure IV-9, the energy has been increased to 17.65 eV. The 
side lobes have completely disappeared, and a small residual 
peak on the centerline has appeared analogous to that seen 
in Figure IV-4 to IV-6. At 22.1 eV, in Figure IV-10, the 
same pattern appears with exceedingly low intensity. 

Our lowest-energy examination of reaction (3) is 
depicted in Figure IV-11. At an energy of 6.54 eV, the 
spectator stripping velocity rests just on the edge of inner 
stability circle, and is marked by a small cross. We 
observed the presence of lobes in the forward hemisphere 
and a ridge about the centerline in the back scattered 
region. This map bears a qualitative resemblance to those 
previously presented for reactions (1) and (2) . 

At higher energies, however, this comforting similarity 
disappears. In Figure IV-12, at a relative energy of 9.71 eV, 
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Figure IV-6. N + from N-O/Ar discharge: about 65 excited. 
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the scattering is concentrated almost exclusively in the rear 
hemisphere, peaking on the centerline. Increasing the energy 
to 12.35 eV produces the results shown in Figure IV-13: the 
concentration in the 180° direction is even more marked. 

In addition to the maps just described, additional 
experiments were undertaken to locate the intensity peaks 
at energies intermediate between those of the maps. All of 
these results are presented in graphical summa,•>• y Figures 
IV-14, IV-15, and IV-16. In Figure IV-14, the location of 
the peaks in energy is shown as a function of b am energy 
for reaction (1). Also shown are the predictions of the 
spectator stripping ideal rebound and the kno_kout models, 
the Q value of the centroid (equal to the re ative collision 
energy), and the stability limits of various products. 
Figure IV-15 shows a similar plot for rear ions (2) and (3). 
In Figure IV-16, the angular dependence c i energy of the 
principal peak is shown for all three reactions. On the 
abscissa is plotted, not the relative energy of the system, 
but the "impulsive relative energy," t iat is, the relative 
energy of the ion relative to the at'.n with which it reacts. 

Figures IV-14 - IV-16 bear out the impressions given 
by the reactive maps, and allow us to summarize the behavior 
of reactions (1) - (3). Below thf stability limit for 
spectator stripping, there is a .arge forward and a smaller 
back peak, both on the centerl: le; the energy of the forward 
peak is close to the spectator stripping prediction. Above 
the limit, the forward peak splits into two lobes located in 
the forward hemisphere. For reactions (1) and (2), the lobes 
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remain at an essentially constant CM angle and are the 
dominant feature of the map up to the highest energies. At 
the upper limits studied, a small residual peak on the 
centerline is observed. For reaction (3), the maps are 
dominated at all higher energies by a peak located at 180° 
in the CM system. Above the stripping limit, the energy of 
all peaks tends towards the center of the stability region. 

C. Non-Reactive Scattering 

Our investigation of the non-reactive scattering events 
described by equations (5) and (6) covered the relative en
ergy range from 6.8 to 15.6 eV. Five maps were obtained, in 
addition to centerline product energy distributions at a 
number of collision energies. The maps are presented as 
Figures IV-17 through IV-21. The Q circles shown in the 
figures represent the energies of a number of possible endo
thermic processes: Table IV-I collects the various values. 

Two features stand out in each of the maps presented. 
The first is the cratered shape of the distribution, with 
product at all angles found at an essentially constant dis
tance from the center of mass. The area near the centroid 
is devoid of scattered product, and the maximum intensity 
lies at moderately endothermic values of Q. For example, in 
Figure IV-20 the peak intensity is found at a Q value of 
-6.4 eV, far less than the maximum possible endothermicity 
of 15.6 eV. These results contrast with the behavior 
observed by Winn for the 0 ion, where the product was scat
tered impulsively about the N-H center of mass instead of 
the system centroid.2 



77 

N + + H 2 - • N + + H 2 (55 eV) 
Relative Energy = 6.87 eV 

1000 m/sec 

+ 90° 

Obscured by 
main beam 

' 20% Beam 
Profile 

- 9 0 ° 

Mil TM 1W\ 

Figure IV-17 



78 

N + + H 2 —*• N + + H 2 (70 eV) 
Relative Energy = 8.75 eV 

I2I5A 
IZ44 

1000 m/sec 

20% 
Beam 
Profile 

Figure IV-18 



79 

N + + D 2 -*• N + + D 2 (60 eV) 
Relative Energy = 13.33 eV 

2000 m/sec 

+90° 

x20% Beom 
Profile 

Figu re IV-19 



80 

N + + D 2 - * N + + D 2 (70eV) 
Relative Energy = 15.6 eV 

2000 m/sec 

+90° 

Obscured by 
main beam 

20% Beam 
Profile 

Figure IV-20 



81 

N + + D 2 — N + + D 2 (150 eV) 
Relative Energy = 33.33eV 

+90° 

1252 

180° 

4000 m/sec 
-90° 

xw.7<i5-i7i;: i 

Figure IV-21 



82 

TABLE IV-I 
Energies for some Transitions of Interest 

Energy 

1.9 eV N +( 3P) + H 2 + N +( 1D) + H £ 

4.1 N +( 3P) + H 2 •>• N + ( 1 S ) + H 2 

4.5 N +( 3P) + H 2 + N +( 3P) + H + H 

5.8 N +( 3P) + H 2 •* N +( 5S) + H 2 

5.9 N*(aP) + H 2 - N +( 2D) + H + + H 

6.4 N +( 3P) • H 2 ->• N +( 1D) + H + H 

11.8 N +( 3P) + H 2 - N +( 3D) + H 2 
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Also prominent in the figures is the overwhelming con
centration of the product at very small angles, near the 
beam position. This tendency, while marked at all energies, 
appears to increase somewhat with increasing beam energy. 

For comparison, we also investigated the non-reactive 
scattering of nitrogen ion from helium at 15.6 eV. The 
energy and masses in this experiment are the same as those 
in Figure IV-20; thus we would hope to retain the kinematic 
features of the scattering while removing those due to the 
chemistry of the system. The result is shown in Figure IV-22. 
The scattering lies on the elastic circle, and shows con
siderably more intensity at moderately large angles than the 
H, and D, maps. Also apparent is a second ridge of inten
sity at a Q value of about -11.4 eV. This corresponds to 

3 3 the excitation of nitrogen ion from the P to the D state 
with an energy of 11.8 eV. We do not observe a transition 
corresponding to excitation of D nitrogen ion to the S 
state. Such a transition was observed by Tsao using elec
tron impact ionization of nitrogen; our failure to observe 
it supports the arguments of Chapter II regarding the greater 
state purity of ion beams from microwave discharge. 

Our results so far have shown low intensities of both 
reactively and non-reactively scattered product over most of 
the energy range studied. Since the scattering gas pressure 
is chosen to provide a beam attenuation of about 15! for 
each experiment, the question arises as to how the remainder 
of the reactant beam is consumed. The most plausible channel 
not yet mentioned is that of charge exchange, reaction (8). 
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N + + He-•> N + + He (70 eV) 
Relative Energy = 15.6 eV 

Obscured by 
main beam 

, 20% Beam 
IOK Profile 

1 1 
2000m/sec 

Figure IV-22 
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Unfortunately, the energy of the ionic product from 
charge exchange would be in large part below the detection 
threshold of our apparatus. The principles of Chapter I 
allow us to write the maximum laboratory velocity of the 
scattered hydrogen molecule: 

The corresponding laboratory energy is thus: 

V * T ~ VH; ' 4 ~w M E A ( 1 0 > 
2 i 

or about 31 eV for a 70 eV beam. The bulk of the product 
would lie at considerably lower energies.still. 

As an alternative to a complete measurement of the 
charge-exchange product distribution, however, we can collect 
the low-energy ion current and at least obtain a total cross-
section for the process. Our apparatus is equipped to per
form such a collection. An electrode near the wall of the 
scattering cell, roughly parallel to the beam, may be con
nected to an electrometer and floated at -20 volts. Ions of 
an energy less than the float voltage should be drawn out of 
the beam region to the electrode. In practice, of course, 
whether an ion is collected depends not only on the magni
tude of its kinetic energy, but also on its initial location 
and direction of motion. Ions with trajectories which reach 
the cell walls or exit the cell before reaching the electrode 
will not be counted. 
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We have measured the low-energy ion current resulting 
from scattering a 70-eV beam from hydrogen as a function of 
the hydrogen gas pressure. The current is found to be 
proportional to pressure, and its magnitude is equal to 
about 604 of the corresponding beam attenuation. The 
pressure dependence is that expected for a reactive process 
such as charge exchange. The measured cross-section at 
70 eV is about 25 A , which is probably a lower bound to 
the actual value. The magnitude of the current, considering 
that the collection efficiency is almost certainly less than 
unity, compels the conclusion that charge exchange is the 
predominant reaction channel at higher energies. 



IF (Y> 4W41.42 
42 IJ = IJ+1 

TY(IJ) = TYt IJ-U 
DO 450 KK*1,4 
UX(KK,IJI=UX(KK,IJ-1» 
UY(KK, !J)=-UY(KK, U-ll 

450 CONTINUE 
C KtMEMBER, THE PLCTTFR PLCTS SIOEhAYS. 

G X ( U ) = -GX( U-ll 
GY(IJJ=GY(IJ-U 

99 CUNTINUE 
41 CCNTINUE 

200 CCNTINUE 
100 CONTINUE 

C NOW DO THE HAPS...FIRST THE V3 MAP. 
IZ = 1J 
VR=1000. t VCM=C. 
CALL VAP PLOT 

C NOW THC FOUR U12 MAPS. WITH APPPCPRIATE LABELS. 
CaM^ENT<4l=10H FROM N + 
CCN"FNT{6! = 10H0F U(0>. 
DO 503 K = l,4 
CCMfENT(3)=CPMMX(l,K) 
CCM«ENT(5)=CaMMX(2.KI 
00 400 L=1,IZ 

C X AMD Y GO TH GY AND GX BECALSE THE PLOTTER PLOTS SIDEW*YS. 
GX(LI'UY(K,LI 
GY(L»=UX(K,LI 

400 CCNTINUE 
CALL MAP PLOT 

500 CCNTINUE 
C THF. REMAINOER OF THE PROGRAM PROVIDES THE RADIUS OF THE STABILITY 
C CIRCLES TO BE DRAWN CN THE FCUR U12 HAPS, FOR 5EV LAB ENERGY 
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CHAPTER V 

CONCLUSIONS 

A. General Observations 

Several conclusions may be drawn immediately from the 
experimental results of Chapter IV. One of these is the 
obvious importance of charge exchange in the dynamics of the 
system. We have previously mentioned that charge exchange 
appears to be by far the most important reactive channel at 
energies in the trans-stripping regime. While we have no 
direct evidence' as to the details of the process, some in
direct information may be gleaned from'the non-reactive 
scattering shown in Figures IV-17 to IV-21. 

We noted in Section IV-C the predominance of small^ 
angle-scattering--or, conversely, the dearth of larger-angle 
scattering--in the non-reactive results. In addition, the 
reactive cross-sections above the stripping limit are 
exceedingly small. It seems only reasonable to assume that 
the "missing" N product has been consumed by charge exchange. 
Small angle scattering is associated with grazing collisions, 
while more substantive encounters produce scattering to 
larger angles; the evidence thus implies that essentially 
all close-in collisions lead to charge-exchanged product. 
Supporting this conclusion is the distribution of the non^ 
reactive.scattering about the system center of mass. Close 
interactions of an impulsive nature, in which the projectile 

, J I 
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"sees"clearly the biraolecular nature of the target, should 
produce scattering centered about the A-B and A-C centroids, 
as was observed in the 0 - H, system. 

None of the potential surfaces shown in Figure Ii -1 
connects the reactants to the charge-exchanged products 
Charge exchange must thus involve a transition from one 
surface to another, which we would expect only where surfaces 
of the same symmetry become close. There are two close 
approaches of appropriate surfaces in the diagram. One is 
the previously mentioned convergence of two I surfaces a: 
the linear NHH configuration dissociates to (NH + H) . A 
transition at this point could produce N( S) and ionized 
hydrogen. Another possibility is in the area of the corre
lation diagram representing perpendicular approach of the N 
ion to form bent HNH . Here there is an avoided crossing of 
two B. surfaces, one arising from the reactants, and the 
other from hydrogen molecular ion and N ( D). This crossing, 
while avoided in the state correlation diagram, occurs as 
shown by the straight dotted lines in the poorer approxi
mation of orbital correlation. Both transitions are ener
getically possible at all energies involved in our study: 
the first is endothermic by 0.94 eV and the second by 3.31 eV. 
An interesting object for future work at lower energies 
would be to investigate the charge exchange threshold energy 
in an effort to discriminate between the alternatives. 

General conclusions may also be drawn from the reactive 
data presented. The direct nature of the reaction is marked, 
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as is the qualitative similarity to the 0 + H, system. One 
exception to this resemblance is the small centerline forward 
peak which appears in Figures IV-4 and IV-9. It is our 
belief that this peak arises from the excited state reaction: 

N*(iD) + H 2 + NH +C 2n) * H. (1) 

Strong evidence for this conclusion comes from the dependence 
of the center peak intensity on the method of beam preparation, 
reinforced by the attenuation results for the alternative 
beam sources. Table V-I presents the ratio of the center 
peak to the two side lobes in the N + H, reaction at 15.6 eV, 
together with the excited state concentrations determined by 
attenuation experiments. The proportionality is convincing. 

Since excited state concentration is independent of 
beam energy, why is the center peak not found at lower col
lision energies? We should first clarify exactly where such 
a peak is expected to occur. Previous experience with similar 
exothermic systems, as extensively reviewed in Chapter III, 
Section B, of this work, indicate that we can expect specta
tor stripping to predominate within the appropriate energy 
region. The predicted product velocity for stripping is 
independent of the heat of reaction; however, the stability 
limit for the model is not. We therefore expect a peak at 
the stripping velocity when the resulting Q value exceeds 
-2.1 eV. Above that energy, whatever mechanism becomes pre^ 
eminent,.we may expect a reasonably smooth progression of 
the peak towards Q = -4.6 eV, where we find it at the highest 



TABLE V-I 
Dependence of High-energy centcrline peak 

upon beam state composition 
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energies. Experience also calls for a Marked drop in product 
intensity in this region. 

A re-cxamination of the lower energy scattering maps now 
explains the cluslvencss of the excited-state product peak. 
At the lower energies it should strictly coincide in location 
with the ground state product peak. In the intermediate 
energy range, where ground state stripping is stable but 
excited-state stripping is not, the latter will be at best a 
small peak very near the maximum intensity of the former. 
At yet higher energies, when the two lobes off the ccntcrlinc 
come to dominate the maps, they remain linked with a bridge 
of non-zero intensity crossing the ccntcrline which may 
either mask or comprise the excited-state scattering. Only 
at the highest energies, when the ground state scattering 
intensity essentially disappears, will the excited-state 
product become clearly observable. 

If the centerline peak does indeed arise from the 
stabilization of impulsively-formed product by product 
repulsion, then the potential energy available for such 
repulsion must at least equal the excess internal energy 
of the product as initially formed. The relative energy of 
the ion to the abstracted H atom is 7.8 cV in the >!, case, 
and lower in the HD case. Some 3.2 cV of this must be lost 
to produce the stable product observed near Q " -4.6 eV. 
The exothermicity of reaction (1) is 2.S cV as written. If 
the barricT shown in the correlation diagram, Figure III-l, 
exists as shown, an additional 1 eV or so will be available 
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to product repulsion, and the energetics of excited state 
explanation are reasonable. On the other hand, if the argu
ment is reversed, our evidence may he used to suggest an 
activation energy of at least some .7 eV for reaction (1). 

To draw more detailed conclusions about the reactive 
dynamics of the system, some mathematical treatment may be 
.locessary. The resemblance o't the N to the 0 scattering 
suggests that the same methods may be applicable. In the 0 
case, considerable insight was gained from consideration of 
sequence of hard-sphere collisions. In this model, the 
incident ion, A, collides impulsively and elastically with 
one member of the target molecule, B. Atom B then collides 
with C elastically and impulsively. The trajectories of the 
three particles arc then examined to sec if AB product 
results. Ke shall refer to this mechanism as the sequential 
impulse problem. 

B. Collinear Sequential Collisions 

We shall commence our consideration of the sequential 
impulse problem with the collinear special case, where all 
three atoms are constrained to lie in a line. This restric
tion achieves an immediate simplification of the problem. 
Of the nine dcgiees of freedom available to three bodies, 
three define the location of the system center of mass and 
two the absolute orientation of the system in space. There
fore, only four coordinates are required to describe relative 
motion of the bodies, and two of these are used to describe 
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the bending angles about the center particle. Fixing these 
angles equal to II is the equivalent of the collinear assump
tion, and allov*: reduction of the degrees of freedom to two. 
Two coordinates fit nicely on a plain piece of paper, and 
allow easy visualization of the entire process. 

The trajectories of collinear collisions may of course 
be obtained from the solution of equations of motion, but 
the method is lengthy if straightforward, and provides little 
intuitive insight. A preferable technique, sometimes refer
red to as the "skewed coordinate" method, allows solution of 
the entire collision problem by graphical means. We com
mence by defining convenient coordinates. The "natural" 
coordinates for three bodies in collinear alignment are the 
two internuclear distances: r. , the distance from A to B; 
and x~, the distance from B to C. However, we shall use two 
other coordinates: X, the distance from the B-C centroid to 
the A atom, and Y, which is again the B-C distance. They 
are related to r. and r, by the equations: 

X " rl * yT2 ( 2 a ) 

Y - r 2 (2b) 

wheTe: 

Y - C/(B+C). (3) 

Also, we may write the total relative kinetic energy T in 
terms of X and Y as: 

_ . 1 A(B*C) :2 1 BC i2 ,,,. 
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Now consider the effects of the substitutions: 

x = X (Sa) 
y = Y/a (5b) 

where £ is a constant to be defined later. Substitution of 
these coordinates into equation (4) produces a new expres
sion for the energy: 

„ _ 1 A(B+C) .2 . 1 2 BC ,.2 , . 
' " I — M x + 1 a BTc > • C 6 ) 

It is- useful to define a_ so that the coefficients of the two 
velocity terms are identical, that is: 

T - I MB^Ci ( t 2 + . 2 ) . ( ? ) 

with: 

2 = A(B+C) 2 ,„, 
a BCM • ( 8 } 

Equation (8) has a useful significance. If the course of 
the collision is plotted in the £ - y_ system of Cartesian 
coordinates, it will describe the same motion as a particle 
of mass A(B+C)/M, sliding frictionlcss on a potential surface. 
The problem of the motion of three bodies in space is thus 
reduced to that of one body on a surface. 

The simplest potential surface with a pretension to 
realism is the square-well type potential. Here the poten
tial energy is considered infinite if the bodies approach 
within a certain minimum distance, and finite and positive 
beyond a given maximum. The energy is taken as zero between 
those bounds, producing a qualitative resemblance to the 
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attractive potential well between attracting atoms. Such a 
surface may be drawn in the x - v_ coordinate system if wc 
can define lines of constant r, and r-. liquations (2) and 
(5) may be made to yield the relatione: 

y - ^ - ^ C x - V . (9) 

Therefore lines of constant r, parallel the x axis, while 
lines of constant r, have the slope 1/Ta- The angle between 
lines, of constant r. and r, may be shown to be 6, where, 

tanZB = (̂ -) •= fg . (10) 

The potential surface representing the.square-well potential 
in the x -v_ system is shown in Figure V-1. 

We may now release our frictionless mass point on this 
surface and observe its motion. If the reactants are atomic 
A and molecular BC, the point must begin in the attractive 
well at large x and small y_; collision will occur eventually 
if motion is toward the left. Motion parallel to the )t-axis 
represents zero vibrational energy in the B-C bond. If the 
trajectory has an initial angle 6 to the x-axis the vibra
tional energy E is given by: 

E y - E sin26 (11) 

where E is the total kinetic energy of the system. 
A reactive collision will eventually produce a particle 

trajectory in the attractive well for AB and moving toward 
large v_. Again, vibrational energy will be represented by 



v = <» 

AB+C 

A + B-! C 

A+BC 

V = «D 

XBL 741-5402 

Figure V-1. A square well potential for collinear 
A + BC •* AB + C. 
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an angle 6' between the trajectory and the lines of constant 
£-, analogously to equation (11). If the collision sequence 
does produce product, simple geometry allows us to calculate 
8' as a function of e and g, and produces the relation: 

Ey = E sin2(n-3g- |8|). (12) 

Figure V-2 shows the effect of vibrational energy on several 
trajectories which occur when (5 • 60°. 

Refinements may be added to the simple square well sur
face as desired. An obvious change is to account for exo-
or endothermicity on the surface by means of energy wells 
and barriers. Simplicity is retained by introducing square 
potential energy steps. The result is a reflection or re
fraction of the particle trajectory as the stop is encoun
tered. Reflection results if the energy of the particle is 
less than the height of a barrier. Otherwise, the trajectory 
is refracted according to an analogue of Snell's Law: 

E * / 2 sinOj = E ] / 2 sin62. (13) 

Here E. and E, are the total kinetic energies before and after 
crossing the energy step, and 9, and 8 2 are corresponding 
angles between the particle path and the ormal to the 
barrier. The effect of energy steps in the entrance and 
exit channels is illustrated in Figure V-3. We shall apply 
these methods with profit to the N system, but first we 
shall examine the more general sequential impulse problem, 
where the atoms are free to move in three dimensions. 
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Xfl!. 741-5401 

Figure V-2. Effect of reactant vibrational energy E on 
trajectories on a square-well potential surface, 
with 6 = 60". (a) I- = 0: all trajectories 
reactive. (b) E «= 1/2 E: all trajectories 

v i non-reactive. (c) E < i E, showing construe-
tion for finding 6'. (d) E > 4- E, showing 
construction for 6'. 



E' =(E-9)sin 2 (3/3) E' =E sin2(3/8) 

XBL 741-5400 

Figure V-3. Effect of an energy step <|> on trajectories on a square-well 
potential surface. (a) Step across entrance channel, fb) Step 
across exit channel. As shown, $ > 0. 
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C. Three-dimension Sequential Collisions 

The collision sequence in which A strikes B, and B then 
strikes C, has been examined in three dimensions by Winn, 
who used trajectory methods, and by Mahan, who obtained a 
mathematical solution. The trajectory treatment, which was 
applied with considerable success to the 0 + H, reaction, 
has been extensively documented elsewhere and will merely be 

2 sketched here. 
Winn used a FORTRAN program called BALLS to examine what 

he referred to as the Carom Model. Initially, the B atom, 
with radius r R, is located at the origin, while the C atom, 
with radius r~ = r„, is located at a distance r_c in a 
direction defined by the angles \j> and G from B. The angle 
from the Z axis to the B-C internuclear axis is ijj, and the 
angle from the internuclear axis to the x-z plane is Q. 
Atom A of radius r. approaches B parallel to the z axis in 
the x-z plane, with unit velocity and an impact parameter b_. 
The radii r., r„ = r~, r E-, and the particle masses are taken 
from known properties of the reactant species, while i|i, 0, 
and b are varied to produce a number of initial conditions. 
The BALLS program produces 6878 sets of initial conditions 
for each of the four mass combinations possible when B or C 
equals H or D. 

A collides with B, and the post-collision trajectories 
are computed from the laws of motion using hard-sphere 
potentials. B may then collide with C under the same condi
tions. The relative motions of A to B and to C are computed 



102 

and examined-, if the relative energy of either pair is less 
than the dissociation energy of the corresponding molecule, 
a reactive event is considered to have occurred. It is 
weighted by the probability of the initial conditions which 
produced it. Angular and energy"distributions are obtained 
for the reactive events and compared with the experimental 
results. 

Numerical techniques, despite their frequent effective
ness, are inherently less satisfying than analytical solu
tions. A version of the Carom Model was cast into an 

3 integral equation by Mahan. The result will be referred 
to as the Sequential Impulse Model (SIM). 

The results of the Carom Model indicated that the effect 
of AC product on the distribution of scattered product was 
small. The SIM thus concentrates exclusively on the AB 
product distribution, again using the dissociation energy 
criterion for determining reactive events. The internal 
excitation and vector velocity of the AB product is related 
uniquely, by conservation of energy and momentum, to the 
vector velocity of the associated C product. The AB 
scattering map may thus be constructed if the C scattering 
map is known. 

The C scattering can in turn be derived from the col
lision sequence by using a general result presented by Mahan. 
Let particle 1 with an initial velocity v. strike particle 2 
with initial velocity v, = 0. A simple graphical construc
tion relates these values to the post-collision velocity of 
particle 2, v,, and the CM scattering angle X,,- The 
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perpendicular bisector of vl is found to bisect X., and to 
pass through the 1-2 centroid, which lies at (m./Cm.+nO) 
v 1. The resulting formula for the magnitude of vl is: 

m, X-,, 
vl = 2 —-±=r- sinC-4^) v, (14) 
2 niT+Jiu 2 ' 1 

where m. and m, are the particle masses. The sequential 
impulse scheme is a sequence of two collisions, each involving 
one partner at rest in the laboratory. Equation (14) may 
thus be applied twice in succession to obtain the final C 
velocity v.,: 

V C " A ^ ^ sin(^M) sin(^) v A. (IS) 

This result is shown in graphical form in Figure V-4. The 
v, or v. vector is the beam velocity, and the v'~ or v, vector 
is an arbitrary C velocity. Also shown are two v R or vl 

vectors, representing possible outcomes of the first colli
sion which may lead to the desired v„ after the second 
collision. We observe the v„ vectors to terminate on a 
circle drawn about the A-B centroid and through the origin. 
As we found in Chapter I, all v„ vectors must end on this 
circle. For any v„, moreover, the B-C centroid after the 
first collision must lie on v R at a distance (B/(B+C)) vJ, 
from the origin. As a result, the locus of all B-C centroids, 
after the first collision, lies on a circle of radius R, 
drawn about Rv,. Here R is given by: 

R = ( A T B H ^ VA (") 
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0 +(D 2,D)0D + 

V C M = (ABC) 

XBL 748-7056 

Figure V-4. Construction for finding v" from X, and X, 
by the Sequential Impulse Model. 
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and v, is the unit vector in the v, direction. This circle 
shall be referred to as the centroid circle. 

We are now able to find all of the vL vectors whicli can 
give rise to our arbitrarily chosen v... The centroids of 
these vectors irust lie both on the centroid circle and on 
the perpendicular bisector of v~. In the plane of the figure, 
there are only two such vectors, and they are the two shown. 
In three dimensions, the centroid circle becomes a sphere 
and the v'r perpendicular bisector becomes a plane. Their 
intersection is a circle, designated by Mahan the "magic 
circle." On this circle lie the centroids of all vl vectors 
capable of giving rise to v_. An interesting consequence of 
this construction is a limiting equation for the possible 
loci of v'r. Tt may be shown that, in order to have a per
pendicular bisector which intersects the centroid sphere, a 
v!I vector must have a magnitude given by: 

v " < 2P(l+co*r) ri7) 

where c is the angle between v„ and v.. We shall call the 
cardioid resulting from the equality in equation 17 the 
limiting cardioid. 

Let us now turn to a quantitative evaluation of the 
A 

scattering predicted by the Sequential Impulse Model. Kc 
seek the flux of events into a differential volume, dJv". 
surrounding an arbitrary v'l vector, which we shall indicate 
by Fp. This flux will have units of time* velocity""^, so 
that F_ d v!! will have units of events/time. Kc may easily 



106 

express the number of initial A-B collisions in the ^.e 
units of events/time. For unit scattering gas concentration, 
this quantity, R., follows from the definition of the A-B 
cross section o,B as: 

RA - NA VA °AB> < 1 8> 

where N, is the beam density. Once a B atom has been scat
tered, its probability of producing a desired v'l by a given 
route, dP, depends on a chain of independent probabilities. 
The first is P , the probability that vi will be such as to 

2 produce a B-C centroid in a given surface angle element d u 
on the centroid sphere. The second is P , the likelihood 

.X 
that the subsequent B-C collision will'have the Xnr required 
to give v c, according to equation (15). The product of these 
two probabilities is the chance of obtaining vU by a chosen 
combination of XAD a n <i XDP' There are a number of such com
binations leading to vL, and the total probability P_ of any 
A-B collision producing the required C vector is given by 
summing over the combinations: 

Pr = f P «P C19) 
L Jail comb x u 

Multiplying this probability times the rate of A-B collisions 
gives F„ d v'l in the proper units: 

F- d 3v" = N.v. o.„ f P P (20) 
C C A A AB J x " 

The volume element d v'l. may of course be expressed in terms 
of the solid angle element d fl and the velocity element dv'i: 
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FC VC 2 ^ d VC " V A °AB J Vco • ( 2 1 ) 

The probability P of scattering B into a given solid 
angle element is found easily from the assumption of hard^ 
sphere scattering. The differential cross-section for hard 
spheres is a constant, and thus the vl vectors, as seen from 
the A-B centroid, are distributed uniformly in all direc
tions. As a result, the centroid sphere is also populated 

2 uniformly, and the weight of any solid angle element d u 
is simply equal to its area divided by the surface area of 
the sphere: 

pu = - ^ T R 2 d 2 ( 0- C Z 2 ) 

u 4irRz 

The probability P requires somewhat more effort to 
obtain. Figure V-SA shows the B-C pair immediately after 
the A-B collision, and serves to define some useful quanti
ties. The likelihood that a is in the range a,a+da is 
equivalent to P , and is given by: 

P x = ^- sinadady. (23) 

It is clear from the figure that: 

sina = b/r B C (24) 

do = db/r B C cosa (25) 

so that expression (23) becomes: 

p = 
X 4-TtT-2 

1 bdbdy 
47.rB(. 1-b /r B (. TTT • W 
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(B) 
XBL 766-8342 

Figure V-5. A. The B-C pair immediately after the first 
collision. B. The solid angle elements of 
equation (31). 
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We can rewrite this expression in terms of molecular para
meters and the scattering angle X by recalling the classical 
scattering formula: 

bdb = 1 B C sinX dX (27) 

and the hard-sphere scattering result: 

b 2 = dg C cos 2 X/2, (28) 

where dRf, is the sum of the radii of atoms B and C. 
Substituting these into equation (26) gives: 

Px = W 4 " r i ! r , s i n X d X d Y = • (29) X BC BC I Y ? 2 
yi-d 2

ccos' !(x/2)/^ c -

Finally, we note that sinxdxda is simply the B-C CM solid 
2 angle element d co' and write: 

I d 2
u' 

= B C " (1-d2 /r 2 (cos 2( x/2)))~ 1 / 2. (30) 
4 l T rBC 

It is useful to convert P into LAB instead of CM 
coordinates. Figure V-5B shows the relation of d in to the 

2 I.'.B solid angle element d ft. We may apply the standard 

LAB-CM volume element conversion:-

v'p2 d 2n = u 2d 2u' cosS. (31) 

The geometry of the figure allows this to be rewritten as: 
2 

d Zn B r/d 2u' = ^-j sin L (32) 
BC i.2 2 

V C 
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The CM velocity u lies on the perpendicular bisector of v„ 
and thus has the value: 

''BC 2 sin(X B C/2) (33) 

Therefore: 

and: 

d V = 4sin -|^ dZft (34) 

j 4I B Csin(X B C/2)d 2n 
P X ' * ^ J Cl-d| ccos zCX B C/2)/rJ c) i / z ' 

(35) 

The next step in our derivation is to integrate over 
all possible routes to V-, as required by equation (19). 
Figure V-6 shows a method of carrying out this integration. 
The dotted circle is the magic circle for vZ. The sphere is 
the centroid sphere with radius R. The coordinates 6 and $ 

2 serve to define the volume element d m in such a way that we 
may sum over all points on the magic circle by integrating 
in $ only. The magic circle, we recall, contains all of the 
points which may produce Vp. With: 

d 2w « sineded* (36) 

we can write the integral by combining P and P,,: 

P 
v 

. [ m a x sineded* 41 s in(X/2)d l a 
J x 4n-4JlrZ

c ( l - d 2

c c o s 2 ( X / 2 ) / r 2

c ) 
min 

(37) 
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Figure V-6. Relationships used to integrate the SIM problem. A. Overall. 

B. Detail of the v"/2,s,m triangle. C. Detail of the £,s,p triangle. 
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2 H 

The term d J2 is a property of v„ and will remain unchanged 
during the integration, as will the functions of 6. The 
functions of X, however, are dependent on $. 

Therefore X and $ must be expressed in interdependent 
terms. Two triangles, shown in perspective in Figure V-6A 
and in plane in Figures V-6B and V-6C, allow this conversion. 
Using the Law of Cosines in the 1, s, p triangle of Figure 
V-6C, we may write: 

s 2 = H 2 + p 2 - 2ip cos*. (38) 

The Vp/2, s, m triangle, shown in Figure V-6E, illustrates 
the relationship: 

s/(v£/2) = cot (X B C/2). [39) 

Eliminating s_ between the two equations yields: 

cot2(-|£) = ~j (*2 + p2-2J>p cos*) s Z. (40) 
V C 

The quantity Z, defined by equation (34) , proves useful in 
simplifying the integral. We may use it to express the 
functions of X: 

csc2(X/2) = Z + 1 (41a) 

sin (X/2) = (Z + 1 ) " 1 / 2 (41b) 

cos (X/2) = (Z/Z + 1 ) 1 / 2 (41c) 

and to express functions of ij>: 
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c o s * = ( Z v £ Z / 4 - £ 2 - o 2 ) ( - - j ^ ) 

sin<£ = 

7 7 2 „7 7 "» nd 2"! ' -16(£ -p• ) *Sv^iZ(.l£*t>')-v^Zi 

2 7 
64S. p 

(42a) 

(42b) 

...2 • 

d * = W£ sTn? d Z " (42c) 

Combining and s i n p l i fvinf; pivn<; e q u a t i o n (37'' ; - i ^ r m s 

of Z: 

s ineded JJI B C 

P

V

 = ' — ~ T 3 n 
4 n rBC 

t max 
v ^ 2 ' [ - 1 6 U 2 - p 2 ) 2 + 8 v 2 Z ( i > 2 + p 2 ) - v 4 Z 2 ] x 

t Z d - d i c ^ B C 1 * 1 ' 1 " 1 7 2 d Z - (43) 

A series of further substitutions produces an integral of a 
more easily recognizable form. Let: 

1 • dBC / rBC 
Y = /Z+l/6 

-.4 a = -v c 

B = 8v^ 2(£ 2+p 2) + 2a/6 

Y = -16(Jt2-p2)2 - 8v 2U 2+p 2)/6 - a/62. 

(44a) 

(44b) 

(44c) 

(44d) 

(44e) 

Then: 

P.. = 
I„csin6de v c 

n r 2H r BC 
(aY4 + BY 2 + y ) " 1 / 2 dT (4S) 

We recognize this as an elliptic integral, as may be made 
clearer by the further set of substitutions: 
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These yield the familiaT elliptic form 

t = Y/y+ (46a) 

C = y + / y - (46b) 

v± = 777 C - 6 t / e Z - 4 a y ) . (46c) 

dt 
J(ay 4+Sy 2+ Y)" 1 / 2 dY = yly- | /("l-t2) ( l - c 2 ^ ' (47) 

Elliptic integrals have no analytical solution, although 
they have been extensively studied and their properties are 
well-known. For the moment, we shall indicate the integral 
as written in equation (43) by the symbol I: 

s inBded S2I R r 

P v =
 4 , V U C 4 8 ) 

, J 1 rBC 
We note that I and P are both dimensionless, as befits 
probabilities. 

We are now in a position to return to equation (20) and 
write an expression containing the desired flux F . 
Combining equations (20) and (48) gives: 

„ 2 , „ d 2 n i B si.nede F cv c
Z d 2n dv c = N A v A a A B — - J * I. (49) 

U rBC 

Referring again to Figure 6, we may eliminate the functions 
of 6. We note that: 

V"/2-RCOSE 
cose = — = . (50) 

So that: 

sinede = - jg d v c - ( 5 1) 



US 

Since we are using dv„ as a length in velocity space, the 
negative sign is not significant and may be dropped. We 
may also write I R r and a,B in terms of the molecular para
meters by using the hard-sphere scattering relations: 

°AB " n d i B - I") 
And: 

I B C - 4 c/4. (S3) 

Substituting all of these results into equation (49) and 
simplifying gives the SIM equation for the flux: 

FC " V A dAB dBC J / 3 2 n rBC R V C 2 ' < S 4> 

where I requires numerical integration. 
The SIM flux equation has several interesting character

istics. For instance, while the B-C mutual diameter dB(- is 
found in the integral and thus effects the relative intensity 
distribution, d.„ enters only as a multiplicative constant. 
This fact reflects a subtle approximation in the method. We 
have implicitly assumed the applicability of the hard-sphere 
differential cross-section, which is a constant at all 
scattering angles. This cross-section, however, is accurate 
only at infinite distance. Each collision partner sweeps 
out a cylindrical shadow zone, directly "behind" it, into 
which its partner cannot be scattered. At infinite distance 
from the collision, this cylinder subtends zero solid angle, 
but at the moderate distances involved in the SIM the 
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shadows are of significant size. When we test the SIM, we 
will be in part testing the reasonableness of this approxi
mation . 

It is also worthy of note that the SIM equations, again 
excepting multiplicative constants, do not depend on the beam 
velocity v, or the masses A, B or C. This means that the 
relative magnitude of F c, with v'J, expressed in units of R, 
is independent of the beam energy and the reactant masses. 
This result is surprising to our intuition, and while it 
should not be overstated, neither should it be undervalued. 
The masses do, of course, enter explicitly into the momentum 
conservation relations which allow construction of. the AB 
from the C product distribution. Both the masses and the 
beam energy are used to locate the stability circles dividing 
bound from unbound AB product, and thus determining the 
observed reactive scattering. Thus, the insensitivity of 
F c to mass and energy results both from our focus on the C 
product and from our normalization of v„ to the mass-dependent 
quantity R. Nevertheless, the SIM allows us to visualize 
the reactive collision process in terms independent of the 
two most obvious collision variables. If the model is ac
curate, this insight may prove to be not insignificant. We 
shall be particularly interested in the dependence of F c on 
d,B, v., and the masses as we test the Sequential Impulse 
Model. 

Finally, we should note the behavior of equation (54) 
at some limits of interest. As v'l approaches zero, the co
efficient grows without limit, while the integration limits 
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on I become undefined. Scattering at v^ = 0, representing 
spectator stripping, occurs when B does not interact with 
C, and thus is not properly described by the arguments we 
have used. The integration limits on I become identical 
when E = 0, corresponding to scattering on the centerline: 
the flux there is thus zero. This is because there is only 
one X.D - X R f combination leading to scattering on the center-
line, while there are many for other values of E. As a 
result, centerline scattering has zero relative probability. 

D. Preliminary Application to the Experimental System 

Let us now compare the Carom and Sequential Lmpulse 
Models with each other and with experiment. To evaluate the 
SIM flux equation we used a computer program, written in 
FORTRAN IV for the LBL CDC 7600 computer and designated 
SIMPLOT. A listing of SIMPLOT comprises Appendix B. The 
program first establishes a grid of points spanning the 
limiting cardioid, each representing a possible value of vU. 
Equation (54) is then evaluated at each grid point. The 
integral is evaluated numerically, using the form of equation 
(37), which appears to be smoother than equation (45). The 
integration routine is an adaptive Simpson's Law program 
supplied by the Lawrence Berkeley Laboratory Computer Center. 
It was set to meet a relative error bound of .001. Since 
only relative intensities are of interest, the multiplicative 
factors of equation (54) are omitted, and a constant factor 
of 10 is introduced to produce output intensities on the 
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same order of magnitude as our arbitrary experimental units. 
o 

The hydrogen atom radii were taken to be 0.2S A, a value 
appropriate to relative energies around 8 eV. The inter -
nuclear axis r R C was taken as the equilibrium value of 0.74 A. 
As discussed in the previous section, the A atom radius docs 
not effect the relative results. 

After the value of F was obtained for each grid point, 
five plots were produced showing the results. The first 
displays the v'l intensity contours in LAB velocity space, 
in units of R. The other four show the AB product inten
sities in units of u., for each of the four mass combinations 
possible when A • 14 and B, C • 1 or 2. These plo.ts are 
wholly comparable to our experimental plots for the same 
mass system. The five SIM maps are reproduced in Figures V-
7 through V-ll. 

In Figure 7, the large cross represents the LAB origin, 
while the arrow to the right marks the position of the 2R 
vector, which is parallel to v.. The shape of the limiting 
cardioid is evident in the configuration of the outer contour 
line. The contours are interrupted crossing the centerline 
due to the singularity there, referred to in the previous 
section. In Figures 8 through 11, the cross is the CM 
origin for the reacting system, and the x shows either 
u./2 or u«/3> :s marked. In each case, the small square 
represents the grid size for the v,, evaluation. As pre
viously mentioned, the position of the stability circle 
dividing bound from unbound AB product depends on the beam 
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XBL 766-8346 
Figure V-7. The SIM s o l u t i o n for F ( v £ ) . 
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Figure V-9. ^ ( 3 ^ ) for N + + HD - NII+ + D: x = \ 3 A . 
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Figure V-10. F 0 ^ B ) for N + + HD •+ ND+ + H: x = y & A . 
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Figure V-11 . F (U A B ) fo r N + D„ + ND + D: 
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energy. The radii of these circles is one of the outputs 
of the SIMPLOT program. Figures 8 through 11 display the 
stability limits for the designated mass combinations at 
several experimentally significant energies. The circle 
marked " «• " is the Q • 0 circle and thus marks the outer 
boundary at which any product may be formed. 

To predict experimental product distributions from the 
SIM, we take the appropriate one of Figures 8 through Jl, 
and find the stability circle corresponding to the experi
mental energy. All product intensity outside of this circle 
is bound according to the SIM assumption, and the F(v7R) 
distribution lying outside the circle should represent the 
experimentally observed map. We may use this method to 
predict the angle of maximum product intensity as a function 
of beam energy. These predictions are shovm graphically in 
Figure 12. The abscissa again represents the impulsive 
relative energy E,(A/A+B). 

Since the Carom Model is essentially a statistical 
solution of the SIM problem, the predictions of the two 
should coincide. To test this equivalence, a modification 
of the BALLS program was prepared and christened NEWBALL. 
The atomic and molecular radii were taken equal to those of 
SIMPLQT. Here the A atom radius is also required, and was 

o 

initially taken as 0.48 A. 
The BALLS program produces predictions for four lab

oratory energies which were fixed by Winn at 100, 150, 200, 
and 250 eV. To fit more closely the energy range of our 
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Figure V-12. Peak intensity angle as predicted by the S.I.M. 
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experiments, they were changed to 70, 100, 150, and 250 eV, 
with an assumed dissociation energy of 4.6 eV. A subroutine 
was written to evaluate v'J. explicitly for each trajectory. 
Another subroutine collected the v̂ I predictions into bins 
according to two separate methods, 

Both collections employ a grid in velocity space iden
tical to that in SIMPLOT, and construct a bin centered on 
each grid point. The in-plane collection simply counts each 
event into the bin and within 2° of the detector plane. The 
all-space collection system collected all events of the 
proper e and v'̂ , regardless of inclination to the detector 
plane. The events were then weighted by (v'~ sin" ). This 
method in effect expands the bins into annular rings about 
the v. vector, and weights the collection by the relative 
volume of the ring. The advantage is that all scattered 
intensity is collected into some bin: the effect is iden
tical to choosing more values of the azimuthal angle 5 in 
the initial conditions. No statistical discrepancy arises, 
since all values of B are equally probable. 

After preliminary results were obtained, a few addi
tional modifications were found necessary in NEWBALL. The 

in-plane collection method failed to produce statistically 
significant product intensity, and even the all-space method 
left many unpopulated bins. The bin size was thus multi
plied by nine by collecting a three-by-three square array 
of bins into the center one. A multiplicative constant of 
10 was introduced to produce values similar in magnitude to 
the SIM and experinental results. At the lower collision 
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velocities examined, numerous trajectories produced both AB 
and AC bound product. These trajectories were assumed to 
produce AB product, on the grounds that in the overwhelming 
number of instances A and B reapproach before A and C. 

The output of NEWBALL was converted into CM plots of 
product intensity analogous to the experimental and SIMPLOT 
output. The results are shown in Figure V-13. The effect 
of the enlarged bin size is obvious; the actual collected 
amplitudes are shown in the lower hemisphere. Figure V-13 
may be compared with Figure V-7, with one technical proviso. 
Strictly speaking, the figures are not fully equivalent: 
Figure V-6 shows value of F„ at the grid points. Figure 
V-13 shows F_ integrated over the volume surrounding the 
grid point, i.e., ffd v'l. As long as the surfaces are 
reasonably smooth, the difference should remain only nominal. 

The similarity in the figures is most reassuring. 
Within the accuracy of the grid size, they appear identical. 
Figure V-14 shows the Carom Model predictions for peak angle 
as a function of impulsive relative energy, and corresponds 
to Figure V-12. Even though Figure V-14 includes both AB 
and AC product, the predictions are quite similar. Also of 
interest is the Carom Model dependence on mass and on d.B, 
predicted by the SIM to be zero. By presenting only one 
plot of C product intensity for the Carom model, we have 
implicitly answered the former question, for both BALLS and 
NEWBALL present separate results for each of the four mass 
combinations. With the exception of a single trajectory in 
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Figure V-13. Carom model predic t ion for F(v!!). 
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the }1, case, the four results were completely identical. 
The degree of similarity is both surprising and convincing: 
the single exception provides a welcome reassurance that the 
identity does not arise from a programming error. As a test 
of the sensitivity of d,„, NEWBALL runs were made with two 
extreme values of the mutual radius: d,„ = r„„ and d.„ = d„_ 
Within the expected multiplicative constant, the C product 
distributions were essentially identical. Both of the 
unexpected predictions of the SIM are therefore supported 
by the trajectory results. 

This agreement between theoretical models is gratifying, 
but does not guarantee the correspondence of eithe.r model to 
uncompromising reality. For this confirmation, we must 
compare the theoretical and experimental results. In over
all appearance the SIM plots, Figures 8 through 11, are 
indeed similar to the experimental maps in Chapter V. 
Stripping predominates in the region where the product is 
stable; at higher energies, the intensity peaks move to 
larger angles. The angles are isotope-dependent and not 
highly energy-dependent. For a quantitative comparison, we 
may examine Figure V-12 and its experimental equivalent, 
Figure IV-16. For the two reactions producing NH product, 
the results are quite similar. For ND product, however, 
•"here is a disturbing discrepancy. While the SIM predicts 
a peak angle below 90", the experimental maximum lies at 
180° at all higher energies. The partial success of the 
model argues that it contains a profitable measure of truth, 
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but the partial failure indicates that further refinements 
are necessary. 

However, before proceeding to the modification of our 
hypothesis, we should consider a plausible alternative 
version of the Sequential Impulse Model. Thus far, we have 
assumed that the incident ion must react with the atom B 
which it originally struck. However, it is natural to ask 
whether it may react instead with atom C. We shall call this 
alternative the "wrong-atom" version of the SIM. This 
problem involves the final B atom vector, v„, in the same 
manner that the "right-atom" case concentrated on the vL 
vector. In general, the probability weighting of this vector 
presents a considerably more complex situation mathematically, 
and a solution has not yet been found. However, some of the 
characteristics of the problem have been determined, which 
may allow us to judge the plausibility of the wrong-atom 
mechanism. These results will merely be stated here; 
Appendix A contains the mathematical details. 

For homonuclear targets, the right- and wrong-atom 
versions turn out to be equivalent. We may therefore focus 
on the heteronuclear cases. These are profitably discussed 
using the factor n, where n = C/B. The magic circle in the 
heteronuclear case is no longer given by the intersection 
of the centroid sphere with a plane. Instead, the centr&id 
sphere intersects a second sphere of radius: 

n nv R 

P = \—K\ (SS) 
l V 
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centered on the point: 

d = Vg/Cl-r,2) (56) 

which lies on the extension of the vector v„. The limiting 
cardioid for this case is the equality of the expression: 

vB' < 2R(cosc + n). (57) 

In order to perceive the experimental implications of 
the wrong-atom case, we must shift our perspective somewhat. 
So far, we have focused on the mechanism, defining B as the 
struck and C &s the unstruck (by the ion) atom. Experi
mentally, however, we observe all product of a given mass, 
which may originate in either mechanism. Therefore, let us 
designate by B and C the reacting and non-reacting atoms 
respectively. The right-atom case then corresponds to: 

B = B* C = C* (58) 

while, for the wrong-atom mechanism: 

C = B* B = C*. (59) 

The vector of interest becomes the v * vector in each case. 
C* 

The right-atom cardioid from equation (17) is thus : 

v"„ = 2R(cose+l) (60) 

and the wrong-atom equivalent is: 
v"* = 2R*(cose+B*/C*). (61) 
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Here R is the wrong-atom value of R in terms of B and C. 
Converting it to a function of B* and C results in: 

H* * C*. A C* A+B* _ f,.. 
K C*+B* A ^ C B* A^C*" R* ( 6 2 J 

And therefore the limiting wrong-atom cardioid, in B*-C* 
terms, is: 

t> A+B* r* 
V = 2 AMT* R f 5 * C 0 S E + 1 ) • C63) 

The right- and wrong-atom cardioids, for both mass combina
tions, are shown in units of R in Figure V-15. We observe, 
in each case, regions where the right-atom product is for
bidden, while wrong-atom product is allowed. For NH product, 
these are at CM angles near 90" and greater; for ND product, 
at small angles and forward of the stripping location. If 
the wrong-atom mechanism contributes significantly to the 
scattering pattern, it is here that we should expect to 
observe the product most clearly. 

The wrong-atom results should be reflected in the BALLS 
program output, since that is a trajectory solution of the 
SIM problem. Histograms presenting the angular product 
distribution predicted by BALLS, for a 250 eV LAB ion energy, 
are presented in Figure 16. Each bar represents the relative 
intensity of stable AB* product scattered into a 10° angular 
range of X. The lower, shaded area is the right-atom 
component and the upper, blank portion the wrong-atom component. 
The results agree with what we expect from the limiting 
cardioids In the homonuclear cases, the wrong- and right-atom 
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Figure V-15. Limiting cardiods for heteronuclear "Right-" 
and "W-ong-atom" cases . 
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contributions appear to be proportional across the angular 
range. For NH product, the wrong-atom component is concen
trated at larger angles, and for ND product, at smaller 
angles. In general, the wrong-atom component is of con
siderable, though somewhat lesser intensity. It does not 
significantly change the predicted angle of peak intensity, 
but it does noticeably, influence the shape of the distri
bution. 

Examination of the experimental data does not reveal 
any effect from the wrong-atom alternative mechanism. We 
observe neither large-angle NH scattering or small-angle, 
high velocity ND product at higher energies. Instead, the 
experimental distributions more closely resemble the right^ 
atom SIM distributions of Figures V-7 - V-ll and the right^ 
atom part of the BALLS histograms. The exception, the NI) 
scattering, is more intense than expected at large, instead 
of small, CM angles. Based on what we know of the wrong-
atom mechanism, then, it appears likely that it does not 
contribute significantly to the observed scattering. This 
fact is not extremely surprising. Our dissociation energy 
criterion for determining reactive events is clearly extremely 
simplified: proximity, as well as relative energy, should 
determine the reactivity of an atom pair. It appears rea
sonable that the struck atom will be closer to the incident 
ion than the unstruck atom for a good part ox the time span 
of the reaction, and it is thus also reasonable that the 
struck atom contributes more reactive product. 
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E. Refinement of the Model 

Having examined the wrong-atom version of the 
Sequential Impulse Model, and found it of limited experi
mental influence in our system, we may concentrate henceforth 
on the right-atom variant. The Sequential Impulse Model is 
a hard-sphere model operating freely in three dimensions. 
It should thus be most effective when the potential surface 
for the reaction is essentially flat. By concentrating on 
the SJM we have been implicitly restricting our attention to 

3 3 events likely to occur on the A- - n surface of Figure 
III-1. There is, however, another surface connecting 

3 3 - • reactants and products, and that is the B, - E surface. 
Perhaps by considering events which are more likely on this 
surface we can bring our model into better accordance with 
experiment. 

This surface is also essentially flat in the area 
representing collinear approach. For perpendicular approach, 
however, there is a barrier of around an electron volt on 
the surface, leading to the avoided crossing with the B. 
component of the N( D) + Ht surface. The barrier will 
discourage perpendicular approach on this surface in any 
case. If the avoided crossing is a significant contributor 
to charge exchange, as suggested in Section A of this chapter, 
most perpendicular approaches will be removed from the surface 
entirely. In any event, we may expect nearly collinear 

3 3 -events to dominate the B, - Z surface. 
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Collinear events on an impulsive surface are predicted 
by the skewed coordinate method of Section B. Application 
of this method to the nitrogen system may thus be enlighten
ing. First, however, let us collect in tabular form the 
experimental data which a successful collinear model must 
predict. Collinear events necessarily produce product at 
180° in the CM system, for there is no way for the incident 
ion to "get past" the target molecule in one dimension. 
Collinear models will thus be concerned with NH produc* 
scattered directly backward from the centroid. We recall 
that such a peak is seen in the lower energy work performed 
by Tsao, and re-examined in our Figure IV-1. We also note 
that, although there is considerable backscattering at some 
energies under the SIM, a backwards peak with a maximum at 
180° does not appear. In the collinear model, as with all 
others, there will be some isotope-dependent collision energy 
E* above which stable product will not be formed. We can 
test the applicability of the collinear model to the observed 
back peaks by examining the experimental results for inten
sity maxima at 180°. If they are present at energies below 
E*, for each set of reactants and products, and absent above 
E*, we may place some confidence in the model. 

In Table V-II are collected the maximum laboratory 
energies at which 180° peaks are found, for the three 
reactions studied. For H, target, an indefinite rear ridge 
may be present at 70 eV; certainly the back peak is present 
below and absent above that energy. For NH product from HD 
target, a backwards peak is never observed, and the upper 



Table V-II 
Maximum Stability Energies for Collinear Impulsive Collisions 

Isotopic Variant: N +CH 2H)NH + N+(HD,D)NH+ N+(HD,HDND+ N +(D 2,D)ND + 

Value of 6: 48.81 31.26 67.62 S2.13 

Value of E*: 

Experimental 

Square Well, D° - 4.6 

Square Well, D° » 3.7 

Generalized Attraction, I)0 - 3.7 
o 

Localized Attraction, D° = 3.7 o 

-70 <37 >70 

120 26 173 129 

91 19 129 9S 

83 13. 5 123 91 

9S.2 72. 8 152.4 101 
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limit is the lowest energy studied. For ND product from 
HD, backscattering dominates the maps at the highest energy 
for which detectable intensity remains. In this case, the 
disappearance of the peak may be due to the decreasing cross^ 
section for reaction, and E* may lie at still higher energies. 

Now we apply the skewed coordinates technique to pre
dict E* values from theory. The experimental reactant 
molecules are overwhelmingly in the ground state, and it is 
thus proper as well as convenient to assume zero initial 
vibrational energy. As a first approximation, we shall 
ignore the slight exothermicity of the reaction and use the 
simple square-well potential of Figure V-l. When 9. is 
zero, the angle e' is given by: 

[6*| = n - 36. (64) 

Each nass combination will correspond to a different value 
of B; they are compiled in Table V-1I. From this B arise 
differing values of 9'. These in turn yield values for the 
ratio E /E according to an analogue of expression (11). *:* 
is the laboratory energy where: 

D° = E*(E V/E). (65) 

o * 
Using D equal to 4.6 eV, we obtain the E values listed in 
"able V-II under the designation of "Square Well, D° = 4.6." 

The agreement with experiment is qualitatively respect
able, especially for a crude approximation. If we accept 
that we are dealing with the I surface, we can make some 
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immediate refinements. The first is to realize that reaction 
4 -on this surface produces Z product, which dissociates, not 

to N +( 3P) + H with a D° of 4.6 eV, but to N( 4S) + H + ;ith a 
D of 3.7 eV. By using this more appropriate value of the 
dissociation energy in equation (57), we obtain an immediate 
improvement in the predictions. The new values of E* are 
listed in the table as "Square Well, D° = 3.7." 

o 
More realism is added to the model surface by explicit 

inclusion of the energetics of the reaction. To begin with, 
the reaction is about J.6 eV exothermic. In addition, the 
correlation diagram, Figure III-l shows a well in the 
collinear portion of the Z surface of about 1 eV, which 
has been confirmed by theoretical calculations. One way to 
introduce this fact is to place a 1.6 eV drop in potential 
energy perpendicular to the entrance channel and a 1 eV rise 
perpendicular to the exit channel. Such a surface is a 
combination of the two examples shown in Figure V-3. The 
E* values resulting from this modification are presented in 
Table V-II with the label "Generalized Attraction." The 
effect on the reliability of the predictions is fairly 
minimal. Several alternative arrangements of energy steps 
also have little effect. 

A significant consequence does result, however, if the 
1 eV energy step in the exit channel is placed perpendicular 
to the y_ axis instead of the x channel. This is not an 
unreasonable configuration. It implies that the attraction 
is exerted solely between the B and C atoms, instead of 
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between C and the AB centroid. Since in a collinear configu
ration B and C are adjacent, and particularly since they are 
bound at the outset, such localized attraction is not only 
possible, but likely. The values of E* consistent with 
this assumption are on the line of Table V-II marked 
"Localized Attraction." The effect of this step is to re
fract all trajectories towards larger angles from the v_ axis, 
preferentially stabilizing those reactions with small values 
of S3. The result is a significantly higher value of E* for 
NH product from HD, and a modest increase in the other 
figures. 

It is most likely that the true nature of the.product 
attraction on the collinear surface lies between the two 
extremes: partly, but not entirely localized. The appro
priate value of E* will then lie between the generalized and 
localized values of Table V-II. These ranges are consistent 
with experiment. The addition of an adjustable parameter 
would allow even greater precision in prediction, but such 
a pro :edure is hardly justified given the crudit1- of the 
model. It is fairer to conclude at this point with the 
assertion that the collinear impulsive model, with scrupu
lously easonable assumptions, reproduces the observed 
behavior of the 180° product peaks within experimental 
accuracy. We have now produced two theoretical models of 
the N + H- system, each operating on a separate potential 
surface. The SIM effectively describes the behavior of 
peaks forward of the centerline, and the collinear impulse 
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model justifies the peaks in the backward direction. A few 
additional comments will weld the two components into an 
integrated structure capable of supporting the full weight 
of experimental examination. We should first deal explicitly 
with the status of the collinear impulsive model as a special 
case of the SIM. The events of the simple square well 
collinear model are exactly those of the SIM when collin-
earity is present. The predictions of the collinear model 
should thus appear in the SIM scattering at 180°. There is 
zero intensity there in the SIM solely because exactly col
linear events have a vanishing probability on a flat poten
tial surface. Only if a mechanism exists on the surface to 
enhance the probability of nearly collinear collisions will 
the 180° peak become prominent. The energy barrier to 
perpendicular approach on the £ surface, and the 
probability of charge exchange for trajectories surmounting 
the barrier, provide that mechanism. They thus constitute 
an Essential link in our argument. 

Subject to these considerations, we regard the observed 
scattering as resulting from the sum of two components. 

3 3 One occurs on the A, - H surface, is scattered according 
? to the SIM, and produces product in the It state. The other 

3 3 -occurs on the collinear part of the B. - £ surface and 
produces the l" state of the product as predicted by the 
collinear impulse model. For II, target, both forward and 
backward scattered product is observed up to about 70 eV; 
the rear peak then becomes unstable and the forward scattering 
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dominates the map. For NH product from UD, the result i -. 
similar, except that the rear component becomes unstable 
at considerably lower energies. When ND product is forme-
from HD, however, both components remain stable up to con
siderable energies. Experimentally, the rear component 
dominates the map at the higher energies, and this domina/:-
must be based on other grounds then stability. However, 
Figure V-9 reminds us that the expected intensity from th 
forward-scattering mechanism is low at the predicted high 
CM angles. In addition, such events result from strongly 
interactive collisions, which we have inferred to be most 
conducive to charge exchange from our non-reactive data. 

3 4 
Thus charge exchange from the n surface to produce S 
product will lower the forward ND scattering intensity 
even further. The result should be weak product intensit;. 
somewhat forward of X = 90° such as appears in Figures 
IV-12 and IV-13. 

All of our models have provided predictions for all ' 
mass combinations possible when B or C is either H or 1). 
As a result, we are in a position to predict the distribu; 
of ND product scattered from D ? target, which we could no 
observe experimentally. The forward component is predict. 
by the SIM to be formed near 45°, as shown in Figures V-li 
and V-12. Table V-II indicates that the rear peak will b. 
stable at energies up to 100 eV. We therefore expect bot! 
forward and back peaks to be prominent in the reaction of 
with D,. 
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F. Summary of Conclusions 

This essentially completes our examination of the 
reaction of nitrogen ion with hydrogen isotopes. It seems 
proper, however, to summarize our conclusions, stating 
concisely the most important of the observations which are 
dispersed through the preceding pages. 

Two electronic surfaces are found to dominate the 
3 3 reaction. One of these is the A- - H surface, producing 

"II product. The distribution of the product is essentially 
as predicted by the SIM calculations. The other is the 
3 3 -B, - £ surface. Only essentially collinear trajectories 
proceed to product on this surface. The product is in the 
l" state, and behaves consistently with the collinear 
impulsive model, as adjusted to the expected characteristics 
of the surface. 

Charge exchange becomes the predominant reactive channel 
at higher energies, resulting from most of the highly inter
active collisions. It may occur either from the B, surface 
to produce N( D), or from the II surface to produce N( S). 
Charge exchange by the former channel contributes to the 
collineaTity of the reactive scattering on that surface, 
while exchange by the latter route may explain the low 
Magnitude of forward scattered ND from HD target. Both 
channels are therefore expected to contribute. 

A number of predictions arise from these conclusions, 
which may become testable in future work. Two of these 
appear to be inevitable if the model proposed here is 
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substantially correct. For one, the distribution of NO 
product from D, target should exhibit both a rear peak and 
two forward lobes at angles near 45°. Secondly, the forward 
and rear components of each scattering map should be of 
different states as denoted in the preceding paragraph. 
Other predictions appear to be probable, but not vital, 
consequences of our conclusions. The nitrogen product of 
charge exchange should be of both the D and S states, and 
should not show a sharp threshold at 3.3 eV. Reaction (1) 
probably has an activation barrier of at least 0.7 eV. 

As a final note, we may comment on the significance of 
this work in the larger context of chemical kinetics. It 
tends to support the general suppositions of Section III-B 
regarding energy regimes and the effect of exothermicity on 
product stability. Tt also shows that a rather complex 
reactive system, involving extensive portions of two poten
tial surfaces and the probable interaction of two others, 
can be effectively treated by the use of correlation diagrams 
and simple hard-sphere models. As a result, it encourages 
the hope that kinetic theory need not be mathematically 
impenetrable in order to be effective. 



148 

References 

1. For a review of the method and appropriate references, 
see Bruce H. Mahan, J. Chem. Educ. 51, 308 [1974) and 
J. Chem. Educ. jrt, 377 (1974). 

2. John S. Winn, Ph.D. Thesis, University of California 
LBL Report LBL-1820 (1973), p. 246 ff. 

3. Bruce H. Mahan, in Interactions Between Ions and 
Molecules, P. Ausloos, ed., Plenum, New York (1974), 
pp. 75-93. 

4. Bruce H. Mahan, personal communication. 

5. Library SOURCE, subset ASMPSN. See the Computer Center 
Librarian, Lawrence Radiation Laboratory, Berkeley, CA., 
94720 for listing and documentation. 



149 

APPENDIX A 

THE "WRONG-ATOM" SEQUENTIAL IMPULSE MODEL 

This appendix examines the "wrong-atom" case of the 
Sequential Impulse Model, defined in Chapter V, Section D. 
Figure A-1 shows the appropriate construction for the problem. 
We observe that the quantity of interest is now the final 
B-atom velocity, v R. This will be the only velocity dis
cussed in this appendix, and will be indicated by v. The 
quantity n is defined as C/B. Three results will be deduced. 
They are: (1) The identity of the right- and wrong-atom 
cases for homonuclear targets; (2.) The location of the 
heteronuclear magic circle; (3) The location of the hetero
nuclear limiting cardioid. 

1. Homonuclear Case 
When n = 1, the vectors b_ and £ become of identical 

length in Figure A-1, and the construction is identical to 
that of Figure V-4. However, the scattering angle X' in 
Figure A-1 is supplementary to the scattering angle X of 
Figure V-4. Using the properties of supplementary angles, 
we may write: 

sinX' = sinX (Al) 

cosX' = -cosX (A2) 
So that: 

2 . 2 cos X' = cos X. (A3) 
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"v=2(^)RcosC 

V 
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Figure A-1. Relationships pe r t inen t to the "Wrong-atom" SIM. 
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But cos"x' and sinx' are the only functions of x' required 
in expression V-(37), and the magic circle and vector 
relationships are identical. Therefore expression V-(37) 
and thus the SIM results are invariant to the choice of 
reacting atom, for the homonuclear case. 

2. Magic Circle 
Referring to Figure A-l, we may define geometrically 

the problem of finding the magic circle in the general case. 
We desire the locus of all vectors b_ and c_ such that: 

v = t + c (A4) 

under the constraint: 

c/b = n. CAS) 

This locus may be shown to be a sphere either by construction 
or by analytic geometry. We therefore require only the 

-+• 

radius p and center d_ of the sphere. 
Consider the maximum values of b_ and £, b + and c +. 

They will be parallel and thus be related to v by: 

v = |b+ - c j . (A6) 

Similarly, the minimum values b_ and c_ are related to v by: 

v = |b_ - c j . (A7) 

Since the magic circle is defined by v, v is invariant for a 
given magic circle. The definition of n allows us to remove 
c_ from equations (A6) and (A7), producing: 
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v = b+|l-n| - b_|l+n|. (A8) 

But the radius of the sphere of interest is clearly given by: 

2p = b + - b_, (A9) 

so that p is found to be: 

P " l-^l • (A10) 
i V 

We may then use p to find the center of the sphere, d_, from 
the relation: 

d - b + p, (All) 

yielding: 

v d - - ^ . (A12) 
1-n 

The vector d_ may thus lie on v or on its negative extension, 
depending on the sign of 1-n . We note that, when n = 1, 
both p and d_ are infinite. This is consistent with our 
statements regarding the homonuclear Cn=l) case in Part 1 
of thie appendix. The homonuclear case is equivalent to the 
right-atom SIM, where the intersecting "circle" is the 
perpendicular bisector plane of v. A plane is a "circle" 
of infinite radius. 

3. Limiting Cardioid 
Figure A-l defines coordinate angle £. We may use this 

angle to write the Law of Cosines for the v - b - c triangle, 
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( 2 ^ Rcose - 2Rcos0 2 " v\ * ( 2Rcos0 2 - 2v2(2Rcos£;)cos( t - O . 
(A13) 

After straightforward manipulation, this expression may be 
2 written as a simple quadratic in cos £ 

4 2 I cos 5 + mcos t; + n = 0 (A14) 

where: 

I = v 2R 2 + R 4(a 2-2o) 2 + 2vR3 cosE(a2-2a) (Al 5a) 

m = - \ Rv 3 cose - \ R 2v 2(a 2-2a) - R 2 2sin 2e (AlSb) 
v 4 • 

n = (j) fAlSc) 

a = 5|C = 1 + n. CA15d) 

If 5 is to be real, the condition: 

m 2 - 4 In > 0 (A16) 
must hold. Subst i tu t ing the values of equations (A15) into 

(A16) g ives : 

(- \ v 2 ) [RVCOSE + R 2 ( a 2 -2a -2s in 2 r . ) ] = 

A(j) R 2 [v 2 + 2RvcosE(a 2-2c() + n 2 ( a 2 - 2 a V ] (A17) 

Collecting terms, removing common factors of (v/2) , and R , 
2 2 

and converting terms in cos e inxo terms in sin E, produces: 
v 2 - 4RVCOSE + 4R 2(a 2-2a 2-sin 2e). (A18) 

append = 0. 
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Solving for v: 

v = 4Rcosst[(16R 2Hcos 2e+sin 2e+a^-2a 2)] 1 /' 2
 f A 1 9 ) 

which reduces to: 

v = 2R(cose + (a 2-2a+l) 1 / 2) (A20) 

or, since a = (B+C)/B: 

v = 2R(cose + C/B) (A21) 

an expression for the limiting cardioid. When n is less than 
unity, choosing the positive root produces a positive v for 
all e. When n is greater than unity, .the negative root 
produces the inner loop of a cardioid which lies completely 
inside the outer loop produced by the positive root. The 
positive root is thus chosen. 
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APPENDIX B 

LISTING OF PROGRAM SIMPLOT 

The following pages contain a comnlete listing of the 
program SIMPLOT, used in Chapter V, Section D, of this work 
to evaluate the results of the Sequential Impulse Model. 
The program is written in FORTRAN IV for use on the I.BL 
CDC 7600 computer. The main program evaluates the SIM 
expression at a number of grid points, and then determines 
the coordinates of the grid and of the stability circles 
for various mass combinations. The subroutine MAP PLOT 
performs the actual plotting, with the aid of the subroutine 
SEARCH. Function ASMPSN carries out the Simpson's Law 
integration of the SIM integral, using the functional form 
stored in function FINIG. 



PROGRAM ?TMFLC r (OUTPUT,PLOT,VAPE<>-CUTPUT,TAPE98,TAPE99«PLCT I 
D!MFNSICf' CCKKX(2,4I« UL If ( 4) ,6 <4) ,C» 45 
O: •'FN"IrM HC<4),AB(4I ,VC0RR(4»,UC0RR<4) 
D.MFN^irN UX<4,7001»UV(4,7001 
EX-FR'iM. FINTG 
CCMMnN/TN'EG/Et ,RH0,CDC,V 
COMMON/MAP ARAY/C-X<700>,GY«700)»TY<700I, IZ,TC T PK 
C r . . v . v70EF INE /VR ,VCM 
CCMM0N/I0/CCMMFNTt6) 
DATA «7ERf) ,0?3,P! , 0 1 2 , 1 J / 0 . 7 4 0 , 0 . 5 0 , 3 . 1 4 1 5 9 2 6 5 4 , 0 . 7 3 , 0 / 
OAT A A, B , C / 1 4 . , l . , l . , Z . , 2 . , l . , 2 . , l . , 2 . / 
DATA COMMENT/10H5EG. IHP!IL,lUHSE MCDEL- , 10HC PRODUCT,10H FROM A 

' $ • ,IOWBC, UNfiS ,10HCF 2 R V C 0 ) . / 
DATA CIMMX/IUHNH PRODUCT, 10HH2, UNITS , 10HNH PRODUCT, 10HH0, UNITS 

$,10HNO PRODUCT,10HH0, UHVS ,10HND PPCDUCT,10FC2, UNITS / 
C S I IPLO- IS DESIGNED TO t>LOf TH EivE-TED FRCCUCT DISTRIBUTION 
C CR"M tfAHANS'S ANALYTICAL SOLUTION OF THE SEQUENTIAL IMPULSE 
C MODEL AS A CCN'CUR MAP. THERE TS NC INPUT. OUTPUT CONSISTS OF 
C FO.IR MAPS, ONE FOR FACH AB+C COMBINATION, REPRESENTING AB OIST-
C PIOl'TION IN UMTS PF THE RFAM RELATIVE VELOCITY, AND ONE MAP 
C REPRESENTING THE C ATOM OISTRIRLTICN, IN UNITS OF BEAM VELOCITY 
C DIVIDED BY TWO R, WKERF R IS MAHANS CASS FACT1R R. 
C THF PROGRAM TS PRESENTLY CONFIGURED FCR N+ > H2 ,HD,D2. TC CHANGE 
C "0 ANO>.ER REACTION, VALUES IN THE FIRST ThC CATA STATEMENTS 
C A-ID T H E CAPTIONS \K THE SECOND TWO DATA STATEMENTS fLST BE 
C AL'ERFD APPROPRIATELY. A.B.AND C ARE MASSES OF REACTANTS IN AMU, 
C D23 AND D12 AP.E BC AND AB DIAMETERS, ANC RZERC1 IS TFE BC OIAM. 
C ALSC CHANGE THE VALUE OF QSEVERAL STATEMENTS AFTER STMT. 5 0 0 . 

W R t T F ( 9 , l 0 0 1 » • 
V.PITEC9,10021 
W R I T E ( 9 , l l l 0 3 l 
KRITE«9,1004) 
DDD»D23*D23/IRZERO*RZERO( 



C THIS LOOP ESTABLISHES USEFUL MASS SUMS FCR THE FCUR REACTANTS. 
00 110 K = 1.4 
BC(K|=BIKI+C(K) 
A3(K)=A+fi(K) 

C VCPPK AND UCCRP CONVERT <l (C) TO U ( A B ) . 
LTn(;R(K) = A*C(KI / I A 8 ( K ) * B U K I ) 
VCrHf(K > = 2 . * B ( K l * ( A + B C t K ) l / ( A B ( K ) * B C ( K I I 

110 cr>N rIMUE 
D'J U10 I = 1 »2« 

C U) 10CP SPAMS PANGES HF X ALLOWt.D T 0 V3. 
X = - 0 . < f * 0 . ! * J 

C t-EKE "HE MAX VALUE OF Y FOR A GIVEN X APE CCPPU7EP. 
R'«0= l . f t . * X 
IFtRRAD) 3 1 , 3 1 . 3 2 

32 IF ( S 3 A 0 - 9 . ) 3 3 , 3 3 , 3 4 
33 C v AXs- i .5 * (S0RTlRPAD) - l .» 

Y"AX=(CCAX+1. I*S<JKT(1.-CMAX*CMAX> 
I V A X ' T F I X I 1 0 . * Y « ' A X ) + l 
OC "0 30 

34 IYMAX=21 
G : .•-• 30 

31 IY"AX=1 
3 J CCNTINUE 

0< 201 J=l , IYMAX 
C DO LOOP SPANS RANGE OF Y PERMITTED FCR GIVEN X. 

Y = - 0 . l + 0 . 1 * J 
C IMC^E^EMT IJ THE PUNNING I\DEX CF FCItiTS. 

I J = T J H 
C CALCULATION OF ANGLE EPSILCN FCP GIVE*.' X AKC Y . 

V=5CP T (X*<+Y*Y) 
I F I V . E U . O . . C . Y . E C . 0 . J CC Tf 23 

23 C05EP=X/V 
SINEP=Y/V 



C CALCULATION OF INTEMSITY GIVEN BY S. I. P. FACTOR OF 1,000 
C IS ARBITRARY. NOTE CHISSION OF SEVERAL CGNSTANT FACTORS. 

EL = SINEP/2. 
KH?S0=l.-(CrSEP-VI**2 

C tU'OSQ .IE. 0 MFANS V !S OUTSIDE LIMITING CAROIOC, TV- C. 
IF<RHU"O.LE.0. ) C-0 TO 20 
RH"-t!QRT(PH0SQ))/2. 
S;N"H=RH0/2. 
000=I . - (023*023/1R2ERO*RZER0>> 

C K0'/< CALL THE NUMERICAL INTEGRATION. THE FUNCTION FINTG ViILL BE 
C TNTEGPATEO 3Y THE ROUTINE ASMPSM OVER THE RANCE FPCM 0 TO 6 . 2 8 3 1 8 . 
C THE REL. ER4CR tJOUNO IS . 0 0 1 , ANO THF PESLLT IS ST3RED AS ANSWR. 
C !F THE FRROR BOUND IS NOT ACHIEVFC, THE PROGRAM WILL JUNP TO 6 1 . 

!F (ASMPSN(F INTG,0 . , 6 .? .83 l8 , . 001 ,ANShR) .LE .O . ) GO TC 61 
~Y( U I * 1 . 0 E 3 * A N S V ' < / t V * V I 
GO TO 22 

61 WRI-E(<9,61001 V,SINEP,EL,RHO 
20 T Y ( i J ) = 0 . 
22 CONTINUE 

C GX AND GY ARE THE VALUES PASSED TC THE FLCT ROUTINE. 
C X A'lC Y GC TCI GY AMD GX BFCAUSE THE PLOTTER PLOTS SIOEKAYS. 

GX( 'J )=Y 
CYITJ1=X 
D'- 300 K = l f « 

C THE IJX AND UY FCR VARYING MASSES ARE THE RELATIVE AB PRCOUCTS DISTS. 
UX(K, • J I = . J C 0 R ! U K ) * ( X * V C U R R ( K I - 1 . 0 I * { - I . C ) 
UY(K, U I = UCCRft(K)*(Y*VCORR(K) I 

300 CONTINUE 
C OUTPU" THE VAL'IES OBTAINED FOR THI < PARTICLLAR LCPP. 

•..R! TE(<5,2001) t l , T Y U J I , X , Y , U X < l , I J ) , U Y ( l f I J ) , U X ( 2 , I J ) t U Y < 2 , I J » , U X 
$ < 2 , T J 1 , U Y I 3 , I J ) , U X ( 4 , J J ) , 1 I Y U , I J) 

C SY"f'E TR|C (Y = - Y ) VALUES APE CINE HERE INSTEAD OF RECALCULATING. 
C NO^E T H A T THEY CO NCT APPEAR IN THE PRINTOUT, ONLY THE MAP. 

0 0 



IF (Y> 4W41.42 
42 IJ = IJ+1 

TY(IJ) = TYt IJ-U 
DO 450 KK*1,4 
UX(KK,IJI=UX(KK,IJ-1» 
UY(KK, !J)=-UY(KK, U-ll 

450 CONTINUE 
C KtMEMBER, THE PLCTTFR PLCTS SIOEhAYS. 

G X ( U ) = -GX( U-ll 
GY(IJJ=GY(IJ-U 

99 CUNTINUE 
41 CCNTINUE 

200 CCNTINUE 
100 CONTINUE 

C NOW DO THE HAPS...FIRST THE V3 MAP. 
IZ = 1J 
VR=1000. t VCM=C. 
CALL VAP PLOT 

C NOW THC FOUR U12 MAPS. WITH APPPCPRIATE LABELS. 
CaM^ENT<4l=10H FROM N + 
CCN"FNT{6! = 10H0F U(0>. 
DO 503 K = l,4 
CCMfENT(3)=CPMMX(l,K) 
CCM«ENT(5)=CaMMX(2.KI 
00 400 L=1,IZ 

C X AMD Y GO TH GY AND GX BECALSE THE PLOTTER PLOTS SIDEW*YS. 
GX(LI'UY(K,LI 
GY(L»=UX(K,LI 

400 CCNTINUE 
CALL MAP PLOT 

500 CCNTINUE 
C THF. REMAINOER OF THE PROGRAM PROVIDES THE RADIUS OF THE STABILITY 
C CIRCLES TO BE DRAWN CN THE FCUR U12 HAPS, FOR 5EV LAB ENERGY 



C INCREMENTS UP TO 240 EV. 
WRIT£<9,50011 
WRITE<9,5002) 

C Q IS THE STABILITY LIMIT IN EV. 
Q=-5.2 
DO bOO L'l.'tO 
En*20.*5.*L 
00 700 K=l,A 
PARFN* A * C < K ) * n + (A+BC(K»»*Q/ (8C<K>*60) ) / (BC!K)*AB(KJ> 

C BELOW A CRITICAL ENERGY, THE VARIABLE PAREN IS NEGATIVE. THIS 
C IMPLIES ALL PRODUCT IS BOUND, AND ULIK IS GIVEN AS ZERO. 

tF(PARFNI 5 1 , 5 1 , 5 2 
52 ULIMK»«SQRT(PAREN> 

CO TO 50 
51 ULIH(K)=0. 
50 CONTINUE 

700 CONTINUE 
- WRITEI9.6001) E0,ULIH(1I,ULIM(2I,ULIH<3»,ULIMI4) 

600 CONTINUE 
2001 F0RwAT(U,I3,2X,E10.3,2{2X,F8.4),5>,8«2X,Fe.4n 
1 0 ) 1 F0fcMAT( lHl , lX , lHN,4X,9HINTENSITY,2X,17HC CCCROS.VO UNITS, 25X, 41HAB 

i PROO'JCT CM COORDINATES, UNITS CF I I A C I ) 
1002 FCRMA T(lH-,< f<tX,15HN • F2 = NH • K 5 X . 1 5 H N + FC » NH + 0 , 5 X , I 5 H N • 

$HD ' W) + H,5X,15HN + 02 = NO • Dl 
1003 FnRMAT<22X,2HVX,8X,2HVY,5X,4t8X,2HLX,8X»2HLYtI 
1004 F0RMATC1H-I 
5001 FORMAT! 1H1,fcX,51HRA0IUS OF INSTABILITY L I H T < C * - 5 . 2 ) , UNITS OF V(A 

$ 0 ) ) 
5002 F0PN1AX(6X,6HE(LABI ,6X ,9FN(F2,H)NF' , 4X, 9 F M H E , C )NH, 4X,<>HN(FC ,F 1ND ,4X 

$,9HN(r>2,0IND» 
6001 FCR^AT<5(5X,FB.4 I ) 
6100 F0RMATO6H INTEGRATION ERROR AT V,SINEP,EL,RHC,M2XF6.3)I 

STOP 



END 
SUBROUTINE MAP PLOT 
CO*'M:IN/N;3NSYM/CARE(60C) 
CCMM0N/ ID/CCMMENTI6I 
CUMM)N/MAP A R A Y / C Y ( 7 0 0 ) , G X ( 7 0 0 I , T Y < 7 0 0 I , I Z , T C T P K 
CCMNGN/DEFINF/VR.VCM 
COMMON/CCFACT/FACT 
C" ]»VCN/CCPO0L/X^ IN,XMAX,Y1IN,YMAX,CCXKIN,CCXMAX,CCYMIN,CCYMAX 
DIMENSION R U ) 
D I M E N S I O N P E A K X I 2 ) , P E A K Y ( 2 ) , G M A X < 2 » 
DIMENSION R O U N n < K I , X P ( 2 l , Y P < 2 1 
DATA( t R C U N O m ,! = I,WI«l.,1.2,l.'i,1.7t2..2.;t3.,3.5,«.,«.8,5.5 

*,6.5,7.6iQ.) 
THE SUBROUTINE MAPPl.nT IS TAKEN CIRECTLY FRCM JOHN UNN'S PROGRAM 
OATAMAP, WITH THE FEATURES FOR MAKING A SYMMETRIC MAP REMOVED. 

FACT=1. 
TCTPKM. 
DC 10 1=1,600 

10 CAPEII1=0.0 
1 CCXMIN*100. i CCXMAX=1100. $ CXYMIM7C. 1 CCYMAX*107C. 

DO 600 J=1,IZ $ GX(J»=-GX(JI 
800 CY(J) = -GY(J) * CALL SE ARCM GX, IZ,PEAKX< 111 

CAIL 3FARCH(GY,I7,PEAKY(1)I i DO 801 J=1,IZ 1 GX(J) = -GX(J) 
801 GY(JI=-GY(J> $ CALL SEARCH!GX,I 7,PEAKX<2 11 

CALL SFARCHCGY, IZ.PEAKYI2) I SCALL SEARCH!PEAKY,2,GMAX«1)) 
CALL SEARCH(PEAKX,2,CMAX(2»I t IF(CMAX<11.EQ.C.) CMAXI1l=CMAXt21 

FOR CENTERLINES 
XRAT=GVAX(2)/GMAX(II 
I F I X R A T . L T . 1.01 XRAT = 1.0 
IFtXRAT.GT.2.01 XRAT=2.0 
I F ( X R A T . E Q . 2 . 0 I GMAXd 1 = 0 . 5»GMAXt 2 I 
PART=20. 
GMAX(2) = -GMAX( 1) * CALL LINEUP!GMAX,2,P3UND,14,PART.YNIN.YMAXI 



XMIiV»XRAT*YKJN * XMAX*XRAT*YMAX I CCXfAX«6C0.»500.*XRAT 
CALL SEARCHITY.IZ.PK) \ PK»PK*TCTPK * TCTFKsPK 
PK=TOTPK 
TOTPK=TCTPK*.l 

55 00 803 J = 1 , I Z % CX(JI=GX(J»/YMAX*5C0. 
803 GY(J)=GYIJ) /YMAX*500. 

XLIM=PFAKX<2»/YMAX*500. S CCLIM*CCXPIN*500.»XLIM 
5 no eo<« j = i , t z 

EMC0DI:<10.8.1NTI T Y f J I 
F0HMATI1PG6.0) 
I F ( T Y ( J I . £ Q . O . ) I N T « W OE* 
CCX=CCXfIN+494.*GX(J> 
CCY=CCYPIN*491.«-GY<JI 
CALL CCLTR(CCX,CCY,0 , I , INT ,2 l 
CCX=CCX*9. $ CCY = CCY«7. 
I N T * L E e T U N T , l 8 > 
CALL CCLTR<CCX.CCY.l.ltINT,1> 
CCY=CCY«-5. 
IMT=LEFT(INT,12) 
CALL CCLT(><CCX,CCY, l , l , INT ,U 

80<V CONTINUE 
IK 920 * l = l . I Z * GXIPI )*GX«MI)*YMAX/500 - . 

920 G Y ( f I ) = G Y ( K I ) * Y 1 A X / 5 0 0 . 
901 XPU)=Yf»IN J XP(2)=YMAX % YP( U = Y P < 2 ) * 0 . 

X^[N=Y»HN t XMAX=YfAX $ CCXMAX«1100. 
CALL CCPLCIT(XP,YP,2,4HJ0IN,3 ,1 I * CALL CCPLOT (YP, XPt 2 .4HJ0INt 7t 1) 
CCXMAX=XRAT»500.*600. % XMAX=XRAT* if AX $ XM NxXRAT*YMIN 
CALL CCGRICU,6KN0LBLS. i l 
CALL CCLTRICCLIM +70. .CCYMIN* 9 7 . , 1,2,CCNMEf^T,60> 
GNOM=(VR-VCX)/1CCO./YMAX*500. * CCX = 5C9. •CCXMIN + GIVC^ 
CCY=VJ4.+CCYMIN 
CALL C C L T * ( C C X , C C Y , l , 3 , l H X , l l 
CALL CCNEXT 

http://6KN0LBLS.il


RETURN 
END 
SUBROUTINE SEARCH<A,N, PJ 
DIMENSION A(N) 

C SEARCH IS A SJ8RCUTINE OF MAPPLCT. 
P=A(1) $ 00 1 1=2,N 

1 IF(Atl).GT.P) P=AU> 
RETURN 
FNO 
FUNCTION FINTG(FI) 
RFfiL L 
CCMMCN/INTEG/l,P,0,V 

C FINTG CONTAINS THE FUNCTION INTEGRATED BY ASMPSN. 
BICA=4.*<L*L+P*P-2.*L*P*C0S<Fl) )/{V«V) 
S1NCH=1./SQRT(BIGA*1.I 
CSOCH=BIGA/(BIGA*l.) 
FINTG= SINCH/SGRT(l.-C*CSOCH) 
RETURN 
EM) 
FUNCTION AS"PSN(F,XA,Xe,EPS,AREA) 

C ADAPTIVE SIMPSONS RULE 
C N'lV. 3, 1966 
C INTEGRATION ROUTINE, FRCM LIBRARY SOURCE, SUBSET ASMPSN. 
C SEE COMPCEN LIBRARIAN FOR DCCUPENTATICN. 

DIMENSION XC7,15),FX(7,15),AEST(3,15),DX(15),T0L(15),J(15) 
DATA LMAX/15/ 
T H R E E = 1 . t F I R S T = 0 

C ABCVE CAN BE REPLACED BY T H R E E » 3 . AND F I « S T » 1 . 
T C L = A ^ S ( E P S ) 
LSMPS=100 
L S » V E = l 
A I = 0 
IFIEPS .LT. 0 I AI=AREA 



XC5I»XA * x m * x e 
FX15I=F<XAI t FX(7)«FtXB> 
EST« FXt5>+FX<7) 
CX=(xa -XA) /18 

00 5 K « 2 t 1 8 
X * X A * ( K - l l * 0 X 

5 E S T = £ S T * F ( X ) * U - 2 * H C 0 ( K , 2 n 
esT=ux/3*esT + AT 
X ( 6 ) * ( X ( 5 l + X { 7 ) » / 2 
FXt 61=A»F(X(611 
0 X = ( X ! 7 ) - X I 5 ) > / 2 
AF.ST(3»=DX*(FX(5)+FX(6) + F X ( 7 n / 3 

50 ERRSUM*0 
TCTSUM=EST 
L = l 
J = T 

C BEGIN ADAPTIVE PROCEDURE 
C 'NCKEASE LEVEL 

100 Ll=L 
L *L* l 
LSAVE=MAXO«LSAVE,LJ 
T 0 L t L ) = T 0 L l H ) / T H R E E 
J1=J(L1 I 
0 X t L > » D X I L U / 3 

C PUSH DOWN CLO COORDINATES 
150 K J = 2 * J l - 2 

on n o K K = I , 3 
KA=KJ»KK 
K=3*KK-2 
KLI=7*L1 
KL=KL1+K 

C CK,L> = KL 
KLA=«Ll-7+KA 



C tKA,Ll)«KLA 
X(KU = X(KIA1 

110 FXtKL)'FX(KLA) 
C CALCULATE NEW COORDINATES 

OXL=DX(L) 
H=DXL/3 
JU.) = l 

nr. 120 KA=2,3 
OC 120 K»KA,6t3 
KL*7*L1+K 

C (K.LI = KL 
X(KL»=X(KL-1I*0XL 

120 FX(KL) = F!X(KLM*U-3*P0DlK t2)) 
SUMK=0 
DO 130 K = lt3 
KA=Z*K-1 
KB*KA*2 
KL = 3*H*K 

C <K,L> = KL 
AEST<KLI=0 
CO 135 KJ»KA,KB 

135 AESTIKL)»AEST(KL)»FX«KJiL) 
AE«T(KL)=H*AEST(KLI 

130 SUMK = SUMK4-AEST(KL) 
0SUKK=SU^K-AEST(JI,L1) 
SL'MK = SUMK«-DSUMK/8Q 
Aac=ABS(DSU^KI 
IFIL.LE. 2) CO TC 100 
TOTS'IM=TOTSUM*DSUMK 
!F(AflStSUMK*EPSI .GE. ABD .OR. TOL<L>*TOTSLM ,GE. ABOI GO TC 200 
IFJL . L T . LKAX1 GO TO 100 

C MIT BOTTOM CF TREE 
200 ERPSUr=FPR$UM*ABC 



205 AEST(J l , t l )»SUMK 
I F U l . G E . 3 ) GO TO 2 1 0 
J U J 1 + 1 
J < U » * J 1 
GO TO 150 

210 I F ( L . L E . 2) GO TO 22C 
L = U 
11=1-1 
J l = J I L U 
L 1 3 » 3 * L l * l 

C U . L M L 1 3 
SUMK»&FST(L13I+AFST(H3+1» + AEST(L13»2) 
GC TO 205 

220 AREA=AFST<3I*AI 
ASwPS»:=MINO(LSMt>S,LSAVEI 
IF UBS(EPS*AREA) .GE. ERRSUM/80.1 RETUPI* 
IF(FIRST .NE. 0 . > GO TO 3 0 0 
ISWPS=0 
F I R S T = l . 
THREE=3. 
GO TO 50 

300 ASMPSN=-IMAX 
RETURN 


