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ABSTRACT

+
Interactions of the jons N , F+, and COE with H2 and/or its

isotopes were examined using the crossed-beam technigue in the Tow
{<4 eV) initial relative energy. Emphasis was placed on studying the

reaction dynamics of the various electronic states of the reactant ions.

3

We demonstr.ted that for the reaction N+( P) + H2 > NH+ + H, complex

formation dominates up to 1.9 eV and a substantial interaction occurs
between all collision partners at energies as high as 3.6 eV. The dis-
tribution of N+ scattered non-reactively from H2 also showed a
contribution from a long-lived complex channel at energies below 1.9 eV.
The dynamics were adeguately explained by a mechanism which involves

accezsing the deep 381, potential well through an avoided crossing

3

with the A2 surface when the symmetry is relaxed from C2V to

C_.
S

+
The reaction of a metastable electronic excited state, probably N (1

D),
was seen as a forward peak in the reactive distributions.

The reaction F+(3P) + H2 > FH' + H was observed to proceed by a
direct reaction mechanism in the 0.20-1.07 eV initial relative energy
range. The reaction mechanism involves a nonadiabatic transition which

can occur if the H, internuclear separation is decreased; collinear

DISCLAIMER




approaches are probably preferred. No evidence for the reaction of
F+(lD) with H, was observed.

The reaction COZ + 02 > DCOZ + D was seen to give asymmetric
product distributions at collision energies of 0.27 eV and abave indi-
cating a direct reaction mechanism. Symmetric low intensity contours
suggested that many reactive events may involve snarled trajectories.
COZ-—D2 collisions can also produce DCO+ exothermically, but there
is a barrier to its formation; we measured the threshold for DCO+
production to be 1.0 + 0.3 eV. We found that the dynamics of COZ-—D2
collisions was not explainable by statistical (RRKM) theory if the
existence of barriers on the potential energy surface was neglected.

Our results indicated that there are probably barriers in the exit
channels for DCOZ, DCO+, and 020+ products.

The electronic state distributions of our N+,F+, and COZ beams
was investigated using beam attenuation and total luminescence tech-
nigques. Microwave discharge and DC discharge ion sources, using N2 as
a source gas, yielded 92% N+(3P) and 8% N+(lD). 160 eV electron bom
bardment of N2 gave an almost indecipherable mixture of states; however, we

estimated 40% ' (3p), 40% v'(%s), 10% N*(1D), and 10% N}, A study of the

electronic states of F produced by 160 eV electron impact on CF, and

4
NF3 was inconclusive. Beam attenuation results were suggestive of

multiple states, but total luminescence experiments showed the state
distribution to be identical with that of F+ produced by a microwave

discharge through a CF4:NO mixture. The latter beam should contain



almost exclusively F+(3P). We detected no difference in the state
distribution of microwave discharge produced COZ with that of
electron impact produced COZ. It is likely that both beams are

almost exclusively ground state COZ(ZHQ).
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CHAPTER 1. INTRODUCTION

Although modern chemistry encompasses a broad range of more specific
fields, at the very heart of the subject lies the chemical reaction,
Ancient man, using his wits and primitive tools, found ways to manufac-
ture metals, dyes, perfumes, and drugs from the materials around him.
The reasoning behind the alchemical procedures he used iavariably
depended on magic; it took thousands of years before any substantial
progress was made in understanding microscopic processes. The first
real attempt was by a Germin, George Ernst Stahl, who lived in the
17th century. It had been thought for sometime that the mass Tost
when a substance was burned, was a volatile material, present in all
objects, called "phlogiston." Stahl proposed that an analogy existed
between combustion and rusting. That is, when a metal rusts, phlogiston
has left, and calx (an oxide) remains. Therefore, calx is a pure sub-
stance or element, and metals are compounds composed of calx plus
phlogiston. Stahl was on the right track, but ended up with exactly the
wrong result. One hundred years later, Lavoisier gave the correct
explanation for this process and other chemical reactions, along with
the first table of the elements.

Lavoisier may have realized that the oxidation of iron involved the
addition of a certain amount of gas to the metal, but he had no clue as
to the details of the reaction. Work on elucidating such details did
not begin until the 20ED century, when scientists started addressing

questions such as how could the reaction H + D2 > HD + H break a bond



of over 100 kcal/mole at a collision erergy of ~10 kcal/mole? The
answer came in the form of the first theoretical potential energy sur-
face; this semi-empirical London-Eyring-Polanyi surface was the object
of considerable attention at the 193/ Faraday Discussion. The surface
clearly showed the presence of the low barrier, and one could discern
that the primary driving force in the reaction was the formation of the
new bond.

The kind of reactions that will be considerea in this thesis are
reactions between ijons and molecules. In 1916, Dempster1 observed a
signal in his mass spectrcmeter at m/e = 3 and attributed it to H+.

3
By 1925 it was weli-established that this ion resulted from the reaction

H; + H2 > H; + H, at elevated pressures in the mass spectrometer

source.z’3 The first measurement of a rate constant for an ion-
molecule (IM) reaction came in 1952.4

Throughout the 1950's, work on IM reactions was conducted indepen-
dently in the United States and Russia; by varying the pressure and/or
electric field strength in a mass spectrometer jon source quantitative
rates could be determined. The initial experiments demonstrated convinc-
ingly that exothermic ion molecule reactions generally have no activation
barrier and that they are very rapid, often proceeding faster than the
gas kinetic collision rate. It was further observed that the reaction
rates were independent of temperature but decreased noticeably with in-
creasing repeiler voltage (ion ener‘gy).5’6 These last two character-

istics as well as the abnormally high (when compared to neutral-neutral

reactions) rate constants were explained by Gioumousis and Stevensen who



took into account the long range (JI) jon-induced dipole potentia1.7
Their treatment resulted in a co]]Zsion rate constant of k = Znela/y),
where a is the molecule's polarizability, e is the charge, and y is the
reduced mass; this rate constant is much greater than that calculated
for neutral-neutral systems on the basis of London dispersion forces,
and accurately gives the reaction rate for many exothermic IM reactions.
The theory has been extended to include polar molecules by Su and Bowers
{ADO theor_y).8

The early discovery that IM reactions proceed at essentially their
collision rate led many kineticists to conclude that these processes
were uninteresting. It should be pointed out, though, that a number of
exothermic reactions such as

0" + N, > N0" + Nk = 107 %en?/sec @ 300°K (1)

and

He' + Hy > Heti” + H Kk < 1073/ sec @ 300°K (2)

are quite slow, proceeding once every 1000 and 10,000 collisions res-

pective]y.g’10

The reasons for the unfavorability of these reactions
is discussed later.

A point which has been glossed over by many authors, but was dealt
with in a recent review article by Talrose, gj;gl,,ll is the reason IM

reactions have no activation barrier. Their qualitative assertion,

which is depicted in Fig. 1, is that the long range attraction of the
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Fig. 1  The effect of the ion-induced dipole interaction on a potential

energy curve. In (a) the attractive potential between two
neutral turns on too slowly to counteract the activation
barrier. In (b), by the time the distance for the activation

barrier is encountered, the ion-induced dipole potential
already dominates.
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"% potential is greater than the repulsion at intermediate distances
Eaused by chemical forces; hence no barrier is present. In neutral-
neutral systems, the asymptotic 15 dipole-induced dipole potential is
swamped by this repulsion. A fu:ther point brought up in Ref. 11 is
that because of the long range potential, the interaction time will
often be greater for IM collision partners than neutral-neutral
reactants. The longer an intermediate complex lives, the more phase
space it can sample and the greater the probability that it will find
the lowest energy exit channel. This concept would seem to be crucial
in expiaining the fact that many IM reactions proceed at the collision
rate.

Ion-molecule reactions are important in combustion, atmospheric, and
astrophysical processes, and since the mid 1960's a myriad of techniques
for their study have been developed. Probably the most successful and
prolific method up to this time is the flowing afterglow approach of
Ferguson, Fehsenfeld and Schme]tekOpf.12 This technique involves
transporting ions down a tube at ~1 torr and adding the neutral reactant
downstream. Product ions are detected with an on-line mass spectro-
meter. By varying flow rates or the point at which the neutral is
added, it is possible to measure accurate thermal rate constants. A
problem with this method is that secondary reactions often make data
interpretation difficult. This has been largely circumvented in a more
recently developed apparatus called a selected ion flow tube

(SIFT).13 The SIFT technique gives information (rate constants and

branching ratios) similar to that of the flowing afterglow, but mass



selects and injects the ions into the flow tube rather than forming tre-

in situ. This is a clear advantage when working with fragment ions, ano

impressive results have been obtained. Another variation of the flowing
afteryglow technique 15 the drift tube.14 Here ions are pulled by a

weak electric field rather than simply flowing in a buffer gas (although
this can be done simultaneously), and react with other gases placed in
the tube. An obvious advantage of this technique is that the collision
energy is more easiy varied than in a flow tube.

Ion cyclotron resonance15 (ICR) is another important thermal energy
technique, but operates in a lower pressure range than the previously
mentioned experiments. In ICR, ions are confined to circular orbits by
a strong magnetic field and may react with neutrals they encounter.
Product ions are also confined to circular orbits. Detection is accomp-
lished by scanning the freguency of an applied RF electric field and
measuring the power absorbed; the freguency at which an ion absorbs
depends on its mass. Rate constants measured using these different
techniques gene. 1y agree to within ~20%.

Although the techniques described in the previous paragraphs have
been of inestimable value in our understanding of IM reactions, they
really do not go very far toward answering the basic question: what
happens at a microscopic level? To answer this, one must consider the
dynamics of the reaction. The reaction dynamicist wants to know with
what probability a collision between particles in known quantum states,
moving at known velocities, yields products at a certain angle and

velocity, and in a certain quantum state. Given this information one
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would know everything about the system. The macro<copic reaction rate

constant could be calculated from the expression16

31

Zn

{ .
k(T) = ggai(T)aJ(T) H OVfT(V)JO i do‘.J'mn(v,e.é)smededédV- (3)

(o]

Here the quantum state-to-state differential reaction cross section

d is integrated over polar and azimuthal scattering angles to

aij,mn
produce the state-to-state reaction cross section, which is then aver-
aged over tue distribution f{v) of relative collision speeds to give
the state-to-state reaction rate constant. This is summed over the
product quantum states m and n and averaged over initial reactant
quantum states i and j (with fractional populations a; and aj) to

yield the macroscopic rate constant k(T). We see then, that if the
state-to-state differential cross sections are known, we can obtain the
macroscopic rate; but clearly the process cannot be inverted.

No one has yet performed the ideal experiment, primarily because of
intens ity problems, but any attempt would require the use of crossed
beams of reactants. It is obvious that even without detailed knowledge
of reactant and product quantum states, one benefits significantly from
single collision conditions and precise information about product
angular and velocity distributions. The first successful crossed beam
experiments were performed in the early 1960's and used alkali metal
containing compounds as one of the reactants. The thermal energy beams
were prepared by physically collimating molecules which effused through

small holes in ovens. The reactions studied had very large (> 100A2)



cross sections and products containing alkali metal atoms were easily
detected by surface ionization. The first study of an IM reaction using
a beam of ions was reported in 1965 by Henglein and coworkers.17

It is interesting to compare the relative experimental problems and
information gained from neutral-neutral beam experiments, and IM beam
experiments. Initially, ion beam workers had an advantage because of
advances made through the years in mass spectrometry and electron optics.
A further source of convenience was that charged products could be effi-
ciently energy analyzed, mass analyzed, and detected. The disadvantages
were (and still are) that beam intensities are always limited by space-
charge effects, and these effects become more severe as the beam energy
is lowered. For this reason, the very important thermal energy range is
not readily accessible tc ion beam experimenters. On the plus side
though, ion energies are easily varied by turning a knob on a power
supply and hence IM reactions can be studied over a wide energy range
while neutral beams are confined to near thermal energies. The low
intensity of an ion beam becomes glaring when one realizes that typical

11

fluxes for low energy (~5 eV) ion beams are ~10 partic]es/cmzsec

17

as opposed to ~10 partic]es/cm2 sec for modern supersonic neutral

beams.18

In spite of the larger reactant flux associated with neutral-neutral
beam reactions, products are much harder to detect. Workers were con-
fined to alkali systems until 1969, when, by combining an ionizer and
mass spectrometer, with several stages of differential pumping to

minimize high background levels, the first "universal" detector was



deve]oped.19 The efficiency of a well designed ionizer is .0l-,1%,
which reduces the six order of magnitude advantage in beam flux to an
effective two order of magnitude advantage in product flux.

The prohlems of low product flux and inefficient detection of very
slow (¢ 1 eV) ions has generally restricted IM experiments to systems
with heavy ions and light neutrals. A favorable mass ratio such as this
confines products to a small region in velocity space and counting rates
are higher. Recently though, improvements in experimental technique

have allowed the routine study of systems where the masses are compar-

20

able,”™™ and even systems where the ion is much lighter than the

neutral.21

There have been a number of other important advances in the past few
years in the use of ion beams. The merged beam technique of Gentry and
co—workers22 allows the study of IM reactions at relative energies as
low as 0.002 eV, and the reactant mass ratio is unimportant. This method
uses a fast (several keV) neutral beam which is produced by charge trans-
fer from an ion beam, and merges it at a steep angle with & fast ion
beam. By adjusting the laboratory energies of these beams, very low
relative collision energies can be obtained; the uncertainty in initial
conditions is small because of a phenomenon called "“velocity compres-
sion" at high energies.16 This technique gives accurate cross sections
and centerline velocity distributions, but not angular distributions.
Another recently developed approach to IM reactions that has great
potential is the guided beam technique.23 [ons are channeled and con-

fined by an rf octopole field and the ion energy may be precisely
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adjusted. The products are also confined by the rf fiela and the

apparatus has essentially unit detection efficiency.24

It is even
possible, by operating the instrument in a pulsed mode, to detect
praducts scattered backwards in the laboratory frame., Very accurate
cross sections and branching ratios can be obtained but no information
is gained about product velocity or angular distributions. A final
important advancement in the study of IM reactions using ion beams is
the dispersion of chemiluminescence resulting from beam—gas colli-
sons.25 This is a difficult experiment because of low light levels,
but direct information on the internal state distribution of products
formed in emitting electronic states is obtained. For further discus-
sion of the results and techniques of modern ion beam studies, the

reader is directed to the reviews by Gentry26 and Koski.27

Kinematics

The most convenient method for displaying the results of a crossed-
beam experiment is to plot product intensity in center-of-mass coordin-
ates in velocity space. The transformation from laboratory to center-
of-mass coordinates is best discussed with the aid of a Newton diagram.
As shown in Fig. 2, a Newton diagram is constructed by placing the
reactant's laboratory velocity vectors at a common origin, which
corresponds to zero laboratory velocity, and connecting the tips to form
the relative velocity vector (!rel)' The vector which describes the

motion of the center-of-mass, L terminates on gre] at a point

which divides Yrel into the reactant center-of-mass velocity vectors;



Fig. 2.

1

Newton diagram for an experiment with two beams colliding at
90°, vp and vp denote the most probably laboratory velocity
vectors for reactants A and B. vpej and ycm are the relative
and center-of-mass velocity vectors respectively. up and ug
are the center-of-mass velocity vectors for the reactants.
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these vectors when mass-weighted, give center-of-mass momentum vectors
of equal magnitude. By subtracting Yem which amounts to shifting the
origin and rotating the coordinate system, the problem is transformed to
one which is conceptually easier to deal with, We can now picture our-
selves as moving with the center-of-mass, and in this frame, the reac-
tants approach each other at 180" rather than 90°. The orientation of
the line on which they travel is given by Vel Products also depart
along a straight line and the angle this line makes with Vrel is cal-
led the center-of-mass scattering angle, e. If the velocity vector of
one of the products is measured, that of the other is uniquely deter-
mined by invoking the constraint that linear momentum is conserved. The
energy of the collision in center-of-mass coordinates, also called the

relative energy, is given by

Erel = %'" VEe] (4)
where u = mAmB/(mA + mB). The relative energy represents the
available translational energy in the collision and is therefore the
quantity of interest. The energy associated with the motion of the
center-of-mass remains constant throughout the process and cannot be
used by the reactants. A further feature of the transformation is that
it becomes easier to see, given a random assortment of impact parameters,

that the product distribution should be symmetric about Y.

el
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Conservation of energy limits the products to a certain region of
velocity space. This is shown in Fig. 3 which congiders the dynamics ot

the reaction
A+B8sC+D. (5)

In this figure, the result of a single reactive event is indicated with
the C product scattered through an angle of @ in the lab frame and e in
the center-of-mass frame. As mentioned earlier, the location of the D

velocity vector can be deduced from conservation of linear momentum:

m.u. * Moy = 0 (6)

The circles labeled Qmin and Qmax in Fig. 3 given information as to
where product intensity is allowed. Q is defined as the translational

exoergicity of a process, or

Q= Ere] - F‘re] (7)

where the prime denotes a quantity associated with the products. For a
non-reactive process, with no energy transfer during the collision,
Q = 0. This circle, also called the elastic circle, is centered at the

center-of-mass origin (as are all Q circles) and has radius u, for A

A
products and ug for B products. Elastic events will give products

only on these circles. If ground state reactants are used it is
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MAX

¥

Fig. 3. Newton diagram for A + B ~ C + D with product C being detected.
vp and vg are the laboratory veiocity vectors for the reactants
and v¢ and ul are the final lab and center-of-mass velocity
vectors of C. Product intensity is confined between Qpin and
Qmax for energetic reasons.
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impossible in a non-reactive collision for products to appear outside
the Q = 0 circle (superelastic scattering), but upon collision, energy
may be taken up by internal modes of one cr both of the collision part-
ners, If this happens, products appear at negative values of Q
(inelastic scattering). The minimum possible value of Q is 'Erel;
this corresponds to converting all initial translational energy into
internal energy, and products will be constrained to have zero center-
of-mass velocity.

In the case of reactive scattering, the reaction's energetics and
product's stability must also be considered. The total energy available

before the collision is given by
+ U (8)

where U is the internal energy of the reactants. This must equal the

total post-collision energy of

E =E. *U *+ oM (9)

where aH is the heat of the reaction. Equating (8) and (9) and then

using (7), we obtain

Q=U-U"- aH (10)



16

1f we make tne assumption that U = 0 we find that since Unin = 0,

Omax = —-aH. This result states the rather obvious fact that the pro-
ducts of endoergic reactions will be confined to a region closer to the
center-of-mass velocity than will those of exoergic reactions. An
effective minimun Q comes about because there is only a limited amount
of energy which can be internally assimilated by some products., This
maximum internal energy corresponds to the dissociation energy (Do) of
that species. If the collision partners are an atom and a diatom, then
one of the products will be an atom and the only place to store small

amounts of energy will be in the internal modes of the molecular product.

! -
Therefore Umax = D0 and

Q. =-D_ =~ aH . (11)

Since most of the experiments described in this thesis were performed at

low energy, |Q . | was generally greater than E ey and was not a

min
factor in the dynamics. However, even in low energy experiments, if the
reaction has a large exoergicity, as might be expected for electron-
ically excited reactants, then Qmin could be large enough to place a
restriction on the product distribution.

A peint which is important to discuss, primarily because it was the
source of much confusion in the early literature, is the coordinate
system and Jacobian used to display the results. Farrar28 gives a

good discussion of this potential trouble spot and the present account

will be briefer and more qualitative. Basically, the problem is this:



il is desired by most experimenters to present their data in the form of
intensity contour maps in velocity space, but the coordinate system used
can etfect the appearance of the results. To a certain extent this is
analagous to the electron distribution in the 1s orbital of the H atom.
A plot of y*y vs r yields a distribution peaked at r = { while the
radial distribution, which is weighted by r2, peaks at the Bohr radius.
As long as it is clear which function is being plotted, there should be
no ambiguity.

The apparatus used in this thesis has a detector which energy ana-
lyzes product ions. By pre-accelerating or decelerating the ions prior
to energy analysis, we are able to pass ions at a fixed energy, and
hence, data are obtained in energy space volume elements of constant
size.29 To convert the product intensity I(E)dE to an intensity in
velocity space, it is necessary to bear in mind that Euv2 and dEavdv.

By merely plotting the raw data in laboratory velocity space we would
have the quantity I(v)vdv. Such a plot would not be very useful because
it does not correspond to any commonly v 2d coordinate system in
3-dimensional space. If the data are everywhere multiplied by v, then
the quantity being plotted is I(v)vzdv, which, within the angular
factor, corresponds tc laboratory spherical polar coordinates. This
coodinate system is also not very useful because it is symmetric about
the laboratory origin rather than the center-of-mass origin. If instead

we divide the raw data by v (or Ellz),

we obtain a Cartesian plot in
laboratory velocity space, I(v)dv, and all the volume elements are of

equal size. The location of the origin in Cartesian coordinatss is
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unimportant so we may just as easily call these center—of-mass Cartesian
coordinates, and we are done. Virtually ali of the ion-molecule litera-
ture uses these coordinates; the suggestion for unanimity came formally
from Wolfgang and Cross.30 If one is careful enough to accurately

inc lude beam intensities ard detector efficiency so that the measured
specific intensities (f) for the products have absolute guantitative
value, then they can be integrated to get center-of-mass differential

. 31
cross sections™:

"

[(a) = JO T(e,ﬁ,u)uzdu. (12)

where o, b, and u are the center-of-mass scattering angles and speed.

This can be further integrated to g5i.C the total cross section:

n

o = 2n J 1(e)sinede. (13)
0

Many workers in neutral-neutra beam reactions prefer to express
their results in terms of center-of-mass polar coordinates, 1In order to
affect conversion to these coordinates, it is necessary to have good
resoiution in the center-of-mass frame; this requirement is often not
met in ion-molecule experiments. The transformation is accomplished by

2. The fact that

everywhere muitiplying the Cartesian intensity by u
the volume element disappears as one gets nearer to the center-of-mass

implies that a crater will always exist there. The decision as tc which
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coordinate system is used is merely a matter of taste, and as long as it
is clearly indicated by the author which system he is using, there should
be no trouble. Hierl et a1.32 give an example of how changing

ccordinate system affects the appearance of a contour map.

Reaction Modeis

It was thought by many early workers in ion-molecule reactions, that
many, if not all low energy collisions involved ti.e formation of a long-
lived collision complex. Their reasoning was based on the belief that
the Langevin cross section represents a capture cross section and the
fact that collisions between reactants such as art o+ HD formed ArD"

slightly more rapidly than ArH+.33

This latter point was taken as
evidence for complex formation because the deuteride, with its lower
zero point energy, would be favored in the decomposition of an ArHD+
complex. The myth of the pervasiveness of these complexes was dispelied
by the first beam experiments which clearly showed that the product
distribution was asymmetric down to a relative energy of 0.06 eV.34

If a long-1ived intermediate had been formed, then the product distri-
bution would have had forward-backward symmetry, i.e. symmetry with
respect to the plane that passes through the center-of-mass velocity and
lies perpendicular to the relative velocity vector. Subsequent work has
shown that most simple IM reactions proceed by direct mechanisms down to

collision energies of a few tenths of an eV. A dynamical model for

explaining observed isotope effects has been deve]oped,35 and the old

D
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idea that, due to the Langevin formulation, persistent intermediates
should dominate, has been dismissed by Henchman36 in an excellent
review article,

As briefly mentioned above, reaction mechanisms can be divided into
two categories: direct and indirect. An indirect reaction mechanism
involves the formation of a long-lived intermediate lasting at least

several rotational periods (“'10—12

seconds) prior to decomposition.
puring the lifetime of such a complex, the orientation of the initial
relative velocity vector is forgotten and hence the product velocity
vector distribution is isotropic (about the center-of-mass) in the plane
of the collision. The shape of the distribution that is measured experi-
mentally is not necessarily isotropic, but should have forward-backward
symmetry. Angular momentum disposal is crucial to the exact shape of
the map when a long-lived complex is involved; this is discussed in
Chap. 3. A long-lived complex will-on]y be formed with high probability
if there is a deep potential energy well associated with the intermedi-
ate.

Among the direct reaction mechanisms, there are several different
models which have been proposed. The simplest, and also the one which
correctly describes the gross features of the product velocity distri-
bution for most IM reactions, is the “spectator stripping® model. It

17

was found™ in the first IM beam experiments that reactions such as

X ¥, 5 XYy (14)
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+
(where Y2 was usually HZ) produced XY velocity distributions

peaked at what is now generally called the spectator stripping velocity:
= ———— Y . (15)

It is implicit in expression (15) that the velocity of Y2 is negligi-
ble compared to that of the ion. If this is not a good approximation,

as in the case of a low energy crossed beam experiment, then we have

mme

¥eo = Yem * (mx + mY)(mx + mYZ) Yrel - (16)
The model, as it applies to reaction (14), states that the collision
takes place between X+ and only one of the Y atoms; the other Y atom,
which is merely a spectator during the process, does not have its ini-
tial velocity vector altered. Since in center-of-mass coordinates X+
and Y2 have, prior to collision, equal but opposite momenta, a single
Y atom has half the momentum of X+, and thus the XY+ will be forward
scattered (in the initial x direction) with half the momentum of the
X+ reactant. This conservation of linear momentum approach leads to
equation (16). The spectator stripping model was first proposed by
nuclear physicists to explain some of their observed product distribu-

tions
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The fact that this simplest of all reaction models 1is successful in
describing many experimental product distributions is no doubt fortu-
itous. Few people believe that it accurately portrays microscopic
dynamics, and there has been some effort put toward modifying the model
to make it more physically reasonable. The first attempt37 at modi-
fication included an estimate of the incoming and outgoing potentials,
The ion-induced dipole potential, V = - ®&_ was used, with e the charge
on the ijon and o the polariability of the neutral. The fact that a Y
atom is generally not as polarizzble as Y2 implies that products will
not be decelerated in the exit channel as much as reactants were accel-
erated in the entrance channel, and hence velocities greater than the
stripping velocity should be seen. Though the effect predicted by this

"modified stripping" approach only become noticeable at very low colli-
+ 37,38

sion energies, it gave an excelleit fit to data for Ar+(D2,D)ArD
Another variation of the spectator stripping model is the "elastic
spectator" modei. Like spectator stripping and unlike modified strip-
ping, this is a billiard ball model in that no long-range forces are
included between collision partners. An elastic spectator event
involves a completely inelastic tollision between X+ and one Y atom
and then an elastic collision with the other Y atom. Hence this model
constrains products to appear at the spectator stripping center-of-mass
ve]ocify, but center-of-mass angles other than 0° are allowed. The
model does a reasonably good job of predicting the product distributions

31

for the reactions N;(HZ,H)N2H+ and 0+(H2,H)OH+39 at moderate

energies. In the special instance where a collinear approach is pre-
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ferred, the elastic spectator model states that the product is back-
scattered; this particular case is generally called the “ideal rebound"
model. Another impulsive model which has been proposed to explain a
product backscattered peak is the "ideal knockout" model.qo'41 Here,
it is assumed that the initial collision between the ion and one of the
H atoms is completely elastic and then reaction occurs with the other
atom.

An interesting characteristic of all of the hard-sphere-type models
is that conservation of linear momentum defines the product velocity and
thus the internal energy of the products is fixed. In a spectator
stripping event, all of the relative energy of collision x* and the
single Y atom in their own center-of-mass frame, plus any heat released

in the reaction, is converted to internal energy. Mathematically this

corresponds to

m, +m
mY X Y2

Eint =-rﬁY——-(Tn;TﬁY—)—Ere] + AH. (17)
2

Because of this constraint, one can see that as the relative collision
energy is raised, a point will be reached where the product attempts to
store more energy than its dissociation energy. A way of stating this
in the lanquage of the previous section is that the Qmin circle has
moved out to the spectator stripping velocity. At this collision
energy, stable products cannot be formed by a simple stripping process.

Experiments in the high energy regime, where this effect "turns on,"

have led to some interesting results. In the reaction X+(H2,H)XH+,
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where X+ is N;, CO+, or Ar+, the spectator stripping peak moves forward
with higher collisicn energies, staying in the zone of the stabi]ity,42—44
while for 0' and N the forward peak at 0° disappears,Bg’45 and is
replaced by side peaks. The first three reactions are significantly exo-
ergic (aH = -1.4 eV) and the reaction mechanism apparently allows for
the channeling of this energy into forward product recoil. The reactions
with O+ and N+ are decidely less exoergic (aH = -D.4 and 0 eV respect-
ively), so the availability of energy released by the reaction seems
important. A hard-sphere reaction mechanism for describing dynamics in
the trans-stripping energy range, has been proposed by Bates 33_31.46
and refined by Mahan and co]]aborators.47 The model assumes that X+
strikes one Y atom elastically which in turn elastically strikes the
other Y atom; this approach is appropriately called the sequential im-
pulse model (SIM). Reaction is accomplished if the final relative
kinetic energy of two of the collision partners is less than the bond
energy of the molecule they form. Agreement between the predictions of
this model, and experiments, has been encouraging.39’45

The fact that for many IM reactions the peak in the product distri-
bution will move ahead of the spectator stipping velacity if energet-
ically necessary indicates the shortcomings of the spectator stripping
model. A slightly more complicated reaction mechanism, which better
explains the experimental results but is still physically understand-
able, has been given. This mechanism states that X strikes first one

Y atom and then reacts with the other and hence is called the
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"migration” mechanism. This is really a variation of the SIM and has
been suggested through the consideration of classical trajectory calcu-

48,50

lations. In a classical trajectory calculation one actually

solves the equations of motion for a system moving in a potential energy
field. B8y running a number of trajectories using properly averaged
initial conditions one can attempt to see how the reaction actually
takes place. It was found50 that the aforementioned migration mecha-
nism was important at high collision energies while stripping events,
which result from grazing collisions, are less so. At lower energies
stripping is daminant. It should be added that the agreement between
these calculated product distributions and experiment is quite good.48’50
A feature of IM reactive systems which should be mentioned when dis-
cussing reaction mechanisms is the following. Because reactive ions
generally have holes in their electronic shells, there will often be
several low-lying potential energy surfaces, and the interplay of these
surfaces can greatly affect the reaction dynamics. The surface on which
a trajectory moves is crucial in explaining whether a reaction will be
direct or indirect, whether the preferred approach is collinear, C2v’
or in between, and, most importantly, whether the reaction will take
place at all. Most classical trajectory calculations confine motion to
one surface, but an important improvement, which allows trajectores to
"hop" onto another surface, has been made.51 This extension, which is

called the trajectory surface hopping (TSH) method, has great potential

for completely explaining ion-molecule reaction dynamics. Coupled with
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the ability of modern ab initio techniques to accurately calculate the
surfaces, the TSH method can be counted on to give results which dupli-
cate experiments, but at the same time directly describe the microscopic
processes.

Another theoretical approach used in elucidating reaction dynamics
involves application of the correlation diagrams. A correlation diagram
shows the pertinent potential energy surfaces and indicates which are
easily accessible, which should lead to reaction, and sometimes sheds
light on the reaction mechanism. The diagram is constructed by placing
electronic states of the reactants, products, and intermediates on a
graph of energy vs reaction coordinate and connecting states using <
and symmetry rules. The lines connecting the states qualitatively repre-
sent potential energy surfaces; further details are given in Chapter 3.
The application of correlation diagrams to low energy IM reactions has
been very successful in explaining some previously puzzling results. As
mentioned earlier in this chapter, the reaction 0+(N2,N)N0+ which
is exothermic, is quite slow. A molecular state correlation diagram

52

shows,”  that ground state reactants are connected with ground state

products through a linear 42' state of the N20+ intermediate.

The ground state of N 0+ is Zn and the 42— state is presumably

4
of significantly higher energy. Assuming the reaction involves a col-
linear approach, then there is probably a barrier along the reaction
coordinate and the reaction should be, as observed, slow. A similar

argument, only using orbital correlation diagrams, was given by
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Mahan53 to explain the difference between the reactions X+(H2,H)XH+

and X(H;,H)XH+ where X = He and Ne. It seems that the reactions
involving He+ and Ne+, though very exothermic, are also very slow,
while the charge transfer analogues, which are endothermic, proceed
rapidly if supplied sufficient energy. A consideration of the orbital
correlation diagrams clearly showed that while X + H; could easily
give XH+ products, X+ + H2 could not. For further demonstrations

of the utility of correlation diagrams, the reader is directed to the

reviews by Donovan and Husain54 and Mahanss.
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CHAPTER 2. EXPERIMENTAL

The apparatus used for most of ti.z experiments described in this
thesis is a crossed ijon-molecular beam instrument which was designed and
assembled by James M. Farrar in 1974-75. It has been previously des-
cribed in some detai1,1 so the present account will be briefer and
emphasize later additions and alterations.

The apparatus is quite similar to an older one which has been in use
in our laboratory since the late 1960's but this one is designed to oper-
ate specifically in the low (1-20 eV) laboratory energy range. Low
energy ion beams are notoriously difficult to work with as they are
easily deflected by stray electric and magnetic fields and their inten-
sity is limited because of ion-ion repulsion. Further complicating
matters is the fact “hat the velocity of a 1 eV ion of moderate mass is
about the same as the thermal velocity of an H2 molecule. Thus, in
order to limit the uncertainty in initial conditions, a crossed beam
approach is necessary. By using a beam of neutrals rather than neutrals
confined to a scattering cell, one loses at least an order of magnitude
in product intensity.

Fig. 1 shows a schematic block diagram of the apparatus. lIons are
formed, mass analyzed, and focused before colliding with a beam of
neutral molecules, approaching at a 90° angle. Products are then
measured for mass and energy by rotatable detector. The individual

components will be described more completely in the following sections.
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Fig. 1. Schematic diagram of the apparatus.
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Ion Sources

The apparatus employs three interchangeable ion sources., The oldest
of these sources creates ions in a microwave discharge and has been des-

2,3 This source uses a Broida cavit_y4 to maintain

cribed previously.
a discharge in a 1.2 cm 1.D. quartz tube at a pressure of 10_2—10_1
torr. The discharge is initiated with a Tesla coil, and is powered by a
3 GHz commercial diathermy power supply. The cavity can be externally
tuned. The plasma is confined to a 3.8 cm length of the quartz tube by
a stainless steel mesh electrode and a flange which contains the 1.1 mm
diameter exit aperture through which the ions are extracted. It is
characteristic of microwave discharges that they have a low (~ 5 eV)
electron temperature.5 If we consider a nitrogen discharge, rela-
tively few electrons will have enough energy (19.4 eV) to produce N+

from NZ’ and it is 1ikely that a two step mechanism involving first

N2 dissociation and then ionization of N atoms (14.54 eV) is opera-

6

tive.” This process occurs far out on the Boltzmann tail of electron

energy, but even fewer should have the extra 1.9 eV needed to produce
the lowest metastable state of N+. For this reason the microwave
source can be considered a gentle ion source and it produces predomin-
ately ground state ions.

Fig. 2 shows a portion of the emission spectrum of a microwave
discharge in pure N2 as measured by an optical multichannel analyzer.
N;(B » X) emission can be seen in the center but lines from the
second positive system (C » B) of N2 are also very prominent. Because

of differences in Franck-Condon factors the N; emission is
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localized while the (C » B) system of the neutral molecule has a long
progression of lines. ODespite this, and the fact that the N;
transition has a large oscillator strength, it is somewhat amazing to
find the ion's emission nearly as strong as that of the neutral. It is
this high ion density which makes the microwave source so attractive.
Parent ion intensities, measured at the collision center, (e.g. N;)
range up to 2 x 10“8A for 10 eV beams wnile fragment (e.g. N+)
intensities are a factor of 5 to 10 lower.

The major disadvantages of this ion source are a fairly large energy
spread in the ions, an unavoidable plasma potential, and the inability
to form ions from atoms with large ionization potentials. Since the
apparatus does not allow for energy selection of the primary ion beam,
the spread in ion energies is determined completely in the ion source.
Tons formed in regions of different potential will have different
energies. Fragment ions will have an additonal energy spread coming
from the fragmentation process, though this effect is reduced by thermal-
izing collisions in the microwave source. Typical energy spreads for
this source are 2 eV between beam 20% points, i.e. where the intensity
is down to 20% of its maximum value, although 4 eV spreads were occa-
sionally seen. This uncertainty in initial conditions precluded using
this source in experiments at energies below 5 eV laboratory. A less
serious disadvantage associated with this ion source was the constant
presence of a plasma potential. Because the electrons move to the wall

faster than the positive ions, there is a net charge separation,7 and

the main body of the plasma is at a positive potential relative fo its
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surroundings. Depending an source conditions this effect can add
10-60 eV of energy to the ions, making it necessary to float the source
at negative potentials to produce low energy ions. The final disadvan-
tage is that due to the lower electron temperature, species with high
jonization potentials are difficult to ionize. Discharges in He and Ne
are possible, but difficult to maintain. Gases containing F atoms such
as CF4 or NF3 also inhibit the discharge and produce very little

F+. It was further observed that discharges containing these diffi-
cult-to-ionize atoms rapidly eroded the quartz discharge tube.

A low pressure electron impact source similar to that described by
Udseth gz_gl.s is also available. In this source electrons emitted
from a heated strip of tungsten mesh are accelerated toward a 1.5 mm
I.D. metal tube which has gas flowing from it. The mesh has 30 lines/
inch with a ,003" linewidth and .001" thickness. A piece 1" long and &
lines wide will produce ~5 mA of emission current when heated with 34
D.C. The tip of the tube is kept at the nominal ion energy and the fila-
ment is biased negatively with respect to this potential. To a good
approximation, ions are formed in the tube because they emerge with a
small energy spread centered about the tube potential. Ions are accel-
erated out of the tube and through the filament mesh by the same poten-
tial difference which attracts the electrans to the tube. This potential
is variable, but most experiments used 160 V. After five years of use,

this source produces ion beams which are about 1.5 eV between 20% points
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for fragment ions (< 1 eV for parents) with about 50% the intensity of
the microwave discharge source. Its performance was somewhat better
when it was new.

Because the gas is leaving a fairly large aperture and entering a
chamber pumped to ~1 x 10'5 torr, we consider this a low pressure ion
source. This fact coupled with the high electron energy employed, makes
our electron impact source an efficient producer of metastable ions.

The third jon source, which has been implemented more recently than
the other two, closely follows the design of Menzinger and Nah1in.9
It is a direct current discharge source which produces ions in a plasma
at 0.1 to 1 torr between a "Christmas tree" shaped 0.25 mm tungsten
filament and a2 molybdenum anode. The source is shown schematically in
Fig. 3. The anode is a molybdenum cylinder (4 cm long by 2.4 cm inner
diameter) which is threaded on one end and has a 0.34 mm hole in the
other end through which the ions exit. The anode is kept at the nominal
ion energy and the filament is usually kept 100 V higher. The alumina
pieces which fit inside the anode spatially confine the discharge. The
anode screws onto a boron nitride support which provides electrical
isolation. The choice of materials in the source is critical as the
discharge is very hot; and the anode can often be seen glowing a dull
red. The boron nitride supports screws onto a stainless steel support
flange, and gas flows through them into the discharge area. The
filament electrical connections are made by spot welding each end of the
filament on to a 0.127 cm dia. stainless steel wire which passes snugly

through a hole in the boron nitride and connects via a sleeve to another
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Fig. 3. Schematic diagram of the DC discharge ion source.
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wire, This wire is soldered to a feedthrough in the stainless steel
flange which supplies the external connection. It is usually desirable
to cool the source can by blowing air on it with a fan.

Gas is leaked into the source, and current to the filament is in-
creased until the discharge is initiated. The discharge (emission} cur-
rent can be monitored by observing the current output of the filament
bias power supply. With a new filament, approximately 7A of heater
current is required to initiate the discharge. When the discharge
begins, emission current climbs rapidly, and it is necessary to use an
emission control circuit to prevent power supply destruction. The cir-
cuit used is similar to one described by 01lison gz_gl.lo and works by
continuously adjusting the heater current to maintain the designated
emission current. At high emission currents (>100 mA)} filament Tifetime
is reduced to eight hours or less and thus lesser values are used. Ion
intensity generally increases with increasing emission current except
for a "resonance” which often appears near 15 mA; this is the preferred
point of operation. At this low emission current, filament life can
approach 100 hours. Filament failure is imminent when the heater
current required to maintain the discharge has dropped to ~2A.

The design of this source makes use of the fact that a sharp poten-
tial drop occurs near the cathode while a near equipotential plasma
exists near the anode. By extracting ions from this so-called "positive
column" of the discharge one produces beams with an energy spread approx-
imately equal to the thermal energy spread of the plasma. OQur own exper-

ience with the source is that it produces beams with about a 1 eV spread
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between 20 points, at intensities approaching those of the microwave
discharge source. Because of the high pressure in the discharge, ane
might expect that this source produces mainly ground state ions. Our
experiments tend to confirm this, but there may be sume variation

depending on source details.

Beam Transport System

Ions exiting the source encounter an extractor and tocusing system
which closely resembles the design of Gentry11 for the older apparatus
in our laboratory and is shown in Fig. 4. The beam is initially colli-
mated by a double aperture lens and then focused by an einzel lens.

The word "einzel" means single in German and is an appropriate name for
this three-element lens as the first and last elements are at the same
potential; focusing is acccmplished by varying the potential on the
middle lens, and hence the beam may be focused without changing its
energy. After the einzel lens, jons are accelerated to the mass analy-
sis potential by a grid, and the beam is then shaped for mass analysis.
This is a crucial step because the magnetic mass spectrometer provides
no focusing in the direction of the magnetic field, and ions with velo-
city components in this direction will be Tost. We have employed a

strong focusing electrostatic quadrupole doub]et12’13

to convert the
axially symmetric beam into a ribbon-shaped beam. The first set of
guadrupoles "stretches" the beam in the direction of the magnetic field,
and the second set collimates the beam. After the mass spectrometer

flight tube, the beam is reconverted tuv approximate cylindrical symmetry



Fig. 4.

44

Block diagram showing ion Tlenses and attached power supplies.
The ion source (which is on the left) is shown schematically.
The lens system between the source and the mass spectrometer is
referred to as the initial focusing state (IFS); the stage
between the mass spectrometer and retarder is called the final
focusing stage (FFS). This figure is adapted from Ref. 1.
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by a second quadrupole doublet. The lens elements between the ion source
and the mass spectrometer flight tube are referred to as the initial
focusing stage (IFS) and are located in the source chamber. This chamber
is pumped by a 6" liquid nitrogen baffled oil diffusion pump which main-
tains a pressure of ~1 x 10_5 torr with the ion source on. The ion
lenses themselves are made of aluminum except for the extractor and
aperture lenses which, due to their proximity to the ion source, are
stainless steel. A1l lenses are gold plated, and most surfaces which

the ions view are covered with colloidal graphite (Aquadag).

The mass spectrometer consists of a 60° magnetic sector with a
flight tube of radius 8 cm. The magnet itself consists of 1000 turns of
16 gauge copper wire wound in two pancake coils around mild steel cores
and potted in epoxy resin. We have found to pass singly charged ions of

mass M{amu) at an analysis energy EA(eV), the required current is

ME
im(amps) = 7 . (1)

=

Typical entrance and exit slit widths are 2 mm and 1.2 mm respectively
which give a resolution, M/aM, of 48. Later versions have removed the
exit slit and placed a 1 mm aperture at the entrance of the exponential
retarder, With this charge, beam intensity is not significantly
decreased, but mass resolution, and beam compactness is improved.

Ions exiting the mass spectrometer enter the final focusing stage
(FFS) which contains aluminum lens elements similar to those in the

IF5. As stated earlier the beam is reconverted to cylindrical symmetry
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by a quadrupole doublet. Further focusing is supplied by another einzel
lens and additional corrections are made by four deflection plates.
Throughout the FFS, jons are at the mass analysis potential (~ 300 V).
This relatively high energy is required to minimize intensity losses
during mass selection but is much higher than the energy desired at the
collision center. It is therefore necessary to decelerate the ions prior
to their encounter with the neutral reactant. This could easily be done
by merely placing a plate or grid at ground potential after the FFS.
With the collision center at ground potestial the ions would be at the
energy set in the ion source. While this simple approach is used in the
older apparatus in our laboratory, it was decided that the exponential

retarder design of Vestal et a1.14

would be more desirable in the
present apparatus.

The exponential retarder consists of ﬁ3 thin lens elements made of
stainless steel, connected by an internal voltage divider. The first
lens element is near the mass analysis potential and the last is at
ground. The potential in between decreases exponentially allowing the
jons to be slowed more gradually and preventing excessive beam diver~
gence. The first two and last three15 lens elements are connected to
potentiometers outside of the vacuum system so that their voltages may
be varied to compensate for edge effects.

As mentioned in the ijon source discussion, beam intensities are
high, and, furthermore, the beam is well-defined in the vicinity of
collision center., The beam diameter is estimated to be 3 mm with a

typical FWHM angular divergence of 2°.
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The FFS and exponential retarder are located in a can which fits into
the main chamber. This chamber is a ~3 ft3 box which is pumped by a
6" liguid nitrogen baffled oil diffusion pump that maintains a pressure

of ~2 x 10'7torr with the neutral beam off.

Neutral Source

As alluded to earlier, it is necessary in low energy ion-molecule
callisiaons to specify accurately the initial velocity vector of the
neutral reactant as well the ion. This is best done by expanding the
neutral gas through a small hole into a vacuum chamber. By doing this,
one automatically has all of the neutral molecules moving in the same
direction, rather than the isotropic distribution associated with a
scattering cell.

The velocity distribution in the beam is determined by the details
of the expansion. In the limit where the mean ¥-c2 path of the gas
behind the hole is larger than the hole dimension, one obtains an effu-
sive beam. Such beams possess a rather broad velocity distribution and
are relatively low in intensity. This last point was actually an advan-
tage to early experimenters who lacked the ability to pump large gas
loads. Effusive beam sources have been in use since the early 1900's
and in 1921 0. Stern and W. Gerlach first explicitly demonstrated space
quantization using one,

If the pressure behind the nozzle is increased to the point that the
mean free path is much smaller than the orifice diameter then we leave

the regime of molecular flow, and hydrodynamic or viscous flow becomes
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operative. The resulitant beam is no longer effusive in character but is
more accurately called a supersonic jet. The use of such a jet was ini-
tially suggested by Kantrowitz and Grey in 195116 but the first attempt
to use one was unsuccessfu],17 and the technical problems associated
with adequate pumping speed weren't overcome until the mid-1960's. With
the present wide-spread use of high speed oil diffusion pumps, supersonic
nozzle beams have become an important tool in chemical physics.
Supersonic beams possess several advantages over effusive beams. One
obvious feature is that the intensity is higher; improvements of two or
three orders of magnitude have been measured.18 Another advantage is
that the velocity distribution narrows, and the peak moves to higher
velocities. This is a consequence of the fact that many collisions occur
during the course of the expansion, and the expansion is isentropic. In
an ideal case, all of the enthalpy of the gas is converted to forward
translational energy.19 The fact that energy is channeled preferen-
tially into forward motion implies that the transverse temperature (and
hence the velocity spread) will be significantly reduced. The degree to
which the gas is cooled can be ascertained from the quoted Mach number

(M) for the expansion. M is defined by

M=

nl<

(2)
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where v is the flow velocity and c, the local speed of sound is given by

the expression
kT
c- (%) (3)

Here y is the specific heat ratio Cp/Cv, k is Boltzmann's constant,

T is the Tocal temperature and m is the mass. Well designed experiments
have achieved very narrow velocity distributions corresponding to M > 100
and local temperatures below 1°K.20 While a Mach number greater than

1 implies supersonic conditions, it should be realized that large Mach
numbers do not imply a tremendous increase in gas velocity. Assuming

all of the enthalpy of the gas goes into forward motion we obtain

v - T (4)
max -I''m

For a diatomic gas at room temperature with a reasonably high
vibrational fregquency, vibration is not an active degree of freedom, and
only the three translational and two rotational degrees can relax. This
implies y = 7/5 and v__ =V/7kT/m. This value is only 87% higher than
the most probably velocity in a bulk sample h/?if7ﬁ$ and 53% higher than
the peak of the distribution from an effusive source (J@E?7ﬁ). Hence it
is not so much an increase in flow velocity which leads to the term
supersonic, but rather the drop in temperature and concomitant decrease

in the local speed of sound.
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The actual Mach number of the expansion is best determined by
directly measuring the velocity distribution, but an empirical

expression has been obtained:20

M=1.17 Kn60'4 (5)

Here KnO is the Knudsen number which is defined as the ratio of the
viscos ity based mean free path to the nozzle diameter. Expression (5)
was found to be accurate for monatomic gases and it was thought that the
exponent should go as {1-y)/y for more complex molecules. Later work
with diatomic molecules demonstrated that substantial departures from
both numerical parameters in (5) could be observed.21

In the original version of our experimental apparatus, a very
rudimentary supersonic source was used. It consisted of a 0.025 mm
orifice in a thin plate and a post collision center beam cather. The
orifice was located 6-12 mm from the collision center and the conical
beam cather was pumped by a 6" liquid nitrogen baffled oil diffusion
pump. In principle such an arrangement should be sufficient for our
purposes as most of the excess beam will be pumped away in the catcher
chamber and the (small) angular divergence of the neutral beam is
relatively unimportant. A problem existed though, in that the neutral
beam was not easily chopped without greatly increasing the background
pressure. The inability to modulate the beam efficiently precluded the
use of phase sensitive detection and prompted us to build a more

conventional source,



52

A drawing of this source is shown in Fig. 5. The design borrows
heavily from Parson and Lee22 for the nozzle-skimmer system but has
one of its two stages of differential pumping after the collision
center. The advantage of this arrangement is that the nozzle can be
placed closer to the collision center thus giving higher beam inten-
sities. The disadvantage is that the chopper sits in the main chamber
and increases background pressure (and background signal) by scattering
half the beam. The stainless steel nozzle consists of a 0.076 mm aper-
ture in a thin plate. It is ovesirable for the wall thickness in the
vicinity of the hole to be minimal so as to prevent cluster formation
and numerous wall collisions during expansion. Hence the machining of
the orifice plate is crucial; by grinding with a radiused wheel it is
possible to make the plate thin (one or two nozzle diameters) near the
orifice but still maintain structural integrity.

A 60°/70° skimmer with a 0.64 mm diameter entrance aperture allows
molecules moving with small divergence angles to enter the main chamber.
Molecules not moving o'ong the center line strike the skimmer and bounce
away. The fixture which maintains positive alignment between the nozzle
and skimmer has large slots machined in it so that pressure will not
build up in the skimmer region. This chamber is pumped by another 6"
liquid nitrogen baffled oil diffusion pump, although a later modifica-
tion removed the baffle thereby increasing pumping speed from ~7504%/sec
to ~1500%/sec. The alignment fixture itself keys into a precision
groove in the face of the differential pumping chamber. The npzzie-

skimmer distance is continuously variabie from outside the vacuum
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Fig. 5. 1. Beam catcher.
2. Turning-fork chopper.
3. MWu metal chopper support and shield.
4, Skimmer.
5. Nozzle.
6. Nozzle-skimmer alignment fixture.
7. Support rod for nozzle.
8. Differential pumping chamber.

9. Main chamber wall.



54

Jd

*324N0S wWeaq j(eda3anau ayy ‘g bty

T

d4d

!

HC

40



55

chamber by sliding the attached rod through a Wilson seal. This
distance is usually kept at 4.2 mm which places the nozzle 5.1 cm from
the collision center. The beam divergence angle is 4° and no further
collimation is performed, resulting in a beam diameter at the collision
center of 7.8mm. After the skimmer, the beam is modulated at 150 Hz by
a tuning fork chopper which is housed in a mu metal box to prevent the
jons from seeing stray fields. The top and bottom of the box are open
to keep the pressure from building up in this area. Using dowel pins
the box fits precisely into place on a block on the front face of the
differential pumping chamber; the chopper position is manually adjusted
until one blade obscures half the skimmer opening. After traversing the
collision center, the beam enters the conical beam catcher and is pumped,
as previously discussed.

The velocity distribution and flux produced by this source were noi
directly measured but we may estimate these properties. Parson and
Lee,22 using ethylene in a similar source, measured a Mach number of 9
at stagnation pressures of 400-700 torr. MWe found using H2 in our source
that backing pressures this high raised the pressure in the differential
pumping chamber (DPC) to unacceptable levels. Our approximate maximum
stagnation pressure was 200 torr which produced an ionization gauge-
measured DPC pressure of 5 x 10'4t0rr. If the efficiency of the
ionijzation gauge for measuring HZ is taken into account,23 the true
pressure is closer to 1 x 10_3 torr. Normally, to prevent scattering of
the beam between the nozzle and skimmer, and the accompanying inten-

sity loses, one prefers to keep the DPC pressure around 1 x 10'4torr;
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however, it was decided that since hydrogen has a small hard-sphere cross
section, a higher value would be acceptable. Pressures at typical opera-
ting conditions are given in Table 1.

Other beam parameters can be calculated theoretically. The mean

free path (A) for a molecule at 293°K is given by:23

= (6)
P(torr)d“(R)

where d is the molecular diameter. The viscosity determined diameter of

Hy is 2.408,2% which implies at 200 torr, A is 5.9 x 10cm. As

3

stated earlier, our nozzle diameter is 7.6 x 107 "cm and hence the

effective Knudsen number is

A

Kn = a——-——-—: 0.0078 . (7)
0 nozzle

Using equation (5) to estimate the Mach number we obtain M = 8. The

expression for the final local temperature in the beam 1525

-1

T = Tyl + il (8)

0

which when calculated yields T = 22°K. The peak of the velocity
distribution is given by?
1/2

v = My (9)
© 3+ 31t

<
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Table 1
Stagnation pressure 200 torr
Differential pumping chamber (DPC)
pressure 5 x 1074 torr
DPC diffusion pump foreline pressure 0.2 tarr
Main chamber pressure 5 x 10-% torr

Typical uncorrected pressures measured with the Hy beam on. The
stagnation pressure is measured with a mechanical gauge, the chamber
pressures are measured with jonization gauges and the foreline pressure is
measured with thermocouple gauge.
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where Vo is the most probable velocity from an effusive source at the

same initial temperature. The result of this calculation is

v =1.47 Vo 6.5kT/m. For a completely isentropic expansion the

number density on the beam axis can be taken a526

-2
n(metec.y _ 5 22 x 101% p_(torr) (X . (10)
cc 0 DO
where PO is the stagnation pressure, X is the distance from the nozzle
and DO is the hole diameter. The calculated number densities at the

skimmer entrance and collision center are 3.4 x 1014 and 2.3 x 1012

molecules/cc, respectively. Dividing this last number by the number

density at one torr (3.24 x 1016

molecules/cc) we obtain an effective
"pressure” for the beam of 7.2 x 10"5 torr. Using this value we may
calculate the expected signal to background ratio if we remember the
beam width (0.78 cm), the main chamber pressure (5 x 10—6torr) and

estimate the reaction path length with background gas at 5 cm. The

result is

signal + background _
background = 3.2 * (11)

In practice we find this ratio to be approximately 2, although both

higher and Tower values are expected and observed depending on the

detector location in velocity space.27
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The original design of this neutral source made allowance for an
easy conversion to the more conventional double-differentially pumped
configuration. This is done in the following manner. One replaces the
beam catcher assembly by a blank flange, and rolls the catcher chamber
and diffusion pump over to the other side of the machine. This pump now
handles a new chamber which holds the skimmer and nozzle and fits inside
the original DPC. The chopper and mu metal box are moved from the out-
side face the original DPC to the inside face. This chamber's main
function now is to pump away gas scattered by the chopper. With this
setup, the total gas load entering the main chamber should be quite low,
thus reducing background substantially. However, the increased complex-
ity of the source results in moving the ngzzle another 3.8 cm away from
the collision center. Because beam number density drops off as rz, the
total signal level would be significantly lowered. It has been our ex-
perience that even with the nozzle in the closer position, total signal

levels are often marginal. For this reason, the alternate configuration

has never been used.

Detector

The detector for the apparatus consists of a valvable, differen-
tially pumped chamber, which can be rotated in laboratory angle, and
contains devices for energy analyzing, mass analyzing, and counting
jons. The chamber is pumped by a 75%/sec ion pump (Veeco MI-75) which
provides a very clean vacuum. This, coupied with the fact that the

detector can be externally valved off from its surroundings, is
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crucial in keeping detector components clean and in top work ing order.
The extra pumping allows the detector to maintain a pressure one order
of magnitude lower than the main chamber which reduces the probability
of reactions with background gas in the detector. The normal detector
background pressure is ~b x 10'8 torr, The whole chamber is mounted

on a rotatable 1id and can be turned with relative easy by hand; the 1id
rotates in the plane of the crossed beams. The exact angular location
of the detector can be read to 0.1° using a scribed scale; vacuum integ-
rity in the main chamber is retained during 1id motion by a differen-
tially pumped Tec—ring.28 A schematic drawing locating the detector
relative to the other major components is given in Fig. 6. One can see
that detector angular motion is limited by the neutral source and the
beam catcher. The total laboratory angular range available is 27° to
-12° which is sufficiently large for systems involving heavy ions and
Tight neutrals. If necessary, the catcher chamber can be removed which
leaves a 7" opening to the catcher pump; performance should not be
significantly affected, but the accessible angular range greatly
increases.

With the detector valved open, it is connected to the main chamber
by a 3.1 mm aperture. lons passing through this aperture immediately
encounter the first lens element, which is grounded, and contains a 1 mm
diameter hole. It is this small hole which defines the FWHM angular
resolution to be 1.5°. Both this lens element, and the front face of

the detector chamber, are heated to prevent the accretion of insulating

layers which can charge up and deflect slow jons. It was observed, at
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Fig. 6. Block diagram drawn to scale looking down on the collision
center. The outside box represents the main chamber. The
internal components are given schematically but the drawing
accurately reflects the location of the walls of these components.



62

least in the case of the detector chamber heater, that heating to ~100°C
increased the transmission of low energy (< 5 eV) ions by several orders
of magnitude.

Once through the small aperture, ions are focused onto the entrance
plane of the energy analyzer by the Read and field lenses, The Read

1en529’30

is a three element design with the first at ground, the

second at the Read potential, and the third at the scan potential. The
scan potential amounts to the centerline potential in the detector. We
desire to energy analyze ions at a fixed value, say 10 eV, so that an

8 eV ion will have to be accelerated by 2 eV to pass through the energy
analyzer. By setting the scan potential at -2 eV, this is accomplished.
The Read voltage is varied to maximize throughtput. The field lens is
effectively an einzel lens constructed from cylindrical lens elements.
The first and third are kept at the scan potential and the second is
varied to maximize signal.

The electrostatic spherical energy analyzer allows only ions of the
desired energy to pass through. It consists of two precisely machined
spherical sectors placed 1.125" apart. If different potentials are
applied to the concave and convex electrodes, one finds that an ion
trajectory negotiates the analyzer successfully only if it has the
correct kinetic energy. For the surface radii and electrode separation

used in our analyzer one ca1cu1ates1

Vgp = 0.45E (12)
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where VEA is the electrode potential difference and £ is the ion
energy passed. We have found empirically though that the numerical
parameter in (12) is actually 0.39.

OQur spherical analyzer has an advantage over the more widely used
127° cylindrical analyzer531 as it provides focusing in two directions
while the cylindrical analyzer focuses in one; this improves ion trans-
mission. There is also a large advantage over retarding energy ana-
lyzers where the signal has to be differentiated to obtain a velocity
spectrum. With this type of analyzer one often cannot resolve weak back-
ward scattering in the presence of strong forward scattering because the
signal is lost in the noise. This problem is completely bypassed in our
deflection analyzer because the higher enerqgy jons would not successfully
reach the ion counter. To further reduce background wiich might arise
from these ions bouncing through the analyzer, the concave electrode has
a slot machined in it that is covered with high transmission mesh.

Undef lected ions can then exit through the back of the analyzer; a simi-
lar technique was used by Dimpf1 and Mahan.32 Although our energy
analyzer deflects ions by only 90°, the resolution is very good; the
magnification of the Read lens system coupled with the aperture size
yields a FWHM resolution aE/E of 0.014. This value is generally much
less than the uncertainty in initial conditions. The analyzer electrodes

as well as the preanalyzer optics are made of molybdenum.
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Tons exiting the energy analyzer are injected into the quadrupole
mass filter (QPMF) by a Heddle lens.33 This is a three element cylin-
der lens with the first element at the scan potential, the third at the
QPMF potential and the second varied to maximize signal. The QPMF is
usually floated at a low voltage (~-10 V) and allows only jons of the
designated mass to pass through. The advantages of a QPMF over the more
traditional magnetic mass spectrometer include compactness and high
transmission. OQur particular mass filter was built in the mid-1960's34
and operates at lower frequencies than most modern commerical units. In
spite of this drawback we have found its resolution sufficient to study
weak signals one mass unit away from strong signals at masses less than
30. Abave mass 30, however, adjacent channel crosstalk prohibits this
practice.

lons which have survived the trip through the energy analyzer and
the QPMF deserve to be counted, and we do everything in our power to
make sure that they are. Upon exiting the mass filter ions are sharply
accelerated and focused by a three element cylindrical lens. The first
and last lens elements are at -2 kV and the middle is at -600 V. These
lens elements bring the ions into our Daly-type detector35 which is a
very efficient ion counter and works in the following manner. The ion
trajectories are bent by a -25 kV potential applied to an aluminum
coated stainless steel "doorknob." Upon impact, several electrons are
ejected and accelerate toward an aluminum coated plastic scintillator,
The thin (1000 R) aluminum coating is grounded and the 25 kV electrons

easily pass through it and into the scintillation material. Here, the
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high energy electrons each produce a number of visible photons which are
measured by the adjacent RCA 8575 photomultiplier tube. Even though the
process started with a single ion, the resultant output from the photo-
multiplier tube is quite large, and can be handled by a LeCroy 321B
discriminator without amplification. With the discriminator threshold
set to the minimum value of 100 mV, the counting system noise is less
than 0.5 cps. The output from the discriminator is sent to two identi-
cal Harshaw NE30 scalers which are gated at the chopper frequency. The
chopper generates a reference sine wave which is squared by a tuned
amplifier. The square wave is fed into a dual channel gate which puts
out gating pulses for the Harshaw counters. Both the tuned amplifier
and the dual channel gate were built by J. M. Farrar. The gating pulses
are variable both in phase (relative to the chopper) and width, and in

practice are varied to maximize net signal.

Wien Filter

A continuing problem in our low energy experiments is the energy
spread of the primary ion beam. As often as not, it is this factor
which establishes the effective lowest energy that we can perform experi-
ments. Other workers, notably Koski's group at Johns Hopkins, use an
electrostatic deflector similar to the one in our detector to energy
select the primary ion beam.36 Typical FWHM energy spreads in their
apparatus are reportedly .07 eV but the resultant decrease in beam
intensity precludes the use of a nozzle beam for the neutral reactant.

Instead, one must use a scattering cell and much of the energy resolution



b6

gained in the primary ion beam is lost. At the time of this writing,
the lack of product intensity associated with an energy selected ion
beam and crossed neutral beam is a problem wrich has yet to be solved.
Qur first attempt to narrow the spread in our primary ion beam was
to merely reduce the mass spectrometer analysis energy. A magnetic mass
spectrometer is in reality a momentum analyzer. If the analysis voltage
is high compared to the spread in ion energies, all ions in the analyzer
will have approximately the same energy and the analyzer works as a mass
selector. If, instead, the analysis energy is comparable to the energy
spread, then ions of the same mass will have a range of momenta, and the
analyzer works as 1 velocity selector. Starting with the mass spectro-

meter equation,
2
_ﬂ_\i_:: qVB, (13)
one can differentiate, rearrange, and obtain,

Rat
E=»%> (14)
where m is the mass, v is the ion's velocity, R is the radius of the
mass spectrometer, g is the charge on the ion, B is the magnetic field
intensity, E is the analysis energy, and aE is the energy spread passed
by a final slit of half-width aR. Using the normal slit widths in our

apparatus one calculates that to obtain aE = 0.5 eV, E must be lowered

5
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to 31 eV. Fig. 7 shows a diagram of the transmission of our mass spec-
trometer as a function of analysis energy. Clearly intensity falls off
much too steeply for this technique to be used to velocity select the
primary ions. Attempts using smaller mass spectrometer slits, which
would allow the use of a higher analysis potential, were also unsuccess-
ful.

With the failure of this methca, it was decided to attempt to add a
Wien filter to velocity select the primary ions. The major advantage of
a Wien filter over a spherical deflector is that ions with the correct
velocity emerge with their initial direction unchanged, and hence it is
easier to adapt to the existing apparatus. A further advantage is that
we were already in possession of a Wien filter. This filter had been
used in the detector of an older apparatus in our laboratory and is

described in detail by Fair.S’

The basic idea behind the operation of a Wien filter is that the
force an ion feels in a magnetic field is proportional to its velocity
while the force in an electric field is not. By passing an ion between
two parallel plates with an electric field pulling it one direction and
a magnetic field pulling it the other, one obtains the result that a

straight trajectory is velocity dependent, with

vV = g . (15)

Here E is the electric field and B is the magnetic field. These devices

have been used successfully for years; ours incorporates a suggestion by

38

Legler™™ and is properly called a stigmatic Wien filter. By using



—_ 68
- X
;
2 |
G
H
-t
< -
x
L X
x
- x
- o
8.08 sk xX | 1 1 1 i 1 1 1 ]
650.08 568 .00
ANALYSIS POTENTIAL
Fig. 7.

Beam current measured at the collision center as a function of
mass spectrometer voltage.

No decrease in energy spread was
observed.
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curved electrodes it is possible to obtain focusing in both the x and y
directions thus improving ion transmission. Unfortunately, the required
conditions for optimal x and y focusing are rigorousiy determined mathe-
matica]ly.38 One calculates that the specified ion energies while in
our filter are only one or two eV, and we find at these low energies,
jon transmission is very low. For this reason our normal operating
point was 10-20 eV where the improvement in transmission far outstripped
the losses in non-optimal y focusing.

The filter itself employs a pair of gold-plated electrodes separated
by 5 mm and suspended between the poles of an electromagnet. The magnet
consists of two 225 turn coils of enameled copper wire, wound around
pole pieces. It was found that the maximum operating current was ~3A as
higher currents generated excessive heat. This implied a maximum mag-

netic field of

B = 1.2 "(t“rg?g;ﬂ(”"ps) - 567 gauss. (16)

The magnet and electrode assembly reside in a mild steel box so as to
prevent magnetic field leakage to other areas of the instrument. Inside
the box, both befare and after the electrodes, the slow jons are
shielded from the magnetic field by steel tubes. The entrance slit to

the filter is a 2.5mm round aperture and the exit slit is rectangular

with a width of 1 nm.
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The Wien filter was adapted for use in our instrument by hanging it
from the far wall of the source chamber as showa in Fig. 8. The Wien
assembly aligns precisely using dowel pins. It was necessary to con-
struct an additional einzel lens assembly and a new shorter extractor to
supply adequate focusing into the filter. Also a tube that fits between
the source chamber and the mass spectrometer flight tube was added to
extend the vacuum system. This was required to accommodate the extra
length of the IFS.

An example of the performance of the filter is shown in Fig. 9. We
see a substantial narrowing of the beam velocity distribution when the
Wien magnetic and electric fields are turned up. It should be pointed
cut though, that on this particular day, the unfiltered beam was abnor-
mally wide in energy and such a dramatic improvemen: was rarely obser-
ved. It was more cammon to start with a beam of width {distance between
20" point) 2.0 eV and use the filter to decrease it to 1.5 eV. This
narrower beam was generally an order of magnitude weaker than a normal
beam with the filter removed. Further narrowing of the energy spread to
~1.0 eV could be obtained, but only under more seveire filtration condi-
tions such as lower ion energy in the filter. It was always the case
that these small improvements in energy spread were accompanied by large
decreases in intensity; for this reason the filter was not used in any
experiments described in this thesis.

As mentioned at the beginning of this discussion, the intensity
problems associated with a velocity selected jon beam in a crossed beam

apparatus are formidable. It is conceivable that the present apparatus
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Fig. 8. 1. 1lon source (electron impact source shown).

2. Extractor.

3. First aperture.

4. Second aperture.

5. Einzel lens element (side).

6. Einzel center,

7. Einzel lens element (side).

8. Support rod.

9. MWien filter assembly.

10. Insulating spacer.

11. Insulating spacer.

12. Ion source vacuum chamber.

13. Extender tube.

14. Grid #1.
15, Grid #2.
16. Quadrupole lens elements.
17. Final lens element.
18. Slit (initial).
19. Mass spectrometer flight tube.

20. Alumina rods.
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Scale drawing of the initial focusing stage with the Wien filter installed.
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Fig. 9. Demonstration of the potential effectiveness of the Wien filter.
The plus signs indicate the beam energy distribution with the
filter off, and the x's with the filter on (magnet current 3A).
The FWHM energy spread of the unfiltered beam is 2.3 eV and

the filtered beam is 0.8 eV wide. The distributions are normalized
to the same intensity.
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with the Wien filter could be used to study large cross section pracesses
or even less probable reactions if the neutral beam was replaced by a
scattering cell. These actions are not justified at the present time,
however, because the minimum observed energy spread is far from impres-
sive ana could probably only be reduced by redesigning the pre-filter

ion optics, reducing slit sizes, and increasing the maximum available

magnetic field.

Operation

To obtain the desired primary ion beam, the specified ion energy is
set, the other lens element voltages are adjusted to their approximate
optimum values, and the magnet current is varied until signal is
measured on an ion collector located at the collision center. When the
correct magnet setting is found, the other potentials are changed
iteratively until the maximum ion curvent is obtained. After the beam
is deemed stable, the detector valve is lifted open (this also removes
the ion collector) and beam current is optimized on the detector by
varying both beam transport and detector voltages. Although counting
rates approaching 1 MHz can be obtained for the primary beam, it is
usually kept a factor of ten lower by increasing the QPMF resolution.
Typical operating condition, for the apparatus are given in Table 2.

Once the primary ion beam is stable, the neutral beam is turned on
by putting gas at the desired stagnation pressure behind the nozzle.
The chopper is then started and data taking can commence. A typical

experiment is performed by adjusting the (QPMF to pass the desired mass
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Table ¢
lon Enerqy iov
Extractor ~-400
2"d pperture -100
[FS Einzel 0 or -500
[FS Quadrupole 1 30
IFS Quadrupole 2 #10
Mass Analysis Potential -300 Magnet 1.2A
FFS Quadrupole 1 20
FFS Quadrupole 2 30
FFS Einzel 0 - -200 variable
Horizontal Deflector [variable| < 10
Vertical Deflector | variable| < 10
Scan 0
Read 0 - -70 variable
Field 0 - -70 variable
Energy Analyzer 3.90
Hedd le +10
QPMF float -10

The above values are typical focusing conditions for a 10 eV beam of
N*. Note that all of the voltages on the primary ion beam lenses with
the exception of the two einzel potentials, are floated on the ion
energy. The quadrupole and deflector voltages sit on the mass analysis
potential. A1l of the detector lenses float on the scan potential.



77

and then data points are taken at various laboratory angles as viewed by
the detector. Next, the energy passed by the detector is changed by
altering the scan voltage, and another “"cut® {angular scan) is

performed. This process is repeated until a patchwork of 100-400 points,
covering a suitable region of velocity space is obtained. Each point
requires 5-30 seconds of counting time; signal (S) and background {B)

are gbtained simultaneously and displayed on two different scalers. The
raw data are output to a teletype, manually punched onto cards and
analyzed by a Fortran program on the LBL CDC 6600 computer. The program
calculates a partially normalized Cartesian specific intensity (I) for

each data point using

I = (5-B) (—E‘-’)Sﬁ’? (17)

where ¢ and £ are the laboratory scattering angle and energy of the data
point. The cose factor takes into account the detector viewing

1 1/2

efficiency,” and £~

is the erergy Jacobian discussed in the
previous chapter. The quantity I determined by (17 is normalized in
the sense that the numbers within a particular experiment are directly
comparable; however, since beam intensities and the counting time are
not input, there is no normalization between different experiments. A
Calcomp plot locating the I values in velocity space is output, and a

product contour map is obtained by drawing smooth curves through these

points.



it i wuccasionally desirable to measure product intensity alang the
troeretical relative velocity vector rather than a full angular distri-
buthon,  An experiment such as this requires only 20-40 points and hence
longer counting times can be more conveniently used and better signal to
rorse ratios obtained. To perform these experiments it is necessary to
knuw the location of the relative velocity vector. A geometrical treat-

ment of the problem leads to

'
m 1

E=>

(18)

<

cose *+ "1 sine
vn
where £ and m are the lab energy and mass of the product, Vs and Vo
are the lab velocitie: of the reactant ion and neutral and e is the lab
angle with the ion beam defining 0°.

Although there are a myriad of problems, both real and imacined,
which can prevent one from getting high guality data, we will mention
only a few. One is an analogue to optical chromatic aberration. As
discussed earlier, our mass spectrometer is really a momentum analyzer
and thus ions of the same mass but with different velocities, will have
different trajectories. In particular, faster ions will not be bent as
much as slower jons. This velocity dependence of the laboratory angie
can lead to a beam profile which is skewed in velocity space. The
largest danger associaterd with this is that the skewness will not be
noticed, and an experiment is performed with an unacceptable beam which
wastes a lot of time. To fight the problem it is important to charac-

terize the beam carefully and if the beam is excessively skewed,
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focusing should be altered. We have found that sometimes it is helpful
to change the magnet position.

Another, more pervasive problem, is one of cleanliness. Any insula-
ting layer deposited on one of the lens surfaces can charge up to very
high potentials and deflect low energy ions. The symptoms of dirty lens
elements are beam instability, strong energy dependence on transmission
or just plain low intensity. The location of the problem can often be
pinpointed by measuring beam current on various lens elements, but the
IFS is usually to blame. DOuring constant machine use, the IFS normally
has to be cleaned about every ten days. Cleaning is done by immersing
the lens elements in an organic solvent and leaving them in an ultra-
sonic bath for ~ 1 hr., This procedure is usually sufficient to restore
the apparatus to proper working order. It was originally thought that
insulating layers were caused by diffusion pump o0il getting around the
cold baffles; however, the observation that it is the IFS that gets
dirty rather than the FFS, retarder, or detector implies that the dirt
comes from the ion source. In five years of operation, the exponential
retarder has been cleaned only twice and neither time was their an
improvement in beam performance. This indicates that contamination by

pump oil is not a serious problem,
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CHAPTER 3. N - W, INTERACTIONS

Introduction

The reaction of a light atomic ion with H2 gives the worker an
excellent opportunity to compare experimental results with thecretical
models for chemical reactions. While it is the inherent simplicity of
these systems which makes them so attractive, the reaction of N+ with
H2 has certain complicating factors which further boost one's interest.
More specifically, there are a number of low-lying potential energy sur-
faces whose effects on a reactive trajectory are not readily predictable.
The study of N+-H2 interactions should be helpful in understanding
these effects.

-+
Due to low abundances, N —H2 interactions are not very important

in flames or the atmosphere. It should be mentioned, however, that the

reactions

+ +
N + HZ » NH +H (1)
+ +
N + H2 > NH2 * hy (2)

are potentially important to astrophysicists. HZ is the most abundant
interstellar molecule and NH' is thought to play an important role in

the chemistry of outer space.1 The radiative association reaction may
be even more interesting than reaction (1) overall. Such processes are
difficult to study because of their low cross seciions, but the related

radiative association reaction



L I S * hy 2
L[ i
Py Leel Do assed by dutruphys1iists, T dnd has a4 caiculated rate
- S 3, . _
corLtart ot -lU LTl sec, "Nere dre a4 humber of simylarities

between the potential surfaces involved 1n reactions (2 and (3} anc
there 15 Sume experiMmental vevdence for tne occurrence ot Lith, n an
Caperiment whnere a beam of h’ wa, glrected into a cell of HZ' visitle
fuilnestence, which wds best assigned as a transition 1n NH;, was
observed.a The emission was very weak, with a cross section similar to
that predicted for reaction {3). Qur own unsuccessful search for reac-
tion (2) is discussed later and we now direct our attention to reaction
(1).

Tne transfer of an h atom from hz to h+ was first studied in
1907 by the NUAA group using tne flowing-afterglow techniQue.5 They
meas.red a thermal rate constant at 300° of 5.6 x 10_10cm3/sec. This
value is only about 1/3 of the calculated coilisional rate, and hence
the reaction is slow compared to most icn-molecule reactions. The reluc-
tance of reaction {1) to proceed has beer. confirmed via ion cyclotron
resonance6 (ICR) and the newly developed selected ion flow tube7
{SIFT) technique which give values of 4.8 x 10-10cm315ec and 6.2 x
10—10cm3/sec, respectively. The reason for the slowness of reaction
(1) might be that the reaction is slightly (0 < aH < .05eV) endothermic.
Further discussion of the energetics is given later,

Reaction (1) has been studied at higher collision energies using the

ijon-beam technigue. In 1972, Gislason et a1.8 measured product veloc-

+ +
ity vector distributions for NH at initial N —H2 relative collision
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+
energies of 2.5-5.1 eV, They observed that NH was predominately forward
SLattereu9 and that maximum product intensity occurred at a velocity
sl1ghtly less thar that preaicted by the spectator stripping model. Since
+ .

the KH distribution was asymmetric in the barycentric frame, they con-

+
2
short-lived, and, therefore, the reaction mechanism was direct. It was

cluded that in this energy range any NH, intermediate formed was very
further deduced by studying the peak of the product distribution as a
tunction of coilision energy, that NH+ emerged predominantely in the
" state which lies ~.06 eV10 above the 2n ground state.

The next ion-beam study appeared in 1974 and extended to slightly lower
energies.ll Here HD was used instead of H2 and velocity distributions
were measured in the direction of the primary ion beam for both NH+ and
ND+ products. At energies about 2.36 eV the product distributions peaked
near spectator stripping in agreement with Ref. &, but at 1.15 eV the NH+
distribution was almost btimodal in character, At this energy, the peak »..
still at the spectator siripping velocity, but there was a distinct broad-
oring near che center-of-mass velocity. The authors also reported that an
experiment at 0.5 eV relative energy yielded a product distribution peaked
at the center-of-mass. Almost simuitaneously the results of Fair and Mahan

vere pubh‘shed.12

In this study, full angular product distributions were
measured and increasing symmetry (with respect to the center-of-mass) of
these distributions with decreasing initial energy was also observed. At

0.79 eV, which was the lowest energy studied, product intensity was
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peaked at the center-of-mass and possessed sufficient forward-backward

symmetry that the authors concluded the reaction was proceeding through
a long-lived complex.

+
The fact that a long-lived NH2 intermediate is involved was not

+
surprising because NH2 lies over 6 eV below the reaction's asymp-
totes; however, the energy dependence of the complex formation was

unexpected. The analogous reaction

C" + Hy > CH + H, (4)
shows considerable symmetry in its product distribution at collision
energies as high as 3.5 eV though possessing a potential energy well

only 4.4, eV deep.13 The slightly more complex reaction,

+

0, + D, > 0,0 + 0D, (5)
yields a symmetric distribution at energies below 5 eV although

DZOZ is only 4.3 eV below the products.14 In reaction (5) a

truly long-lived complex lasting at least several rotational periods is
thought to exist, while in (4) an "osculating" complex lasting about ane
rotational period was proposed. In light of the very deep well assoc-
jated with NH;, it came as some surprise that the initial collision
energy had to drop below 2 eV before substantial complex formation was
suggested by the product distributions. An explanation was proposed by

Fair and Mahan.12 By constructing an electronic state
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correlation diagram for the low-lying potential energy surfaces of the
(N-H2)+ system it was seen that the deep well might not be easily
accessed. The only Tlow energy, adiabatic pathway to ground state
NH;(3Bl) involved an avoided crossing between two surfaces in
CS symmetry. It was not possible to estimate how important diabatic
behavior (surface hopping) might be, but it was certain to become more
important as the collision energy was raised. The explanation then, was
that as the energy increased above 2 eV, fewer trajectories sampled the
deep well, and hence fewer reactive events involved a long-lived complex.
A more detailed discussion of the reaction dynamics is given later.

As alluded to earlier, Ottinger and co-workers have put considerable
effort into observing luminescence from N+—H2 co]]isions.15_17
This is, of course, a very powerful technique because the results yield
detailed information about the internal state distribution of any reac-
tion products. A major disadvantage, however, is that no information is
gained about states which do not readily emit in the visible or near
uv. Since the expected reaction products are either NH+(4E') or
NH+(2n), neither of which fluoresce, little if any emission should
be seen. Indeed, the observed chemiluminescence cross section is very
low, about 104 times less than if propane is used as the target

gas.15 The dominant emission band seen can be assigned as

NH(AST) » NH(XPZ™) + hv.
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The reaction between N+(3P) and H2 to form NH(A), requires several
surface hopping which would explain its low cross section. Furthermore,
the fact that the cross section peaks at 17 eV relative energy, and

emission is not even observable below ~7 eV16

should be taken as sup-
port for the validity of adiabatic correlations at low energies. It was
possible for Kusunoki and Ottinger to glean some dynamical information
from their experiments., Since the emission cross section maximized at
17 eV, the reaction to form NH(A) does not occur via a spectator strip-
ping mechanism.17 A simple stripping event cannot yield bound NH(A)

at initial energies above 10.4 eV. Hence, some mechanism which gives
NH{A) the ability to assimilate excess energy into translation must be
operative. This is in sharp contrast to the reaction to form NH+. It
was found in higher energy studies of reaction (1) that there was a

significant decrease in the cross section when the energy was raised

past the Timit for NH+ to be stabie when formed by stripping.18

The related reaction
+ +
N+D,»ND +0D (6)

has also been studied. Using the merged beam technique, Gentry and
co—workers19 examined this reaction in the 0.03-10.1 eV initial rela-
tive energy range. Asymmetry in the product velocity distribution

indicated that throughout this energy range, the reaction is direct. By
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using a correlation diagram argument similar to that of Fair and Mahan,
it was concluded that the reaction proceeded via a collinear approach on
the 52’ surface, Since there is not expected to be any large

decrease in the potential energy as the (N—H-H)+ intermediate is

formed, the result that the reaction is direct is easily understood.
Subsequent ab igigig_calculations of the quintet surfaces have confirmed

this explanation.zo

Reaction Energetics

The energetics of
N+ H, » NH + H (1)

can be the source of some confusion. One recent study7 of this reac-
tion states that it is exothermic by 0.7 eV, which is contrary to pre-
vious estimates that it is approximately thermoneutral. The source of
these problems is the uncertainty in the ionization potential of NH and
the dissociation energy of NH+. The experimental value of I.P.(NH) is

13.1 eV as measured by two 3r0ups.21’22

This quantity is not easily
measured experimentally, as any method used to produce NH radicals may
produce them with internal excitation. Subsequent ionization of these
radicals can give a lower ionization potential than if they were intern-
ally cold. Although arcurate values have been measured using the pulsed

discharge technique of Foner and Hudsen,22 it appears they have

underestimated the value for NH.
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Modern ab initio calculations are quite accurate and in a recently
published reference book on diatomic mo]ecu]es,10 an ab initio value
is quoted. This value, 13.63 eV, was obtained in 1970 by Liu and
Verhaegen23 but is probably not the best value available. 13.63 eV is
greater than the ijonization potential of the H atom (13.595 eV) and

hence the reaction
+ +
N + H2 > NH + H (7)

would be more exothermic (or less endothermic) than (1). Not only would
NH + H be favored energetically, but the lowest 32' potential
surfaces in both Cmv and th symmetries would then adiabatically
correlate to these products. Since reaction (7) has, to our knowledge,
never been observed at low energies, it seems likely that I.P.(NH) < I.P.{H}.
More recent calculations support this assertion. A 1971 SCF calculation
which used an empirical correction for correlation energy gave I.P.{NH)
= 13.47 eV.24 Probably the best value available is that obtained by
Rosmus and Meyer'25 using the pseudonatural orbital-configuration
interaction technique (PNO-CI). Their answer, I.P.(NH) = 13.5 %.1 eV,
places the NH + H asymptote about 0.1 eV below NH + H+.

Further problems arise when considering the bond energy of NH+.
As can be seen in Fig. 1, the 2H state which lies only about .06 eV
below the 42' state, does not adiabatically dissociate to the lowest

asymptotic products. This fact, combined with possible interference
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Qualitative potential curves for the lowest states of NH+.
The figure is adapted from Ref. 8.
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from the guartet state, might make direct experimental measurement of

DO(NH+) difficult. Indeed, the only experimental value avaﬂable,26

3.7 £ .4 eV, is not of much help. The best theoretical work,25 says
that NH+(2n) is 3.50 = .05 eV below N(4S) + H and seems much

3
(

more dependable. The N P) + H asymptote is 0.95 eV (I.P.(N) -

I.P.(H)) higher and we conclude that the bond energy of NH+(ZH) is
4.45 ev. Since Do(HZ) = 4.478 eVlO, one calculates for reaction

” = D ” - D ”+ = . 3 eV.

This number is in good agreement with another ab initio study27 which
places NH+(4Z') + H .05 eV above N+(3P) + H2, and hence NH+(2H) + H
would be about .01 eV below. In light of these results, we conclude that

the reaction is essentially thermoneutral.

Resulis

The cross section for the formation of NH from N - H2 collisions
is not particularly large. A typical maximum counting rate of net NH
signal was about 25 counts/sec. In contrast, it was quite easy to measure
5000 counts/sec NZH+ resulting from N;—H2 ccllisions. Part of
this difference stems from the fact than N; beams were about 5 times
more intense than N+ beams, and the N2H+ was confined to a smaller
laboratory angular region, but clearly NHT is formed with a lower cross

section.
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As mentioned in the introduction to this chapter, reaction (1) has
been previously studied throughout a wide energy range. OQur interest in
the reaction was at low energies, where the chemical forces are most
jmportant. The work reported here has some overlap with earlier studies
but improves on it or adds to it in several important ways.

A11 of the previous ion-beam work used a beam-scattering cell
arrangement while in our experiments the crossed beam technique was
used. This distinction can be important at low collision energies where
the random orientation of the H2 velocity vectors will smear the
initial and hence final velocity distributiors. Using a chart given by
Chantry,28 one obtains that this Doppler broadening induces a FWHM of
~0.5 eV in the initial center-of-mass energy distribution at 1 eV rela-
tive collision energy. By using a supersonic expansion to introduce
the neutral reactant, the effective temperature of the neutral is
decreased by at least a factor of 10 (see Chapter 2), which gives a
concomitant increase in experimental resolution.

Another improvement over previous studies is the greater care we
have taken to investigate the electronic state population of the N+
beam. A1l of the previous studies used high energy electron impact on
N2 to produce N beams. It is well-known that this form of ijoniza-
tion can produce an abundance of electronically excited metastable ions
and that these ions may differ appreciably from the ground state in
their chemical properties. By employing our three different jon sources,
we could vary the fraction of metastable N+ in our experiments. The

relative populations of the states produced by these sources is discussed
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in Chapter 6 and summarized in Table 1. The most important result in
Table 1 is that the discharge sources produce beams which are nearly
pure N+(3P). Without a doubt, N+ beams from these sources are mare
purely ground state than those of any previous study, and hence experi-
ments with these ions will better reflect the chemistry of N+(3P).

The final and perhaps most important addition we have made to the
study of N+—H2 interactions is to map the velocity vector distribu-
tion of N+ which has bounced off H2 non-reactively. QOur non-reactive
results turn out to be quite helpful in understanding some of the features

of the N+-H2 system.

+ 3 A B
N ("P): Reactive Scattering

More than 10 complete contour maps of the velocity vector distribu-
tion of NH' formed by N'(*P)-H, collisions were obtained. The
microwave discharge source was preferred for these experiments because
it could be counted on to produce > 90% N+(3P) while the DC discharge
source was less dependable in this regard.

Fig. 2 shows the NH™ distribution obtained at 0.72 eV relative
energy with the N+ extracted from a microwave discharge in N2. The
distribution is, within experimental error, symmetric with respect to
the 90" axis. This forward-backward symmetry is consistent with a map
published previously at 0.79 eV12 and can be taken as support for the

+
existence of a long-lived NH2 intermediate.
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Table 1

Appearance (eV) Microwave oC 160 eV
State Potential Discharge Discharge Electron Impact
Ny 42.7 0 0 ~ .10
N'(°s) 30.1 0 0 ~ .40
NS 28.4 0 0 -0
N (1o 2.2 .08 .09 ~ .10
N (3p) 24.3 .92 .91 ~ .40

Estimated fraction of g-= 14 species emanating from the three ion
sources. For further discussion see Chapter 6. Note that for the

electron impact source these are only crude estimates.
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Fig. 2 Contour map of the intensity (Cartesian flux) of NH* resu]ting
from N'-H_, collisions at an initial relative energy of 0.72 eV
(5.30 eV ?a The large cross denotes the or1g1n wh1ch is
the 1aboratory center of-mass velocity and 0° is the initial
direction of the N* projectile in center-of-mass coordinates.
The dot denotes the location of the primary beam and the 20%
profile locates the contour where beam intensity is down to 20%

of its maximum. N" was produced in a microwave discharge
through N2.
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Fig. 3. The intensity distribution of NH' formed in N*-H, collisions

at an initial relative energy of 0.98 eV. Nt was extracted
from a DC discharge in N,.
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. + . -
Fig. 4. The intensity distribution of NH formed in N+—H2 collisions

at an initial relative energy of 1.36 eV. N+ in Figs. 4-8 was
extracted from a microwave discharge in N2.
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Fig. 5. The intensity distribution of NH' formed in N+-H2 collisions at an
initial relative energy of 1.86 eV.
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Fig. 6. The intensity distribution of NH' formed in N+-H2 collisions
at an initial relative energy of 2.16 eV.
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Fig. 7. The intensity distribution of NH* formed in N+-H2 collisions at an
initial relative energy of 2.64 eV. The small cross locates the
spectator stripping velocity.
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Fig. 8. The intensity distribution of NH formed in N+-H2 collisions at
an initial relative energy of 3.60 eV.
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In Figs. 3-8 we see the evolution of the NH+ scattering pattern as
the energy is raised from 0.98 eV to 3.60 eV. The maps at 0.98 and
1.36 eV are peaked at the center-of-mass velocity and possess consider-
able forward-backward symmetry. At 1.86 eV, the distribution is no
longer perfectly symmetric but has its peak displaced slightly forward
and off the relative velocity vector. The lack of symmetry with respect
to the relative velocity vector (O°-180° line) is due to experimental
error. Scattering is necessarily axially symmetric and thus symmetry
about this line should be guaranteed. The slight forward asymmetry,
however, is probably real. The asymmetry is more pronounced at 2.16 eV
and unmistakeable in the 2.64 and 3.60 eV maps. The cause of this shift
is the onset of direct reaction processes.

If the NH; intermediate lives at least a few rotational periods,
then the product distribution should have forward-backward symmetry.zg’30
In a more short-lived, or direct interaction, a preferred direction is
remembered by the complex. This direction is that of the initial rela-
relative velocity vector, and for most ion-molecule reactions studied, a
peak scattered forward, near the spectator stripping velocity is seen.
In the present reaction even at 3.60 eV, the distribution is peaked
noticeably behind the spectator stripping velocity. This implies that
throughout the energy range studied, N+(3P) has substantial inter-
action with both H atoms during the course of the collision. One infers
this from the fact that at 3.60 eV a spectator stripping event produces
NH' at Q = -1.92 eV while the observed maximum is at Q = -3.1 eV. Q

is defined as the translational exoergicity or the difference in product
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and reactant relative translational energy. Assuming ground state reac-
tants, and reaction thermoneutrality, Q is equal to the internal energy
of the NH+ product. The observed internal energy is greater than that
predicted by the stripping model; so, we conclude that energy was tians-
ferred among all three atoms.

One should note that although the NH' distributions become more
asymmetric as the energy is raised, the low intensity contours retain a
high degree of forward-backward symmetry. The overall shape of the 2.64
and 3.60 eV maps is reminiscent ¢f maps obtained at similar energies for
C+(H2,H)CH+.13 The dynamics of this reaction were explained as possibly
involving an "osculating" CH; complex which lasts for about one rotational
period and hence does not completely forget the orientation of the initial
relative velocity vector. A similar distribution (forward peaked with
symmetric low intensity contours) could result if the reaction proceeded
via two distinct mechanisms perhaps involving two different potential
surfaces. One of these would obviously be a direct mechanism, to explain
the asymmetry, while the other might well involve a long-lived complex.
It is possible though for a direct hard-sphere-like interaction to pro-
duce an isotropic distribution. This is the reason given for symmetric
low intensity contours seen in Ar+(Dz,D)ArD+.32’32 The "hard-sphere
contribution" to reactive scattering is most obvious in low cross section
reactions, where its greater relative importance makes it more visible. For
instance the reactions Kr+(D2,D)KrD+ and H;(HZ,H)H; show substantial

symmetry in their product distributions though any potential energy well
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associated with Ker or HZ is negh’qib]e.33 Thus a long-lived
intermediate is not likely, and it must be a direct interaction producing
the symmetry in these low cross section reactions. For the above reasons
it would be incorrect to assume that the symmetric low intensity contours
of Figs. 7 and 8 indicate the continued presence of a long-lived inter-
mediate.

The evolution of the dynamics shown in Figs. 2-8 is somewhat differ-
ent from that reported in previous studies. As mentioned earlier, at
2.36 eV, Eisele g}_gl.ll found the preduct distribution peaked at the
spectator stripping velocity. At higher energies, Gislason gE~gl,8
found peak product intensity at velocities slightly less than spectator
stripping. The results of Fair and Mahan12 wnich have extensive ener-
getic overlap with the present results also move to higher velocities
more rapidly with increasing energy than those observed here.

The explanation for this difference involves the stete distribution
of the reactant N+ ions. It was previously alluded to that in the
earlier work, N was produced by electron impact. While the ioniza-
tion conditions might have been less severe than in our electron impact
source (lower electron energy, higher pressure), a quick glance at Table
1 establishes a potentially large departure from pure N+(3P). Because
of this, we assert that the present results more accurately reflect the

dynamics associated with the ground state ion.
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N ("P): Non-reactive Scattering

Thirteen experiments were performed in which complete contour maps
were obtained for N+(3P) scattered non-reactively from HZ' Because
the DC discharge ion source produced the beams which were most compact
in velocity space, it provided the best non-reactive distributions.

Fig. 9 shows a non-reactive contour map obtained at an initial
relative energy of 0.66 eV. The distribution is quite diffuse, primarily
due to the greater relative importance of beam energy and angular spread
at low collision energies. The gross features which appear are elastic
scattering in the forward hemisphere and a noticeable peak in the back-
ward hemisphere. The ramifications of this backscattered peak will be
discussed shortly.

The initial relative energy is raised in Figs. 10-12 but the basic
features of the N+ distributions stay the same. A large backscattered
peak appears on the elastic circle and the small angle forward scattering
is predominately elastic. (The forward elastic scattering indicates that
little energy is transferred, in high impact parameter, impulsive
collisions.)

The maps in Figs. 13-15 show that at ~1.9 eV, the back peak is
significantly decreased in intensity and has moved inside the elastic
circle. The small feature located at the center-of-mass in Fig. 15 may
correspond to the spin unallowed transition, N+(3P) > N+(lD).

The process requires 1.90 eV and hence all N+(ID) formed would have

insufficient translational energy to move very far from the center-of-
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The intensity distribution of N+ scattered from Hy at an initial
relative energy of 0.66 eV. The Q = 0 (elastic) circle is the
locus of all scattering events in whicn no energy is transferred
between the collisions partners. The region labeled inaccess-
1ble indicates an area in which signal cannot be reliably measured
due to high primary beam intensity. Notice the prominent back-

scattered peak which appears near the elastic circle in the 180°
direction,
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Fig. 10. The intensity distribution of N scattered from H
initial relative energy of (.96 eV.
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Fig. 11. The intensity distribution of N* scattered from H
initial relative energy of 1.40 eV.
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Fig. 12. The intensity distribution of N scattered from H, at an initial
relative energy of 1.42 eV.
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Fig. 13. The intensity distribution of N+ scattered from H2 at an XBL 807-10768
initial relati gy of 1.85 eV
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Fig. 14. The intensity distribution of ' scattered from H2 at an
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initial relative energy of 1.94 eV, 2
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mass. This inelastic transition has been seen before in NL-O2
colhsions,34 but should be very weak when the collision partner has

no unpaired electrons, If the small peak is due io this transition, we
are able to see it only because the products are energetically confined
to a small region in velocity space,

In Fig. 16, at 2.50 eV, we observe that the back peak and virtually
all intensity has disappeared from behind the #90° line. The same
general scattering pattern was abserved previously at the somewhat
higher energy of 6.87 eV.18 Assuming a direct, impulsive, non-reac-
tive scattering mechanism, product scattered at large angles comes from
low impact parameter collisions. The lack of large angle scattering
implies that low impact parameter collisions lead to removal of N+.

The processes which could do this are H atom transfer to form NH+,
charge transfer to form H;, hydride transfer to form NH, and radia-
tive association to form NH;. We may eliminate the last two possi-
bilities, as the cross section for each is minute. Similarly the cross
se.tion for NH' formation is also small at these energies. Using
graphs given by Eisele gg_gl.ll and Hyatt and LaCmann35 we estimate

for reaction (1), at 2.5 eV, a < 1 Az. The charge transfer cross
section, which is only a weak function of collision energy, has been
measured to be 3.5 A2 at 12.5 eV relative energy.36 The logical
conclusion then is that charge transfer is depleting the non-reactive

scattering at 2 eV and above, in agreement with Ruska.37
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The single most important feature in the non-reactive maps is the
backscattered peak. Normal elastic scattering gives a product intensity
distribution which is monotonically decreasing with center-of-mass angle

except for rainbow osci]]ations.38

It is unlikely that we would
resolve these oscillations. We can also be certain that the back peak
is not due to the primary rainbow. The center-of-mass angle of such a
feature would be dependent on collision energy while the observed fea-
ture is not. Hence no direct process is responsible for this peak and
it is likely, especially when one remembers the reactive results, that
it comes from the decay of a long-lived complex.

Since products resulting from the decay of a long-lived complex are
distributed symmetrically with respect to the £90° line, a forward peak,
mirroring the back one, should be present. Unfortunately, the presence
of this feature cannot be checked as its location coincides with the
main beam. (It would also be swamped by intense low-angle scattering.)
Forward-backward peaking in non-reactive distributions is well-known in
neutral-neutral col]isions,39 but the present results are apparently
the first such observation in ion-neutral collisions.

The theory of angular distributions for products resulting from the
decay of a long-lived complex was initially developed for understanding
nuclear processes. It was adapted for the use of physical chemists by
Herschbach and co-workers.40 The points pertinent to our discussion
are as follows. The total angular momentum vector for the comp]ex‘# is

equal to the sum of the initial orbital, L, and rotational, J, angular

momentum vectors. If J is small, as one would expect for supersonically



125

exp anded HZ’ then g‘t L. Making the additional assumption that the
products come off rotationally cold, i.e. J'= 0 (where the prime denotes
quantities associated with the products), then L'~ §' which implies

L= L'. This situation is depicted in Fig. 17a. Since L = uv x b, with
u = reduced mass, v = relative velocity vector, and b = impact parameter,
¢ for the complex lies at a right angle to the relative velocity vector.
If the complex lasts at least a few rotationa?l! periods, it will forget
the initial direction of approach but, of course, rememberAQ due to con-
servation of angular momentum. The complex can then decompose along any
diameter of the circle in Fig. 17a. Since the initial orientation of b
is random, the problem has axial symmetry and all azimuthal angles for 2
are equally likely. If one intearates the distribution of Fig. 17a over
all azimuthal angles, the result is that intensity builds up on the
initial r2lative velocity vector both forward and backward.40 This is
seen physically by realizing that the detector rotates in a plane con-
taining the initial relative velocity vector, and intersects every azi-
muthally rotated circle of Fig. 17a at two points. These points are on
the initial relative velocity vector, and distributed symmetrically
about the center of mass. It is natural that product intensity will be
highest at these two points.

If a significant fraction of the initial angular momentum is
released as product rotation (J' > L'), the polarization of L' is
largely lost and a more isotropic product distribution results, No
longer does every circle intersect the initial relative velocity vector

at the same two points. This is shown in Fig. 17b. A truly isotropic
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J=J'=0 7
(a) 7 >V
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Fig. 17. Relationship between jnitial and final velocity vectors as
determined by angular momentum constraints. In (a) there is
no reactant or product rotation and the entire event takes
place in one plane. In (b) there is considerable product
rotation and y and y' will not necessarily be in the same
plane.
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praoduct distribution cannot really be expected unless th= orientation

of gfis completely random. A situation like this is encountered if the
reactants are rotationally hot (J »> L). Examples of both isotropic anrd
forward-backward reactive scattering are given by Birkinshaw gz_gl.ql
but these arguments apply to non-reactive scattering as well.

In the preceding paragraphs we have explained how a backscattered
peak in a non-reactive distribution can be interpreted as evidence for
the existence of a long-lived complex. Reaction (1) is thermoneutral,
so that once a complex is formed there should be little preference as to
whether it decays to NH+ + H or N+ + H,. For this reason, it is not

2
surprising that the complex channel does manifest itself in the non-reac-

tive distributions.

There have been relatively few studies of non-reactive scattering
from ion molecule collisions in which a long-lived complex is thought to
exist. The processes 0;(02,02)0?4 and C+(H2,H2)C+13 give distributions
showing large amounts of inelastic scattering, demonstrating an intimate
interaction, but in neither is a backscattered peak seen. The difference
between these processes and N+(H2,H2)N+ probably lies in the details of
the potential energy surfaces. Apparently NH; can decompose tc
N+ H2 leaving the H2 internally cold so that J* O and forward-
backward peaking results.

By watching the back peak as a function of collision energy we can
follow the evolution of NH; long-1ived complex formation. Figs. 9-12
show complex behavior in the energy range 0.66-1.42 eV. Figs. 13-15 give

the consistent result that in the vicinity of 1.9 eV, complex formation
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is reduced. The fact that the backscattered feature has moved inside the
elastic circle shows that H2 is carrying away some energy internally.

The back peak appears at Q = -0.6 eV in this energy range indicating that
H2 comes off inv=1, J=0o0rv=0,J=09. At 2.50 eV, in Fig. 16,
the peak is gone and clearly complex formation plays no role in the
non-reactive dynamics.

At this point a natural question arises: Why are the low energy
reactive distributions roughly isotropic while the non-reactive are
apparently forward-backward peaked? One obvious difference in the two
decomposition channels is that the rotational constant for H2 is
roughly 4 times greater than that of NH+. Thus for similar values of
J', 4 times more energy resides in H2 rotation than would in NH+.

Any statistical parceling of the energy would therefore favor lower
rotational guantum numbers for H2. Another related factor which could
be important is the difference in reduced mass associated with the two
channels. As discussed later, due to the long-range nature of the ion-
induced dipole potential, the critical configuration geometries are very
stretched out. Thus the complex can be treated as a diatom of mass 14
and 2 for non-reactive dissociation and 15 and 1 for reactive dissociat-
tion. The reduced mass will bé nearly twice as large for N+ H2
products as NH+ + H and since L' = p'v'b', comparable exit impact
parameters make L' (non-reactive) > L' (reactive). Both of these simple
arguments yield the result that the non-reactive distributions should be
more sharply forward-backward peaked than the reactive distributions.

While this trend is dramatically born out by the experimental results,
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the large change in dynamics associated with the two channels would be
difficult to anticipate and is probably due to the details of the
potential energy surfaces. Further discussion of this is given later.
If we consider the non-reactive and reactive results toaether we see
general agreement as to the gross features of the dynamics. The non-
reactive data show the existence of a long-lived complex at energies
below ~1.9eV. The reactive experiment at 1.86 eV gives a nearly sym-
metric distribution, while the 2.16 eV map is more obviously asymmetric
yielding the similar result at complex formation dominates only up to
~1.9 ev. If the asymmetry of the higher energy reactive experiments was
due to the opening of a new direct reactive channel, perhaps involving
another potential surface, then the continued presence of the complex
channel should be seen in the non-reactive distributions. Since the
channel appee~s to close in the non-reactive experiments also, the
two-surface possibility is weakened. The data support a mechanism

involving a single path in which complex formation becomes less

favorable with increasing energy.

Interactions with Metastable N+

Qur first studies of reaction (1) were done under slightly different
experimental conditions than the experiments discussed in the previous
two sections. The differences are that the electron impact ion source,
as well as a more rudimentary neutral source were used. This neutral

source consisted of a nozzle with a .025mm orifice located 6-12mm from
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guite different from what is seen when N+ is produced in a microweve
discharge. Fig. 22 nicely shows that at 1.45 eV, the forward peak
occurs at spectator stripping.

The logical explanation for tha difference in the distributions
obtained with electron impact and microwave discharge produced N+ lies
in the electronic state populations. As was shown in Table 1, these
populations are very source dependent. Apparently the metastable ions
that are reacting, react in a direct fashion. The fact that the beams
containing metastable ions give more forward peaked distributions is
consistent with our earlier argument for explaining the difference
between our N+(3P) work and previous results.

A bimodal distribution attributable to two different reactant states

+ 42 <y
2D . The exciled reactant,

has been reported before for OE(DZ,D)O
+.4
ol

at

0 u)‘ for which the reaction is 2.0 eV exothermic, produces 0 D+

2
velocities greater than spectator stripping in the energy range 1.0-4.14
eV. The ground state reactant gives symmetric product distributions in
this energy range.14.

The complete domination of Figs. 19-22 by the forward peak would
suggest that the reaction cross section of the metastable(s) is much
larger than that of N+(3P). This is not surprising since the cross
section is small with the ground state icn, but recent thermal eneragy
work indicates that charge transfer is preferred to H atom transfer in
metastable N+-H2 co]lisions.7 Also we observe similar signal
levels with all ion sources implying that a large forward peak did not

"grow" on a symmetric distribution but rather a modest peak was added
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The intensity distribution of NH resulting from N+-H2
collisions at an initial relative energy of 0.23 eV. “In
Figs. 18-21 N was produced by the impact of 160 eV electrons
on N». The 20% beam profile is displaced for clarity.



N* + H, — NHY + H (1.41eV)
Relative Energy = 0.23 eV

180°

Q =0.25eV

r 500 m/sec

4

T+90°

Fig.

18

—— T —

—
e —— -

20% Beam Profile

éel




133

Fig. 19 The intensity distribution of NH' from N'-H, collisions at

an initial relative energy of 0.69 eV. 2
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Fig. 20 The intensity distribution of NH* resulting from NJ'-H2
collisions at an initial relative energy of 0.95 eV.
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Fig. 21  The intensity distribution of NHT resulting from N+-H2
collisions at an initial relative energy of 1.43 eV,
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Fig. 22. Relative velocity vector scan of NH+ produced by N+—H2
collisions at an initial relative energy of 1.45 eV.
N* was produced by the impact of 160 eV electrons on N,.
Data was taken along the theoretical relative velocity”
vector. Error. bars represent one standard deviation. vcm
and Vg denote the center-of-mass and spectator stripping
veloc1%ies respectively,
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quite different trom what is seen when N+ is produced in a microwave
discharge. Fig. 22 nicely shows that at 1.45 eV, the forward pea¥%
occurs at spectator stripping.

The logical explanation for the difference in the distributions
obtained with electron impact and microwave discharge produced N+ lies
in the electronic state populations. As was shown in Table 1, these
populations are very source dependent. Apparently the metastable ions
that are reacting, react in a direct fashion., The fact that the beams
containing metastable ijons give more forward peaked distributions is
consistent with our earlier argument for explaining the difference
between our N+(3P) work and previous results.

A bimodal distribution attributable to two different reactant states
has been reported before for OZ(DZ,D)02D+.42 The excited reactant,

0, (*

velocities greater than spectator stripping in the energy range 1.0-4.14

nu), for which the reaction is 2.0 eV exothermic, produces 02D+ at

eV. The ground state reactant gives symmetric product distributions in

this energy range.14.

The complete domination of ngs. 19-22 by the forward peak would
suggest that the reaction cross section of the metastable(s) is much
larger than that of N+(3P). This is not surprising since the cross
section is small with the ground state ion, but recent thermal energy
work indicates that charge transfer is preferred to H atom transfer in
met astable N+-H2 colh‘sions.7 Also we observe similar signal
levels with all ion sources implying that a large forward peak did not

"grow" on a symmetric distribution but rather a modest peak was added
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and the symmetric part decreased in intensity. This conclusion is con-
sistent with our belief that N+(3P) comprises less than half of the
electron impact produced beam. A discussion of the reactivity of the
various metastables is included in a later section.

Fig. 23 shows o non-reactive distribution obtained with the electron
impact source at an initial relative energy of 1.63 eV. The distribu-
tion is rather broad in the forward hemisphere and appears to be more
inelastic than Figs. 12 and 14. Also, any backward peaking seems
decreased with this source which is logical, considering the lower
N+(3P) fraction and thus reduced long-lived complex formation. Two
other non-reactive experiments were performed using the electron impact

source in this energy range, but in neither is a prominent backscattered

peak seen.

Radiative Association

As mentioned previously, the reaction

+ +

N +H2->NH2+hv (2)

is an interesting process which has been tentatively reported by

Ottinger.4 His conclusions were based on otherwise unexplained
. . ..

emission observed in N -H2 collisions. We attempted to measure

directly the NH; formed in such collisions.
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Fig. 23. The intensity distribution of ' scattered from H? at an
initial relative energy of 1.63 eV. N* was produced by the
impact of 160 eV electrons on HZ'
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Due to the low cross section of reaction (2) (Ottinger estimates
o= 10—20cm2), we did not attempt to observe it using a crossed H2
beam, but instead leaked H2 into the main chamber. This increased the
probability of N+-H2 collisions and allowed the measurement of

actual signal at mass 16. The problem with such an experiment though is
+

that multiple collision events can produce NH2

through the two step

process:
+ +
N" + N, > N+ H
H  + H, » NH. + H
N 2 > H2

Data were taken at H2 pressures ranging from 3 x 10"5 to 2 x 10-4 torr

as measured by an ion gauge. In principle, process (8) would have a
quadratic dependence on H2 pressure while reaction (2) would be linear-
ly dependent. OQur experiments were inconclusive as to this functionality,
but the observation that 1 x 107% torr H, attenuated a 10 eV N

beam by ~60% confirms that multiple collisions may indeed be a factor.
This was verified by an experiment in which HD was used as as collision
partner. If process (2) was the primary reaction to form mass 17

(NHD+) product then no mass 18 (ND;) should be seen. If process

(8) dominates, then the ratio NnD+IND; should equal two. Our

experiment verified the latter possibility.
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The cross section for NH+(H2,H)NH; has been investigated as

a function of energy and is quite ]arge.ll At 2 eV relative energy we

can estimate o(8b) ® 10‘15cm2, o(8a) = 10'16 cm2, and using Ottinger's

estimate, a(2) = 10'20cm2. Even in an experiment which would "guarantee"
single collision conditions by limiting the probability of N+-H2 col-
lisions to 2% (as in a crossed beam experiment), there is substantial
contamination from process (8). 1If we follow the trajectories of 107

N+ jons, 2 x 105 have collisions with H2. The cross section for H atom
transfer is =~1/10 of the (Langevin) collision cross section so 2 x 10°
NH+ ions are formed but only 2 NH; ions are formed via radiative
association. The probability of NH+ having another collision is roughly

(.02)2 = .0004 and hence ~80 NH+—H2 collisions occur. The reaction to

form NH; proceeds at the Langevin rate so ~80 NH; ions are formed by
the two step process. Hence even under "single collision conditions" the
two step process dominates. It would take a very sensitive apparatus to

go to low enough H2 pressure to unambiguously verify reaction (2).

Analysis of Dynamics

Eﬁ; Orbitals
We begin our discussion of the dynamics of the N+—H2 system by
discussing the structure of NH+. Fig. 24 gives a qualitative

picture of the orbitals of a general molecule XH2. The schematic
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Molecular orbital pictures of an XHy molecule. The lines
connecting bent and linear structures show qualitatively the

evolution and energy change of the MQ's as the geometry is
changed.
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orbitals rely heavily on an LCAO-MO approach as they are basically
Vinear combinations of 2s and 2px V.2 orbitals of X and the ls orbi-

tals of H. The change in energy of the orbitals as a function of bond
angle is adapted from a Walsh diagram given by Herzberg.43 The ener-
getic ordering of the orbitals is believed to be correct, but the energy
scale is not meant to be quantitatively accurate. The 131-10g

orbital, which is not shown, is essentially the 1s orbital of X, and
lies much lower in energy.

It is interesting to consider just how accurate the LCAQ-MO model is
when applied to a real molecule. As discussed by Mu]]iken44, a mole-
cular orbital belongs to an irreducible representation of the point
group of the molecule. By the variational principle, the best form for
an MO is the linear combination of basis orbitals (belonging to the same
irreducible representation) which minimizes the energy. For orbitals
which are not the lowest roots of their symmetry class, the variational
calculation is still done but is subject to the constraint that this
orbital must be orthagcnal to all lower roots. It is common to use
symmetry-adapted atomic corbitals as the basis functions for such a
calculation.

% quoting the results of Pitzer and Merrifield,46 gives

Levine,
a good discussion of the MQ's of H20; these should be guite similar to
those of NH;. Table 2 gives the coefficients obtained by the mini-
mal-AQ-basis-set calculation of Ref. 46. The computed coefficients
largely confirm the validity of an LCAO-MO approach but the hard numbers

add extra information when deciding the bonding properties of the MO's.



149

Table 2

1s(0) 2s(0) 2px(0) Zpy(O) ZpZ(O) 15(H1)+15(H2) ls(Hl)-ls(Hz)

la1 1.00 .01 - - .003 -.0004 -

Zal -.03 .82 - - .13 .15

lb2 - - - .62 - - A2
361 -.03 ~-.50 - - .79 .26 -

lb1 - - 1.00 - - - -

461 .08 .84 - - .70 -75 -

2b2 .99 - - ~.89

Coefficients obtained by Pitzer and Merrifield for the low-lying MO's of

H20 using a minimal-AO-basis set. The experimental geometry of Hz0
was assumed in the calculation.

———rmm eI — -

[
o
[

Fig. 25  Sketches of bonding M0's in Hp0 adapted from Levine.
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The 1a1 orbital, as mentioned already, is the 1s{0) orbital and hence
is non-bonding. The 2a1 orbital, though mainly the 2s(0) orbital, has
net overlap between the three atoms and is bonding. The 1b2 orbital
is strongly 0-H bonding. The 3a1 orbital is mainly non-bonding
because any net gain from 2pz(0)—ls(H) overlap is largely offset by
2s{(0)-1s(H) repulsion. 1b1 is a pure atomic orbital and so is non-
bonding. The 4a1 and 2b2 orbitals are obviously (best seen in Fig.
24) antibonding. A further use of the variational calculation is that
more accurate shapes of the MO's can be determined. The two strongly
bonding orbitals are shown in Fig. 25. One should realize that the
coefficients given in Table 2 are functions of the assumed molecular
geometry. This is made obvious when one considers that the 4a1
orbital becomes 309 in the linear molecule and that all ZpZ(O)

character must vanish due to its » symmetry.

Orbital Correlations

As N+ approaches H2, the orbitals of these separated species
change smoothly into the MO's of NH; and then into those of the
product molecules. By using syr.:etry ruies, an orbital correlation
diagram can be made and the evolution of the various orbitals can be

traced. This was first done by Griffing47 and an excellent discussion

pertinent to ion-molecule reactions has been given by Mahan.48
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An orbital correlation diagram pertinent to N+-H2 collisions is
shown in Fig. 26. The reactant orbital energies are estimated by the
amount of energy required to remove an electron from that orbital in the
neutral species. There is some uncertainty associated with this proce-
dure as vertical and adiabatic ionization potentials can be quite dif-
ferent. Some of the sz NHZ orbitals are placed relative to
each other with the aid of an extensive CI calculation on the states of
NHZ.49 These orbitals are located with respect to the reactant
orbitals by assuming that the 1b1 orbital does not change energy as
the complex is formed. This is also an uncertain proposition because
the ionization energy of NH2 is only 11.4 eV which would imply a 3 eV
upward shift in the NH; orbitals. Further complicating matters is
the fact that in NH2 the 3a1 orbital is above the lbl orbital
though there is an apparent reversal in the ion. Some of these problems
can be traced back to the assumption that the energy of an orbital is
equal to the amount of energy required to remove an electron from it.
This is essentially Koopman's Theorem which is only approximately true
for closed shell systems and can give large errors for open shells such
as these. Therefore, the energy levels given in Fig, 26 are of only
qualitative accuracy.

The actual correlation of the orbitals (the lines connecting the
eiergy levels) is done virtually by inspection in this simple case but

in general can be done with the aid of tab1e543 for propayating sym-

metry species in different point groups. The non-crossing rule, which
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Fig., 26. An orbital correlation diagram for N -H collisions. AC
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says that potential energy curves of the same symmetry will not inter-

50

sect,” has also been assumed.

By filling the orbitals on the reactant side and following the loca-
tion of the electrons through the intermediate and products we can now
begin to discuss the dynamics. The lowest three orbitals on the left
side of Fig. 26 are all filled but there are only two electrons to be
distributed among the three degenerate 2p orbitals of nitrogen. If
N+(3P) is the reactant ion, the electrons are in different orbitals
(say 2px and Zpy) with parallel spins. Defining the z-axis as the
direction of approach to the H2 bond, then 2px and Zpy evolve into the
lb2 and lb1 orbitals respectively, which leads to the electron config-
uration 1a§2a§1b23a§1b1 of NH+. This is a 3A2 state which should
be much higher in energy than the lowest state of NH;(3Bl—la§2a§1b§3allb1)
due to the promotion of a strongly bonding 1b2 electron. Alternate
placements of the two 2p electrons lead to even higher energy inter-
mediates. The three possible approaches are shown schematically in

Fig. 27. Because the deep well associated with NH;(3Bl) is not

accessible in the C2v orbital correlation diagram, it was concluded by

a8

Mahan™ that in the a“sence of al—b2 orbital interaction, reaction

(1) should be direct.

If N+ does not approach along the perpendicular bisector of N2
the CS point group is appropriate. Transforming from CZv to CS
symmetry can take both the 3 and b2 species to a". Thus in CS
symmetry the crossing between the 1b2-a“ and 3al-a" curves is

avoided and the ground state orbital configuration can result. In
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Fig. 27. Diagram of the three possible C,, approaches of N (°P) to H2.
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tracing the electrons through the products we find that all end up in
molecular rather than H atom orbitals and the predicted products are
NH + H+. The fact that the observed products are NH+ + H demon-

strates a fallibility of the orbital correlation approach.

State Correlations

As was discussed in Chapter 1, the application of molecular state
correlation diagrams has been crucial to the understanding of simple
chemical reactions. These diagrams are especially well-suited to simple
systems which maintain some elements of symmetry during the course of
the reaction. In these systems, often more information is gained from
the state diagram than the orbital diagram.

Fig. 28 shows a partial state correlation diagram for some of the
lower electronic states of NHZ. It is very similar to one published
previous]y;12 however, there are several changes which reflect a refine-
ment in the position of the energy levels thanks to modern ab initio
techniques. Of particular help is the work of Peyerimhoff and Buenker49
who calculated many states of NH;.

As in the orbital correlation diagram, the energy levels for the
various species are placed and then the correlations are done subject to
symmetry and spin constraints. The energy of N+(3P) + H2 is taken
as zero and the other possible asymptotes are placed with the aid of

51

tables given by Moore™  and the known ionization potentials. The

energies of the C2v and Duuh intermediates were determined theoreti-
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Electronic state correlation diagram for the important Tow-lying
surfaces of the NHg system. The left-hand side considers the
approach of N* (or'N) along the perpendicular bisector of Ho

(or Hﬁ). On the right, collinear approaches are considered.

The dashed lines indicate pathways which are allowed in C
synmetry. 5
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caHy.49 The (NH + H)+ products are placed assuming the reaction is

thermoneutra?l, I.P.(NH) = 13.5 eV, and then using the tables of Huber
and Herzberg10 for the excited states. The placement of the Cmv NH;
comb]ex energy levels is more problematical. Ab initio calculations show

the existence of a 1.7 eV well associated with the lowest 3- surface.52’53

These studies further showed that the 3H and second 32' surfaces are

both repulsive (not shown in the diagram for 232_). The higher states are

all estimated.

If we consider sz approaches, we see humps in some of the lines
connecting reactants and intermediates. Since these lines can be thought
of as qualitative potential energy curves, these humps are meant to
represent potential energy barriers. The existence of a barrier can be
predicted by taking into account orbital correlations. It was discussed

earlier, and illustrated in Fig. 27, that as N+(3P) approaches along the

perpendicular bisector of H2, the states 3A2’ 382, and 381 arise. A
. . . . 2 2 2
strict orbital correlation predicts lb23a11b1,1b23al4a1, and 3a11b14a1

respectively for the occupation of the outer orbitals of these states.
Table 3, which uses information from Ref. 49, gives the orbital occupation
and relative energies of the Towest states of NH+. It can be seen
that the 382 and 381 intermediates arising from ground state reactants
are not the lowest states of these symmetries. Both the lowest 381 and
382 states orbitally correlate to N(2pﬁ2pm) + H; reactants which, in

2 + . + .3
lowest energy, corresponds to N{°D) + H2. This means that as N (°P) and

H2 approach each other on one of these surfaces, the potential energy

initially increases as the system begins to correlate to a high energy



159

Table 3

State Configuration Energy (eV) Angle (deg)

281 1bs 3a; 1by 4a;

8, 2 2 1 ] - 0.0 149.6
', 2 2 2 - - 1.29 107.6
‘g, 2 2 1 1 - 2.03 155.2
2'a, 2 2 - 2 - 3.45 180
’a, 2 1 2 1 - 4.12 60
Ia, 2 1 2 1 . 5.64 63
’8, 2 1 1 2 - 7.42 89
ala, 2 ] 1 2 - 8.5 50
g, 2 1 1 2 . 9.24 98
*a 2 2 1 - 1 11.09 180
2’8, 2 2 - 1 1 11.09 180
A, 11.97 180
2's, 2 2 - 1 1 11.97 180
A, 2 1 1 ] 1 14.2 180

Orbital occupations, relative energies, and optimized angles for
NH;. The energies were calculated at the (estimated) full CI limit

assuming a fixed NH separation (1.027R) but optimum bond angle.



160

state. The upward motion continues until we approach the surface
descending from N(ZD) *H,. This surface is heading toward the
lowest state of that symmetry. The crossing between these surfaces will
generally be avoided, and so the ascending surface reverses direction
and moves down, with different orbital character, to the Towest energy
state of that symmetry. Hence there does exist an adiabatic pathway for
ground state reactants to the deep (6.45 eV) 381 well of NH; in
C2v geometry, but the barrier blocks the way for low energy collisions.
In a similar way, we can see barriers arising for some N+(1D) +
H2, sz approaches. The lowest 1B1 state is 2a§1b§3a11b1 which is
the equivalent of the ground state except for one spin flip. It also
orbitally correlates the N(ZD) + H;, The 1B1 state arising from
N+(lD) * H, is 2a§3a§lb14a1 so that again an avoided crossing and
barrier are indicated. The second 1A1 state has the 3a1 orbital unoc-
cupied and hence orbitally correlates with the high-lying N* + 2H+. Since
the two lowest surfaces of 1A1 symmetry both arise from N+(10) *Hy, a
barrier is expected for the upper one. It should be mentioned again that
Herzberg43 gives tables which tell how symmetry is propagated as the
point group changes.
It can be seen that ground state reactants connect with N+ H
products adiabatically for both C2v and collinear approaches. The

C2v path is on the 3A2 surface and collinearly it is the ;S—
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surface. The expected adiabatic product is NH+(42'), not ground

state NH+(2n), and there is experimental evidence that the quartet

8

is the dominant product.” It is interesting to note that, as pre-

viously mentioned, the thermal rate constant for reaction (1) is 1/3 the
Langevin rate. O0f the three possible approaches in strict C2v sym-
metry, two have barriers and thus would not lead to reaction. Similarly,
two out of three collinear approaches will be on the repulsive 3n
surface, and should also be non-reactive. Hence there is satisfying
agreement between this argument and experiment. It is also interesting
to consider how the states in Cmv symmetry correlate with the C2v

states. This can be done by examining the behavior of the 2s and 2p

orbita1513 of nitrogen as linear NHH+ is bent into symmetric

HNH+. The 2sa orbital, which is essentially the 2s orbital of N, goes
over the the 2a1 orbital in C2v symmetry., The 2pn orbital in the
plane perpendicular to the plane the molecule is bent goes over to the
non-bonding lb1 orbital. The 2pe and in-plane 2pw both become a'

orbitals in CS symmetry and may become degenerate and mix before

emerging as lb2 and 3a1. Thus if the 32—(25022p02nxny) state is
bent into C2v symmetry, it can become 2a§1b§1b13a1 which is the
lowest 381 state.

As discussed by Hirst53 though, it appears that a correlation of

3.3

- A2 is more appropriate. This was concluded by performing

ab initio calculations for various approach angles ranging from col-
linear to C2v' The lowest potential curve for each geometry looked

about the same (at fixed r(H-H)) and corresponded to 3A2 in CZV
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3

and "7 in va. The logical explanation is tnat although 381

can result, for large N—H2 distances, the 3A2 state is lower in

energy (it goes to a lower asymptote) and nance is the state to which

3E”, through an avoided crossing in CS symmetry, correlates. For

smaller N—H2 distances, or larger H-H distances, we would expect that
the 32'—381 correlation is possible. This argument strengthens

our earlier argument for the rate of reaction (1) being 1/3 the Langevin
rate. Regardless of the approach angle, only one of the three surfaces
is not initially repulsive and can lead to reaction. If 3E‘(Cmv)

and 3Bl(CZV) correlated at large distances, then two out of three
collisions might be expected to lead to reaction. This is because

thermal encounters have sufficient time to align to the lowest energy

path and both 3Z'-BA“-BBI and 3n-3A"-3A2 would have

low energy approaches. That there is sufficient time for alignment can
be inferred from the fact that 0+(H2,H)0H+ proceeds at the

Langevin rate® though the only low energy approach is a collinear

one. 54

12

As was discussed by Fair and Mahan,”" an important change in the

state correlations occurs if we allow the collision symmetry to distort

from C2v‘ The symmetry elements which distinguish the 3A2 and 381

surfaces are no longer possessed by the system and both surfaces become

3A". Thus in CS symmetry, the crossing between the 3A2—3A" and

381—3A" surfaces is avoided and it should be possible to attain the

381 well without activation by moving initially on the 3A2—3A"

surface. This reaction path is indicated in Fig. 28 by a dotted line.
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Once the system falls into the deep well it can be expected that the
complex will exist for many vibrational periods as the trajectory ral-
tles around, searching for an exit channel. The fact that an avoided
crossing is encountered en route to the deep well immediately suggests a
possible explanation for the observed dynamics. When two potential sur-
faces are near each other, the probability that a transition will occur
non-adiabatically from one suiface to the other is a function of the
velocity of the trajectory. Perhaps then the anomalously short lifetime
of the NH; complex at 2 eV reflects the difficulty in attaining the

deep well rather than the lifetime of a trajectory in the deep well.

This explanation is discussed in greater detail in the next section.

Conical Intersections and Surface Hopping

If we fix the distance betiween the two H atoms, the potential energy
+
of the N -H, system becomes a function of r, the N+-H2 center—of-mass
o

distance, and e, the angle between r and the H, bond. C

2
attained if @ = w/2 and, at this angle, the 3A2 and 3Bl surfaces can

2y symmetry is

intersect. For any other value of e, both surfaces are 3A" in CS
symmetry and the intersection is avoided. This special situation is
known as a conical intersection.

Conical intersections were first discussed by Te]]er55 but his
work has been extended by others.56’57 Fig. 29 shows a hypothetical

conical intersection. It is a somewhat idealized representation because
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Fig. 29. A conical intersection between B; and Ay states in Cpy
symmetry. The surfaces intersec]: at one point (8 = w/2)
and form a double cone for small excursions from this point.
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in general one does not expect these cones to be circular as (%%
e
and (QXJ can be quite different. Ailso, for the case at hand, it is

90"
not clear that the intersection occurs on a rising part of the 3A2

surface and a failing part of the 3Bl surface. This should not
affect our discussion of the dynamics though.

At low initial relative energies, a C2v trajectory, approaching
from the right on the A2 surface, will avoid the region near the apex
of the cone.55 It will move out of the plane of the paper (departure
from e = %) and take a low energy path on the surface of the lower cone
and emerge on the B] surface. A trajectory with higher initial rela-
tive energy can more easily visit the apex, hence increasing the prob-
ability of attaining the upper surface. In the N+—H2 system, adia-
batic behavior {i.e. staying on the lower conical surface) would give
access to the deep potential well and a long-lived intermediate would be
expected. Higher energy collisions might cause considerable diabatic
behavior, preventing a trajectory from sampling the deep well and hence
giving NH+ by a direct reaction mechanism. This explanation success-
fully explains the experimental resuits.

It should be noted that the above argument can be given completely
qualitatively without any exact calculation of the surfaces involved.
Because of subsequent theoretical work though, it appears now that the
qualitative assertions are based in fact. A 1977 Faraday Discussion
concerning potential energy surfaces received two papers on the lowest

triplet surfaces of NH;.SZ’58 The predicted barriers in the 3B1
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Fig. 30. A portion of the 3A potential energy surface for NHZ.
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that this region is shown because of the presence of the
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d]-3A2 seam. The minimum energy point of this surface
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R(H~H) = 3.65 bohrs.
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and jﬁ7 surfaces were verified, and vt was further ceen that the
3 . .
‘5. surface was attractive with a considerable well., This fect rag

4

. . 1
not beern artl . apated 1n tne early correlation diagram, ¢ but does not

significantly change any dynamical arguments. O0f greatest interest

tncugh is the avoided crosying of the 3A2—3A“ and 381—3A” surfaces,

)

which was nicely demonstrated. Schaefer and coHaboratorss6 mappe:

out the Intersection of the two surfaces in sz symmetry; their results

are shown in Figs. 30 and 31. The first thing to notice is that the
seam cannot be reached without activation on the 3A2 surface until
r(H-H) becomes ~1.7 bohr or 0.9 A. The equilibrium bond distance of

M. is 0.74 ALY

5 so that an increase of ~.16 A would be .ecessary to

reach this point. One would expect that only in low energy collisions,
where the atoms have sufficient time to rearrange themselves as directed
by the weak chemical forces would the H, bond length increase encugh
to access the seam and then the deep well. Furthermore high energy col-
lisions might not only miss the seam, but would most likely be non-
reactive.58 This is because with r(H-H) fixed at 1.4 bohr, the

A2 surface becomes repulsive very quickly. It can be seen in Fig.

31 that there is indeed a barrier in the 381 surface for the least
motion insertion of N+(3P) to HZ' This is a strict consequence of

the conservation of orbital occupation as discussed earlier and by

Woodward and Hoffman.59
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We can also use these surfaces to make more detailed dynamical argu-
ments. The most likely place to encounter the seam and hence make the
transition from 3A2 to 381 character is probably where r{H-H) increases
the least, subject to the constraint that the seam is reached without act-
ivation. This corresponds to a roughly equilateral triangle geometry of
r = .85 A. As a trajectory departs this region on the lower (381—3A")
surface, the hydrogen ator 5 strongly repel each other and the nitrogen
is drawn in; this can be readily inferred from Fig. 31. Such motion may
be interpreted as a large excitation in the bending vibrational mode of
NH;. [f the energy stays primarily in this mode, it is easy to see how
decomposition to NH+-H would leave the NH+ rotationally hot which is
consistent with the experimental results. Such a mechanism has been
given previously by Carrington in a study of the photodissociation of
H20.60 In this experiment, Lyman o radiation dissociated H20 and emission
was measured from the 0H(22+) fragment., The emission showed the
fragment to be rotationally hot. This is a somewhat amazing result con-
sidering that HZO* itself should not be very rotationally excited, having
absorbed only one photon. In order to conserve angular momentum in the
process, the H atom would have to leave with an exit impact parameter of
~4 A, spiraling out in the other direction. It is thought that the
rapid bending in the linear H20 intermediate was induced by a vertical
transition from the bent ground state. This argument is applicable to

+

+
the N —H2 system due to the bent nature of NH2 near the seam

and the quasilinear 381 ground state.b?
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The near-C2V bending complex cannot dissociate non-reactively due
to the presence of a barrier, In complexes formed by low energy colli-
sions, non-reactive decomposition will occur only if the system reat-
tains the 3A2 surface or if the geometry significantly changes from
C2V symmetry. Regardless of which of these two paths i< more
likely, there is no a priori reason to expect considerable rotational
excitation of H2 and none is seen experimentally.

We have not yet considered just how likely it is that the 3B

1
surface is attained given that the seam is encountered. This problem
has been addressed for the N+—H2 system by Gittins 33_31.52 Their
approach was to use the approximations of Bauschlicher 33_91,62 to the
Landau-Zener-Stuckelberg (LZS) formulation.63—65 The LZS method is a
one-dimensional approach formulated in terms of diabatic (intersecting)
potential curves. In order to apply it to real systems, it was altered
for use with adiabatic (non-intersecting) potential curves and several

62

approximations were made. The resulting equation is

P - exp(-Ec/E)”2

where

2 AEg
E. = g (%) (=)
c E_';? EFT;

with P as the hopping probability, E the collision energy, Ec the

"critical" energy at which the probability of hopping is e'] = 0.37,



AEO the energy separation between the surfaces and AE"O the second
derivative of lhe separation at the avoided crossing. The results of
this calculation for reaction (1) were that even at low collision
energies (¢ 1 eV) there was a large probability of happing from the
lower surface to the upper one. (This is the same a< staying on the
3A2 surface in CZV symmetry.) It should be mentioned though that

this calculation concentrated on large r{H-H) distances, which may not
be dynamically relevant, and the probability of adiabatic behavior
seemed Lo increase with decreasing r(H-H) values. Also the basis set

66,58

chosen lacked potentially important polarization functions. For

these reasons the surface hoppirg calculation must be considered suspect.

Complex Lifetime

In Tight of the possibility that diabatic behavior predominates even
at low energies in this system, we decided to perform RRKM calculations
to see if long-lived complex formation was probable on the 3A2 surface.
%)

to allow complex formation in the 1-2 eV collision energy range, but the

We normally would not expect that the well is deep enough (2.8 qu

+
reaction CHZ(HZ,H)CH; gives a symmetric distribution at 1.5 eV

although possessing a well only 2,65 eV deep.67

Of course, the greater
number of internal degrees of freedom should extend the lifetime of this
complex over that of a triatomic complex.

The decay of a long~lived complex can be thought of as a unimole-

cular chemical reaction. To estimate the rate constant of this reaction,

there have been several approaches, the most successful of which are



statistical in nature, The assumption that vibrational energy is rapid-
ly redistributed throughout a highly excited molecule is generally
accurate. When enough energy accumulates in the reaction coordinate,
then the molecule can decompose; the rate of decomposition can be
statistically determined by finding the probability that sufficient
energy appear in the correct vibrational mode. This is the basic idea
68,69

behind the theory of Rice, Ramsperger, and Kassel {RRK). Using

this approach one obtains

K(E) = AL(E-E_)/E]%]

where k{E) is the dissociative rate constant, E is the energy in the
complex, Eo is the well depth, s is the number of effective oscil-
lators, and A can be interpreted as the inverse of the energy redistri-

bution time. In practice, A is taken to be the vibrational rate or
'1013sec'1. Also, the best value for s is generally considered to
be 2/3 of the number of vibrational modes, as the other 1/3 may be

inactive.29 Performing this simple calculation for the 3A2 well

+ . . . -13
of NH, one obtains lifetimes (1/k(E)) of 3.6 x 10 and 2.3 x

1013 seconds for 1 and 2 eV collisions respectively. Lifetimes in the

3

deeper 81 well are about a factor of two longer. It should be

stressed that this is a very crude calculation and can easily be wrong

by an order of magnitude or more.
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The theory was improved in Yater years, primarily through the work
of Marcus and there now are several books mainly concerned with the so-
0,71

talleq HREM theory./ Marcus' additions (which include rotation-

al degrees of freedom) have resulted in a theory which is quantitatively
arcurate for most real chemical systems., Unfortunately, NH; is not
a promising candidate for an RRKM calculation because the implicit
assumption that the energy is randomized on a time scale fast compared
to decomposition is not a good one. Classical trajec * calculations
which directly simulate complex decomposition show that for virtually
all molecules, internal energy randomization is complete in 10_11
seconds except for triatomics with disparate masses.72 The reason
that vibrational equilibration is slow in these triatomics is related to
the fact that the stretching modes are much higher frequency than the
bend and therefore the vibrations are poorly coupled. Thus NH;
would have to live longer than 10—11 seconds before an RRKM calcula-
tion could be considered accurate. The RRK calculation indicated that
at the collision energies of interest, lifetimes of 10_13 seconds
should be seen, so the RRKM calculation will be of questionable validity.
We would expect though that our RRKM calculated lifetimes represent an
upper limit to the true complex Yifetime.

RRKM calculations were performed for motion on both the 3A2 and
381 surfaces using a computer program written by W. L. Hase and D.
L. Bunker. The necessary input parameters are the collision energy,

11211 depth, and vibrational frequencies and moments of inertia of both

equilibrium NH; and NH; at the critical configuration. The
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moments of inertia for NH; 381 and 3A2 were calculated from the

theoretically determined geometries.58 The vibrational freguencies

using for the 381 state were those calculated for isoelectronic

CH2.73 The vibrational frequencies for the strangely shaped 3A2

state had to be estimated. This is not a straightforward procedure
because virtually np data exist on triatomics which are bent more than
90°. In A, MKy, r(H-H) is only 0.92 A, which is smaller than the
distance in excited electronic states of HZ' For this reason it is useful
to think of the 3A2 state as being an H2 molecule bound to an N+ ion.

The bend may be more accurately thought of as an H, stretch. Its

2
frequency should lie between H2 in the ground state (r = .74 A, wg =

4401 cm“l) and H, in the C state (r = 1.033 A, w, = 2444 cm_l) and we
estimate it at 3000 cm‘l. Using a similar argument and approximating
the symmetric stretch by an N-D stretch we estimate 1700 cm_1 for this
mode. The asymmetric stretch can be thought of an an H2 wag and its
frequency is difficult to estimate. In CH2(3BI) it is quite stiff,
3453 cm—l, but here with an increased bond length, and a barrier of

vo8 to H2 internal rotation, we estimate 1500 cm—l.

only ~1 e

The critical configuration is that molecular geometry which, if
attained by the system, will immediately lead to products. It is usually
assumed to be located at the top of the barrier in the effective

potential. The effective potential is given by

2

—

veff =V

”J

ur
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where V is the rotationless potential, L is the total angular momentum,
w15 the reduced mass, and r is the distance of separation. At large
r, V can be approximated by - C/ra, which is the ion-induced dipole

potential, We obtain the location of the barrier maximum by differen-

tiating the effective potential and setting it equal to zero. This

yields
142 8
. a,C L
r(barrier) = (—7—) and Vmax = — > .
L 16u-C

By applying a crude fit to one of Hirst's potentials for this system,53

-1 ergs - Al Using a reasonable estimate

we obtain C = 2.5 x 10
for the angular momentum of the complex, 15 , leads to the result that r
(barrier) = 7.9 A and 10.8 & for reactive and non-reactive decomposition
respectively. The barriers are at such great distances due to the long-
range nature of the ion-induced dipole potential which also accounts

for their insignificant (< .005 eV) heights. For reactive decomposition
the critical confiquration is well approximated by an NH+ ion with an

H atom 7.9 A away. Similarly the non-reactive critical configuration is
H2 with a remote N+. The moments of inertia are readily calculated

from these geometries and one vibrational frequency (the diatomic
stretch) is easily obtained. Only one other vibrational frequency is
necessary because the third is associated with the reaction coordinate.
Assuming the decomposition mode to be a stretch between the remote
partners, the other will be a low freguency wag, which we estimate at
500 cm'l. Fartunately the calculation is relatively insensitive to

this parameter. The values input are summarized in Table 4.
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Table 4
Species Frequencies (cm'l) Moments of
Inertia (AMU-A2)
NHS (3B1) 3566 2.05
1131 1.87
3453 0.18
NH5(3A5) 1700 2.83
3000 2.40
1500 0.43
Critical configuration 3000 60.0
for NH* + H 500 59.0
1.0
Critical configuration 4000 204.0
for N* + Ho 500 204.0
0.3

The geometries, vibrational frequencies and moments inertia assumed for

the RRKM calculation.
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The computer program has three different options for estimating the
censity of internal states in the complex. These are, in order of

increasing accuracy, classical, semi-classical, and direct count. The
+

2

moment of inertia, the small number of vibrational modes, and large

quantum state level density in NH, is very low due to the small
vibrational frequencies. For this reason, a classical approach 1s not
appropriate and attempts to use it seem to overestimate complex life-
time. There is also a problem with the direct count method as it is
able to pick out fluctuations in level density and results in complex

lifetimes not being monantonically decreasing with increasing collision

+

2
of the fluctuations 1s strongly dependent on the input parameters. Since

energy. While this may indeed be true in the NH, system, the nature
these parameters are largely guessed at, it was decided that a semi-
classical estimate, which damped out the fluctuations, was preferable.
In Table 5 are presented typical results for complex lifetimes as a
function of collision energy. A semi-classical estimate of the level
densities was made and well depths of 2.6 and 6.1 eV were assumed for
the 3A2 and 381 surfaces, respectively. Also implicit in the
calculation is a path degeneracy (2) which takes into account the fact
that either N-H bond can break in the complex. This is not true for non-
reactive decomposition although these calculations also were performed
using this symmetry number. The resulting lifetimes for non-reactive
decomposition agreed to within ~10 with the values in Table 5 demon-

strating that the most important factor in the calculation is the
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Table 5
Collision energy lifetime (ps)
(eV) 3p, 38)
.13 .34 .72
.43 .11 .21
.74 .06 11
1.04 .04 .07
1.34 .03 .05
1.65 .02 .03
2.26 .02 .02
2.86 .01 .02

+

RRKM calculated 1ifetimes for NH, decaying to NH +H.



1%

energetics of the decomposition channel. KNon-reactive decomposition
should De tredted using 4 symmetry number of 1 which will double tne
hfetimes in Jable 5.

Recall that our 1nitial reason for estimating complex li1fetimes was
to determine if the 3AZ well 1s deep enough to expiain the experi-
mental results. The experiments show that at energies below ~1.9 eV an

+
NHE intermediate is formed whicn apparently lasts at least several
rotational periods and so we now need a value for the rotational periocd.
This can be done by estimating the reaction cross section, from which 3

max imum inpact parameter and thus the total angular momentum of the

complex can be obtained. The rotational period is then given by

T o= 2n(1/L)

where [ is the moment of inertia. Estimating the cross section from the

11,3 we obtain 3 A% and 1 A° at 1

curve published by Eisele et al,
and 2 eV respectively. This leads to maximum complex angular momenta of
29 and 23 . We can approximate the complex as a symmetric top with a
moment of inertia of 2.0 AMU Az for the degenerate rotations, and a
moment of inertia about the principle axis equal to about 1/10 of that.
Assuming that the angular momentum is statistically distributed ia the
complex leads to the conclusion that rotation about the principle axis

is not favored (K = 0) due to the high freguency of that motion. Thus

with the rotation in the low frequency mode we obtain T =7.0x 10—14
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and 6.8 «x 10_14 secongs for complexes formed at 1 eV and 2 eV respect-
ively, U(omparing these values to those in Table 5 we see that the complex
lifetime 15 only about 50% of the minimum rotational period even at 1 ev.
The ratio decreases to 25% at 2 eV and our initial suspicion that the

A surface by itself cannot explain the experimental distributions

seems correct,

Probably the most important effect of the 3A2 well on the dyna-

mics is that it may detain a trajectory long enough for it to encounter
the 3A2—3B1 seam several times. Even though the probability per
pass may not be very high, several passes might take most trajectories to
the lower surface. The line of intersection, as seen in Fig. 30, passes
near the bottom of the rather broad flat 3A2 well insuring that any
snar led trajectory will traverse the seam often.

Comparison of the rotational period to complex lifetime in the
381 well leads to some problems. At 1 eV collision energy, the
complex lives the er:‘vale - of one rotational period, and, as discusscc
previcusly, the lifetime estimate is an upper limit, and the rotational
period a lower limit. Thus even with the uncertainties associated with
this calculation, it seems 1likely ithat the complex does not live the
severa]74 rotational periods required to give a symmetric distribution.

In an attempt to come up with a model to explain the experimental

results it is useful to consider the well-studied reaction

o{ip) + Hy > OH + H, (9)
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This reaction is similar to (1) for two reasons. First, the potential
well associated with the HZO intermediate is deep (4.7 eV below pro-
ducts, 6.7 eV below reactants); second, a sz approach for the reac-
tants is favored. A classical trajectory calculation indicates that the
average lifetime of H20 complexes formed by thermal collisions is less
than 10—13 seconds.75 A Tlater study, which combines experiments and
classical trajectory calculations, shows that 0(1D) insertion produces
considerable bending excitation in the comp]ex.76 Much of the energy
is retained in this mode and the resultant OH product is highly rota-
tionally excited. Finally, a crossed beam study of this reaction yields
a product distribution which has forward-backward syrrmetry.77

This information clearly demonstrates that reactions (1) and (9)
have much in common. The short lifetime (< 10_13 seconds) calculated
for (9) lends some credence to our RRKM calculated lifetime for (1)
(7 x 10_14 seconds). Neither value approaches several rotational periods
in length. How then are the experimental distributions explained As
pointed out by Buss 35_91.77, a C,, insertion into a homonuciear
diatamic induces rapid bending in an intermediate with near equivalent
bonds, and might be expected to yield a symmetric product distribution.
The symmetry is generated by the fast bending which can completely destroy
any memory of the direction of approach in less than a rotational period.
Further contributing to this mechanism for rapid loss of memory in the

complex is the fact that the H atoms in the C2v complex are dynamically

equivalent. Because either bond can break and still form products, the
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scrambling time is decreased even more. A similar argument has been

applied to explain symmetric product distributions seen at high energies

+ + 14
for 02(02,00)0D .
Even with this model, it would still be required that the complex

last at least several vibrational periods. An estimate of the NH;
vibrational period for the bend yields 3 x 10-14 seconds for v = 1.

Hence the complex probably does live several vibrational periods for low
energy collisions. Although this explanation for symmetric produvct dis-
tributions is unconventional, it successfully explains the experimentaf

results for both reactions (1) and (9). A trajectory study of the related

reaction C+(H2,H)CH+ shows a nearly symmetric product distribution

78

though the complex lifetimes are short. This result could be taken

as support for the above mechanism. If we contrast these reactions with

b

those that favor collinear approaches such as Ar+(H2,H)ArH+79, F(HZ,H)FH80

0% (H, )0 * 54,81 N(Hy H)NH' ' and F¥(H, . H)FH", B2

ve have
further support as all these reactions give asymmetric distributions down

to low energies.

As has been suggested by others,58’53

the true nature of the dyna-
mics of reaction (1) can probably only be discovered by a classical tra-
jectory calculation including both the upper and lower potential energy
surfaces and hopping between them. Such a calculation has been reported
for the H+--H2 system, and agreement between theory and experiment is

exceﬂent.g3
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Before closing our discussion of the dynamics of N+(3P)-H2 col-
lisions a completely different argument which could explain the experi-
mental results should be mentioned. Mayer,84 in a paper which has
escaped notoriety, explains that decreasing complex formation with
increasing energy may be a rotational effect. That is, as the energy is
increased at constant impact parameter, the total angular momentum of
the complex increases and the well in the effective jpotential becomes
less deep. A shallower well will, of course, decrease the 1ifetime of
the complex. Mayer says that such an explanation is sufficient for
explaining asymmetry in the product distributions of CH+(H2,H)CH;,
NH;(HZ,H)NH; and CH;(HQ,H)CHQ at energies above 1.5 eV
despite respective well depths of 6.03, 6.78, and 2.65 eV. Applying
Mayer's argument to reaction (1) we obtain that at 1 eV collision energy

(J x = 29), the rotational contribution to the effective potential is

ma
only about 1 eV at r(N-HQ) of 1 A. Since the 381 well is over 6
eV deep we conclude that this rotational effect is negligible for reac-

+
tive N -H2 collisions.

Dynamics of the Metastable

As discussed earlier, when an appreciable amount of metastable N+

is present in the beam, collisions with H2 produce NH+ peaked in the

forward direction. The possible contaminants to ground state N+(3

are N+(lD,15,55) and N;+. We may eliminate N;+ as a possible

P)

reactant because any N2H++ formed would appear at mass 14.5 and hence

5

be largely suppressed by the mass filter. The N+( S) metastable is

PRV 1
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+
also an unlikely reactant. It lies 5.8 eV above N (3P) and so the

4E') product is about 5.8 eV exothermic. It

reaction to form NH+(
can be seen in Fig. 1 that this state is bound by only 3.5 eV; at least
2.3 eV would have to be released into translation to yield stable NH+
products. The peaks in the reactive distributions in Figs. 19-22 all
appear at lesser Q values than this would predict. Bound products could
conceivably result if a higher electronic state of NH+ vere formed,

but this, too, seems unlikely. In a simple system such as this, with
light atoms, the Wigner spin rule which allows no electrons to change
spin, is a good approximation.34 Therefore we would expect to form

NH+ adiabatically with a spin multiplicity of either 4 or 6. The only
such known state of NH+ is the Tow-lying 8- state,10 and hence

we canclude that N+(SS) is not the reacting metastable. We may also
eliminate N+(15). This can be done because Table 1 states that

little if any N+(1S) is in the beam, and recent work on the iso-

electronic reaction C(HZ,H)CH showed that C(IS) reacts very

85

slowly. The reaction of C(lD) was much faster, and a glance at

Fig. 28 indicates an adiabatically allowed recaction path exists for

N (lD). A collinear approach or the ln surface can take the

reactants to NH+(2H) + H. There are not expected to be any deep

wells associated with this surface and hence a direct reaction mechanism
should be operative. A direct mechanism is observed experimentally and

we conclude that the reacting species is N+(lD).86
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The correlation diagram also shows that approaches on other surfaces

such as the lA in va or the lowest 1A1 in CZV symmetry may

lead to NH + H+ products. It is possible that this other reaction
channel may contribute to the experimental observation that the amount

of NH+ formed by the metastable is not particularly large.

7

The observation’ that at thermal energies most metastable N+—H2

reactions give charge exchange is not easily explained by the correlation

diagram. Assuming that these metastables are predominately N+(lD),

4

the only energetically allowed charge transfer product is N{('S). As

stated earlier, the Wigner spin rule would predict a small cross section

for this reaction.

Although at this point we have established self-consistent arguments

for explaining the dynamics of the N+(3P)--H2 and N' (metastab]e)—H2

systems, we should point out an alternate mechanism which could also

. . + . . .
explain the experimental results. An N (3P) ion exists in one of
three different fine structure states with a J quantum number of 0, 1,

or 2. Of these states, 3

3

P0 is the lowest in energy with 3P1 and

1

P2 at 49.1 and 131.3 cm—1 reSpectively.5 At the present level

of expertise, little can be predicted about the differences in reactivity
of these ions. That there could be a difference is born out by the
photoionization work of Chupka who showed that for Ar+(H H)ArH+, the

2!
2p  state of Ar' reacts 1.3 ti 2p_ stated’
1/2 state of Ar reacts 1.3 times faster the 3/2 state

2

and

for Kr+(H2,H)KrH+ the P3/2 state reacts 2,5 times faster than the
h' he _'l -‘l 2 88 s . .
1gher-lying P1/2. If for a moment we imagine that rractions of the

+
fine structure states of N (3P) differ, presumably because the ions have
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unequal access to the various potential energy surfaces, then an interest-
ing possibility arises. By constructing a suitable scenario, the experi-
mental distributions could be explained by assuming different reaction
dynamics associated with the individual sublevels of the 3P state. Of
course, any such scheme would, at this point, be highly speculative, The
simple fact though, that we have no way to predict the reactivity of the
sublevels, serves as an example that more work is necessary before the

N+—H2 system is completely understood.

Summary

It seems worthwhile at this point to summarize the important points
of this lengthy chapter. The reaction N+(3P) (HZ,H)NH+ goes pre-
dominately via a long-lived complex mechanism at energies below 1.9 eV,
In the energy range 2.0-3.6 eV the reaction is direct but with consider-
able interaction between all three atoms. The formation of the long-
lived intermediate below 1.9 eV was further verified by an elastic back-
scattered peak in non-reactive distributions. The general agreement
between the reactive and non-reactive experiments as to the energy range
that complex behavior dominates, is no doubt related to the thermoneu-
trality of the reaction. The dynamics of the reaction are adequately
explained by a molecular state correlation diagram which shows that an
avoided crossing between two potential energy surfaces in CS symmetry
can lead adiabatically to a deep well associated with NH;.
decrease in complex formation with increasing collision energy may

The
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indicate the importance of surface hopping. This argument has been quali-
tatively verified by accurate calculation of the surfaces involved. RRKM
calculations show that the NH; intermediate may not live for the

several rotational periods normally required to explain symmetric product
distributions. An alternate explanation which says that directional scram-
bling can occur in a few (bending) vibrational periods has been proposed.
N produced by high energy electron impact gives more forward-peaked
reactive product distributions. The shift is no doubt due to a different
reaction mechanism associated with metastable N+. The correlation

diagram and energetic arguments lead to the conclusion that the reacting

1

+
metastable state is N (°D).
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CHAPTER 4: F - 1, INTERACTIONS

The reaction of £ with H, is interesting for several reasons.
For one t! .ng, F+ is closely related to N+, whick was discussed in
the pre.ious chapter, by the principle of particle-hole equivalence.
Whereas N+ has two electrons and four vacancies in its ¢p shell, F+
has four electrons and two vacancies; the ground state of each ion is
3P and both have low-lying 1D and 15 metastable states. Also like
the N+-H2 system, the collision intermediate, FH+, is a stable
species,1 which presents the possibility that the reaction might in-
volve a long-lived complex. A further reason for studying the FH;
system is that it is isoelectronic with H20. The reactions 0(3P)(H2,H)OH

and O(lD)(Hz.H)OH have been extensively studied both theoretica11y2"4'6

and experimenta]]y,5’6 and one could hope to profit from this accumula-

ted knowledge. A final point, which sets F+--H2 apart from either
N+—H2 or 0—H2, is the fact that the F+(3P) + H2 asymptote is
not the lowest energy asymptote on the reactant side. Because F has a
very high ionization potential (17.42 eV), the charge-exchanged rea.-
tants F(2P) + H; actually lie 2 eV lower in energy. As we will
see later, this situation greatly affects the dynamics.

There has been surprisingly Tittle work reported previously on
F+-H2 interactions. In 1971, Mahan,7 in an article concerning
orbital correlations, mentioned that in the absence of al—b orbital

2
interaction, the reaction



should be direct even at very low energies. A similar statement was

+* + . )
mage ahout N (HZ,H)NH , but as discussed in Chapter 3, al—bz
interacticns do occur and tne reaction involves a lang-lived complex at
collision energies bheluw 1.9 eV. The only experimental inforn.-ion on
reaction (1) thus far published is the beam-gas work of Foski and

g . . v
coworkers, - 1u Trr results are summarized in the following para-

graphs.

The first paper8 was mainly concerned with t'e characterization of
the electronic state distribution of F+ in their beam and thc cross
section 31s a function of energy for reaction (1) with poth F+(3P)
and F+(10) reactants. They concluded from beam attenuation experi-
ments that > 40% of the F+ produced by the impact of 100 eV electrons
on CF4 was in the metastable 1D state; this state lies 2.59 eV above
the 3P state. It was also observed that by adding NO to their ion
source, the metastable state was completely quenched. Further aspects
of the F+ state distribution is considered in Chapter 6.

The study of the cross section for reaction (1) yielded a smooth
curve which paralleled the predictions of the Langevin polarization
model and phase space theory, but gave consistently lower values. The
measured cross section at 1 eV relative energy was 4&2 for F+(3P)
and 5A2 for F+(1D); above 2.5 eV the two states have egual reactive

cross sections. Lin et al.B also investigated the branching ratio for
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rat1o for the reaction of F* with hD and found o(FD‘)/a(FH‘) > 1

below B eV laboratory enmerqy and < 1 above 8 eV. Such an isotope effect
had been previously observed for Ar+-HD. This coupled with the obser-
vation that reaction (1) has the same cross section with both H2 and

DZ suggests a strong similarity between reacticon (1) and Ar‘(HZ,H)ArH+.
The latter reactiaon is known to proceed via a direct reaction mechanism.ll

In the second paper,9 product centerline velocity distributions
were measured and three full angular distributions were given. The
angular distributions showed that at 0.91 and 0.39 eV the 0’ distri-
bution was peaked slightly behind the spectator stripping velocity, but
at 0.21 eV the distribution was almost symmetric about the #90° axis.
Such a result implies that at this low energy, a strong interaction
exists between all three collision partners.

By examining centerline velocity distributions, Wendell gﬁ_gl.g
were able to plot the translational exoergicity, Q, as a function of
relative collision energy. If a reaction proceeds through a long-lived
complex and gives a product distribution peaked at the center-of-mass

velocity, as many ion-molecule reactions do, then §Q = - E If the

rel”
product velocity distribution peaks at the spectator stripping velocity

then, assuming the reaction is a simple H atom transfer from HZ’
(ms+m, )

m.
P4
Q= - — E ) (2)
mH2 Thi + mHj rel

Here m. is the mass of the projectile ion, and my and m, denote

2
the masses of the hydrogen molecule and atom., The Q values measured9



at U b3 aea o Y relative collision enerqies were consistent witn co--
ples tormation andg (4 values more negative than predicted by the simple
stripping mode! were obtained up to 0.5 eV. At higher energies, the
peak positions leveled off at approximately Q = -0.8 eV, Wendell et al.
concluded from these data that the FD+ product was formed primarily in
1ites first excited ::+ state. Their deduction was based on the fact

that energy constraints prohibit Fﬂ+ product ions from scattering into
certain regions of velority space. Using values for the heat of reaction
(1) and dissnciation energy of FD+ obtained from thermochemical and
photoelectron data, they calculated that the minimum Q for FD+(2;)
formation was -0.68 eV while for FD+(21+) formation it was -0.81

eV. Since the data clustered around -0.8 eV, it was evident that the
2ﬁ+ state was the favored product. However, a paper which was pub-
lished approximately simultaneously clouded this interpretation. In
this study,12 the emission spectrum of HF+(A2}:+ > in) was

photographed under high resolution and more accurate molecular constants

were obtained. It was possible to establish the heats of reaction for

Fp) +hy s RHTC) v - 2077 ey, (1A)
Fri3p) + Hy » FHO(E") + 0 ok = 0.29 ev, (1B)
Frlo) +ty » FECP0) + 1 aH0 = 5.36 e, (2)
Frtoy « iy o AT + 1 a0 = 230 ev. (3)
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<+
Tne optical data alse established that DO(HF ) = 3047 eV oand

DO(HF"X+) = 0.40 eV; it should be noteg that HF+(ZH) dissociates to
- +
H o+ F(2P3/2) while HF+(25+) correlates with H + F(ZPIIZ)'

These energies imply that the products of reaction (1A) must appear
between -0.65 < Q : 2.77 eV, and for (1B), -0.69 < Q < -0.29 eV. The
upper limit is realized if all available energy goes into translation
and the lower value denotes the point at which the product molecule is
internally excited to its dissociation 1imit. Using these numbers, it
can be seen that the data of Wendell g£_31.9 indicate that product
molecules are being formed with internal enegies above their dissocia-
tion energy. It should be realized that the 2ﬂ and 22+ states are

the only bound electronic states known for HF+.

1 . . .
O, Kosk i and coworkers re-examined reaction

In their third paper
(1) under higher resolution, using energy selected F+ beams with a
70 meV FWHM. A careful study of the cross section as a function of
collision energy showed no break at the threshold energy for FD+(22+)
formation. Repeat measurements of Q as a function of collision energy
again showed product formation in an energy region considered inacces-
sible to FD+(2H). Using 02 as the reactant, Fo' was found to
have internal energies 60 meV above its 2n dissociation limit, and
using H,, FH+ appeared at 25 meV above its corresponding 2n
dissociatior 1imit. From these observations it was concluded that the
FH (and FD+) products were being formed in the groundznstate

with large amounts of rotational excitation. The resulting effective

potential produces a barrier to decomposition which allows the existence
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of metastable HF* containing internal energy higher than that permit-
ted by the rotationless potential, Since H is lighter than D, it more
readily tunnels through the barrier and hence highly exicted states of
FO° tive longer than the corresponding states of FH+. The excited

FD+ is more likely to reach the detector than is FH+ and its product
velocity distribution will reflect this fact; the data are consistent

with this model.

Although it was not discussed in the text, one could glean from the

plots of Q vs. energy that Jones et a].lo

might be backing down a bit
from the original contention9 that at very low energies the product
distribution was nearly symmetric. These plots showed the product peak
to be only slightly behind the stripping velocity down to ~-0.15 eV,

It was discussed by Wendell gi_gl.g that spin and symmetry rules
predict that HF® cannot be formed in F+(3P)-H2 collisions and,
therefore, a non-adiabatic process must be involved. Further work on
this subject was published by Kendrick 25_21.13 roughly simultaneously
with Koski's third paper. Although basically a theoretical paper,
Kendrick et al. reported some unpublished crossed beam results of A.
Ding and collaborators. The Ding re5u1t513’14 were quite a bit
different from the Koski results in that at low energies, products
retained a significant fraction of the total emergy in translation. The
interpretation of these experiments was hampered, however, by the belief
that the F+ beam, produced in a plasma source, contained a large

fraction of mestatable ions.
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Kendrick et al. constructed diatomics-in-molecules (DIM) potential

3A‘ and six lowest 3A" states of

energy surfaces for the six lowest
FH; and ran a small number of trajectories in an attempt to under-

stand the dynamics. It was seen that a transition from an HZ—F+-1ike
surface to a lower HE-F-]ike surface could occur when H2 was compressed,
and that the lower surface led directly to HF+(2ﬂ) + H. Upon transition to
this surface there was a substantial amount of energy released, and it

was not inconceivable that much of it channelled into product vibration.

It was also shown that F+(1D) could react with H

+ - . .
in both 2n and 25 states. The large exothermicity of this reaction

, to yield FH'

reaction made it quite likely that the products would come off transla-
tionally hot. Kendrick and coworkers' interpretation of the 3P and

1D dynamics wade progress toward understanding the results of both

Koski and Ding.

Results

A total of 29 reactive maps were obtained for F+—H2 collisions
in the initial relative energy range of 0.20-1.07 eV. These experiments
were, for the most part, performed prior to the implementation of the
differentially pumped neutral source and hence did not have the advan-
tage of phase-sensitive detection. Since results obtained using phase-
sensitive detection are considered more reliable than those obtained

using the original configuration, the former results are preferred.
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Fig. 1 shows the results of a reactive experiment performed using
phase-sensitive detection. One can see that at 0.40 eV the product dis-
tribution is peaked in the vicinity of the spectator stripping velocity.
The asymmetry of the distribution with respect to the relative velocity
vector (0°~180° line) probably can be attributed to the beam shape. The
Q =1.9 eV circle is noteworthy because reactions involving F+(ID)
cannot give FH+ inside this region. &s indicated previously, reaction
(2) which gives FH+(2n), is 5.36 eV exothermic, and, coupling this
with the knowledge that DO(Zn) = 3.42 eV, the products of reaction
(2) are constrained to 1.94 < Q < 5.36 eV. Applying similar arguments
to reaction (3) leads to the result that F+('D) can give stable
FH+(ZE+) only in the region 1.90 < Q < 2.30 eV. Jones gg_gl.lo
showed that these lower limits may be only approximate because of the
possibility that rotationally metastable HF+ can be formed, but this
effect amounts to only a few hundredths of an eV. Since virtually all
of the product intensity lies within the Q = 1.9 eV circle, we can be
quite sure that the distribution represents the reaction of F+(3P).

The question as to the actual electronic state composition of our F+
beam was not unambiguously answered, although it is discussed in some
detail in Chapter 6.

Figs. 2 and 3 show results obtained at lower energies. These exper-
iments did not utilize phase-sensitive detection, but it is rather ob-
vious that even at 0.20 eV, the product distribution is forward peaked,
appearing near the spectator stripping velocity. The threshold for the

2

+
formation of FH { E+) is 0.29 eV; so we can state with some
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Velocity vector distribution for FH* resulting from the collision
of F' and Hy at an initial relative collision energy cf 0.40 eV.
The F* was produced by the impact of 160 eV electrons on CFj.

The small cross denotes the location of the spectator stripping
velocity.
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Fig. 2. Contour map for FH+ resulting from the collision of F+ with
Hy at an initial relative energy of 0.27 eV. The F* was
produced by the impact of 160 eV electrons on NF3; the
resulting F* state distribution is identical to that obtained
using CF; (see Chapter 6). The beam is displaced for clarity.
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Fig. 3. Contour map for Fu resulting from the collision of Fr with
Ho at an initial relative energy of 0.20 eV. F* was produced
by the impact of 160 eV electrons on CF4.
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certainty that these maps represent the reaction of F+(3P) to give
FH+(2u). Both of these experiments were performed at laboratory
energies near the resolution limit of the apparatus. It can be seen in
Figs. 1-3 that a product distribution 20% contour is not much broader
than the beam 20% profile. This implies that the shape of the contour
maps is largely determined by the beam shape; a deconvolutled product
distribution would probably be quite narrow but still peaked near strip-
ping. Attempts to improve our resolution at these low energies by velo-
city selecting the primary ion beam were unsuccessful.

These results cast doubt on the data of Wendell 93_21.9 who found
substantial symmetry in their product distributions at a relative col-
lision energy of 0.21 eV. Our other maps (not shown) obtained at
energies ranging up to 1.07 eV, generally showed a single peak which
appeared at about the spectator stripping velocity.

We also performed experiments where product intensity was measured
along the retative velocity vector using F+ jons extracted from a
CF4: He microwave discharge. These P beams were quite weak and had
larger velocity spreads than electron impact produced beams, but we
would expect them to contain nearly exclusively F+(3P). Throughout
the energy range 0.31-1.14 eV, the product velocity distribution peaked
in the vicinity of the spectator stripping velocity. There may have
been some tendency for the peaks to appear slightly behind stripping (in
agreement with Koski) but this cculd not be unambiguously determined due
to our reduced resolution using this ion source. A single experiment

performed at 1.58 eV showed the product distribution shifted slightly
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ahead uf the stripping velocity as one would expect on energetic grounds.
At this coullision enerqy, the stripping velocity lies inside the (§ =
-0.65 eV circle, signifying FH+(2H) is not stable when formed by
stripping, and, therefore, the peak 1is necessarily shifted forward.

Fig. 4 shows the results of an experiment in which F+ scattered
non-reactively from H2 was measured. The map is dominated by elastic
scattering although there appears to be some inelasticity in the back
hemisphere; this implies that small impact paramcter collisions transfer
energy to the internal modes of H2. Similar behavior was observed
previously in collisions of Ar+, Ne+, and Na© with H

2
s 15-17 . . .
isotopes. A modest back peuk like the one in Fig. 4 was also

and its

seen in these systems, Since the interactions of Ar+, Ne+, and

Na+ with H2 are known to be short-lived, the results of Fig. 4 can

be taken as evidence that at 1.24 eV, the F+—H2 interaction is also
short-lived. This is, of course, consistent with the reactive results.
The presence of signal at 180° in the non-reactive map indicates that

even head-on collisions do not always lead to reaction.

Discussion and Conclusions

Qur results indicate that reaction (1) is direct down to 0.2 eV as
was originally predicted by Mahan.7 This is contrary to the observa-
tions of Wendell gg_gl.,g and it is of some interest to compare our
experiments with theirs. We use a crossed-beam approach while they
employ a beam-gas arrangement. For this reason, we have defined the

velocity of our neutral reactant more precisely than they. However, tlie
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. . + .

Fig. 4 Velocity vector distribution of F scattered from M, at an
initial relative energy of 1.24 eV. F* was producef by the
impact of 160 eV electrons on CF4.
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apparatus of Wendell et al, apparently is capable of performing experi-
ments at lower laboratory energies than is ours. While our 0.2 eV exper-

iment used H2 as a reactant, their experiment used D,, which, due to

2!
the difference in kinematics, gives better center-of-mass resolution.
These facts by themselves make it difficult to choose between the two
experiments, but if ane considers the later, high resolution study by

Jones et a].,lo

support for a direct mechanism even at low energies 1s
obtained. Although not explicity discussed in Ref. 10, a Jdiagram which
plots QG vs. collision energy for reaction (1) appears to be more
consistent with a stripping process than one involving a substantial
interaction among all three collision partners. This information can be
taken as confirmatory of our results that the reaction remains direct
down to 0.2 eV.

As was discussed at some length in the previous chapter, probably
the most successful approach to the understanding of the reaction dy-
namics of atomic ions with H2 is the electronic state correlation
diagram. Such a diagram appropriate to the (F + HZ)+ system is
shown in Fig. 5. After some perusal, two features stand out: 1) ground
state F+ + H2 reactants do not constitute the lowest energy asymp-—
tote, and, 2) ground state F+ + H2 reactants are not connected to
FH+ + H, which are the observed products. These two points are
intimately related, because if F+(3P) + H2 was the lowest energy

reactant =symptote then the 3

3

Bl surface in CZv symmetry, and the
I colinear surface would connect reactants and products, and the

reaction could be easily understood. The fact that there is no
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adiabatic pathway 1naicated by the correlation diagram implies that the
reaction involves a non-adiabatic transition, Judging from the substan-
tial cross section for reaction (1), the transition occurs quite readily.

The correlation diagram in Fig. 5 w“as constructed by Mahan prior to
ab initio calculations performed by Schaefer and Ungemach, but the
results were presented in a single paper.18 It was the purpose of the
calculations to test the accuracy of the correlation diagram and attempt
to explain the reaction c¢ynamics., The minimum energy point within the

whole manifold of potential energy surfaces was found to lie ~10 eV

3

below F+( P) + H2 reactants on the 1A1 surface at r{fF-H) =

0.963% and e = 112.1°. This singlet state closely resembles its iso-
electronic analogue HZO’ but because of spin restrictions is not
accessible to F+(3P) + H2 reactants. Triplet states of H2F+
calculated at this geometry all lie quit= high in energy (> 13 eV above
lAl). The ordering of these states as given in Fig. 5 is accurate
except that the 3A2 state actually lies below the lowest 382

state. Potential curves were also calculated for the six lowest triplet
states in sz symmetry as a function of r (F—Hz), keepiny the H2
(or H;) bond distance fixed at its equilibrium value of 0.74} (or
1.04 A). The lowest 381 and 382 curves were found to have

minima of 17.5 and 14.5 kcal/mole respectively, occurring rather early

in the approach of F to H;. 0f the three triplet surfaces

emanating from F+(3P) * Hy, only the 3A2 has a slight well
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{¢ 1 xcal/mole) and tne 3Bl and 382 curves dre ratner strongly
repulsive, It should be mentioned, though, that all of these surfaces
could exhibit more substantial minima if r(H-H) was optimized as well.

As they stand, these calculations shed little 1light on the dynamics
of reaction {1). It was concluded18 that a suitable distortion of the
lowest 381 or 3B2 surfaces in CS symmetry might lead to surface
hopping which could result in FH+. It was thought perhaps more likely
though, that an interaction of collinear surfaces, not considered in the
calculations of Ref. 18, leads to HF+ product.

The correlation diagram gives no clue as to how a collinear approach
teads to products, but Fig. 6 can be used to see how the process might
take place. The potential curves in Fig. 6 are those corresponding to
H; and HZ’ but the H2 curve is shifted upward by 3.83 eV, which
is equal to the difference in ionization potentials of F and H. Fig. 6
can be taken to represent a look down the entrance channel of the two
lowest 3n surfaces in Cmv geometry, for large F—H2 distances.

When r(F—H2) = «, the crossing indicated in Fig. 6 is allowed; as r
decreases, the crossing is avoided but the area near the avoided cros-
sing remains a region of strong non-adiabatic coupling. Since the
crossing in Fig. 6 occurs near the turning point of v = 0 for the H2
curve, the region is traversed many times during approach, making it
easy to see why the transition is favorable. When a transition is made
from the H2 + F+ curve to the H; + F curve, the trajectory is

sharply accelerated away from the seam and HF+(2n) products can

result.
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Fig. 6. Potential curves for Hp and H7 traced from Ref. 19. The curves
are offset by the difference ¥n jonization potential of F and
H. The zero of energy is taken as H (v = 0) + F*.
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Although it is perhaps easiest to think of Fig. 6 in terms of a
collinear approach of F+ to H2, the arqument given above is valid
for all geometries. This is because at F+ - H2 separations of 2R or
more, the interaction is essentially angle-independent,20 and electron
transfer should be easily accomplished at these distances. After the
transition is made from the upper surface to the lower surface, collinear
geometries are favored. This conclusion is drawn from the calculations
of Kendrick 91_31.13 who found that the minimum energy point regardless
of geometry on the Towest triplet surface, corresponds to (F—H—H)+ with
r(FH) = 1.082R and r(HH) = 1.352A. In this configuration the system lies
0.14 eV below HF+(%1) + H. The lack of a deep potential well for the
H2F+ intermediate is consistent with our observation that the reac-
tion is direct at all energies.

We can also use the F+-H2 system as a mild check on a hypothesis
put forth in Chapter 3. 1In that chapter it was pointed out that RRKM
theory predicts complexes formed in simple triatomic reactions such as
N (Hy HINH', CT(H,,H)CH', and 0(1D) (H,,H)OH, should be relatively
short-lived. Yet in all three of these reactions, the product distribu-
tions show considerable symmetry at low collision energies. One normally
associates a symmetric product distribution with an intermediate complex
lifetime of at least several rotational periods; since that is apparently
not true for these reactions, an alternative explanation was offered.
This explanation involved a C2v approach of the reactants, and the
formation of a short-lived, rapidly bending complex. The initial direc-

tion of approach is quickly forgotten in such a complex, and symmetric
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product distributions can result in less than a rotational period. This
argument leaves open the possibility that symmetric distributions might
be seen even in systems possessing insignificant potential wells, if a
sz approach was favored. The fact that F+(3P) + H2 gives asym-
metric product distributions while apparently preferring collinear
approaches 1is consistent with the hypothesis given above.

The electronic state correlation diagram for the (F + H2)+ system
is unable to show the reaction pathway due to the inherent limitations of
a two-dimensional picture. The levels given in Fig. 5 correspond to the
energy of an electronic state at its equilibrium geometry, and the lines
connecting the states represent only a qualitative slice through the
potential energy surfaces involved. For complicated systems, like the
one at hand, it is necessary to consider somewhat arbitrary geometry
changes in a. attempt to find an intersection of diabatic potential sur-
faces. Fig. 6 depicts just such an intersection, and we see that it
occurs when the H2 bond is compressed; a two-dimensional state corre-
lation diagram could not be expected to show this.

The reaction of F+(1D) with H,, is discussed by Kendrick
g}_gl,,l3 and their results show, as does the correlation diagram,
that the reaction to give FH+(22+) can proceed readily via the
collinear 12+ surface. Ref. 13 also indicates that FH+(2n) can
result via a non-adiabatic transition. The fact that these reactions
are 2.30 and 5.36 eV exothermic, respectively, while the products are
bound by only 0.40 and 3.42 eV might lead one to believe that there is a

significant contribution from
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F (lpy + Hy » ' + M F+H +H aH=-1.9eV. (4)

This is contrary to the results of Lin g£~31.8 who found that F+(1D)
produced FH+ with a cross section greater than or equal to that of
F+(3P). In any event the sum of the cross sections for reaction (2)

and (3) will be larger than the cross section for (4) only if the poten-
tial energy surfaces allow for the efficient channelling of the exother-

13,14 has found FH+ re-

micity into translation. The fact that Ding
sulting from low energy Fro- H, collisions to have a substantial
amount of translational energy could be taken as evidence for the
F+(10) reaction. Whether this is actually the case cannot be decided
for certain without greater knowledge of Ding's results. The energetic
constraints of the F+(1D) reaction are quite severe and it should be
easy to tell which state of F+ is responsible for the reaction.

Our own results show no evidence for the reaction of F+(lD‘.
FH' resulting from this reaction would appear near the Q = 1.9 eV
circles in Figs. 1-3, and clearly there is no increase in product inten-
sity there. As previously mentioned though, there is no guarantee that
our beam contains F+(lD) (see Chapter 6), and therefore our results

are not a good test of its reactivity.
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CHAPTER 5. CO, - D, INTERACTIONS

In the two preceding chapters, reactions of atomic ions with HZ
have heen discussed. Such systems are well-suited for theoretical
mo 'eling because of the small number of atoms involved and the concomi-
tant ease with which symmetry rules can be applied. As soon as the com-
plexity of the reactive system is increased, the models become much more
difficult to use, and the interpretations are somewhat ambiguous. Never-
theless, it is the goal of the reaction dynamicist to understand all
reactions from simple to complex, and hence our progression from a
system involving a triatomic intermediate to the present pentatomic
system, CO+—DZ, is a natural one.

In an important paper, Mahan1 discussed the application of orbital
correlations to more complicated systems; in particular, he considered
co®, N5, 0,, and C,H, with H,. The four collision

2 e 22 2
intermediates all lie 2.5-3 eV below the reactants, but experinents have
demonstrated that the reaction dynamics differ appreciably. In partic-
ular CO+ and N; abstract H atoms from H2 by a direct reaction
mechanism at all energies, while OZ and CZH; form long-1ived
collision complexes with H2 at sufficiently low energies. Mahan1
was able to rationalize this behavior using orbital correlation diagrams
coupled with estimates of the importance of diabatic motion on the
potential surfaces. Studying the COZ—H2 system will provide a

fur~ther test of our ability to predict reaction mechanisms in more

complex systems.



225

Two of the principle reaction products formed in COZ-H2
collisions are HCOZ and HCO+. This fact makes the COE—H2
system all the more interesting because nf the importance of these ions
in interstellar space. The story concerning the discovery of HCO+ in
space is a colorful one, and it nicely illustrates the symbiotic rela-
tionship that exists between astro-physicists and physical chemists.
Radio—astronomers2 observed a line at 89.190 GHz which did not cor-
respond to a transition of any known mglecule, and hence the emitting
species was dubbed "x-ogen." K]emperer,3 acting on little more than
intuition, suggested that it corresponded to a rotational transition in
HCD+. Ab initio ca]cu]ations4 confirmed that this assignment might
be correct, and eventually the 1ine was measured in the 1aboratory5
and unambiguously attributed to HCO+(J =1 3> 0). The reaction pro-
posed for interstellar HCO+ formation 156

+

H3+C0->HC0++H2; (1)

this ion has been referred to as the cornerstone of ion-molecule chemis-
try in outer space.7 It has also been suggested8 that HCOZ may

be an abundant interstellar molecule; furthermore its direct observation
could give information on the abundance of interstellar COZ' The de-
tection of symmetric molecules in space is hampered by the fact that
molecules lacking permanent dipole moments do not possess pure rotational
spectra; hence the observation of the protonated version is the next

best thing. This technique has been used previously to suggest the
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presence of interstellar N2.9 Ab initio ca]cu]ations8 have been
performed on HCOZ and frequencies corresponding to rotational trans-
itions were determined; preliminary radio telescope searches were unsuc-
cessful, however.

In addition to its astrophysical importance, HCO+ also figures
promimently in combustion processes. It has long been thought that

through the reaction

+ -
CH+0» HO +e {(2)

+
ionization is initiated in a flame, and HCO 1is consicdered to be the

10 +
The fact that HCQ and

primary ion present in hydrocarbon flames.
HCOZ are important to a broad spectrum of scientists means that a
significant amount of work has been done on them; we will draw on some
of this knowledge as we proceed.

In addition to HCOZ and HCO+ there are a number of other
products which can result from COZ—H2 collisions; some of the
reaction channels are listed in Table 1. The heats of reaction given in
Table 1 were calculated from the heats of formation of the various
species. These values, except those for HZCO;’ HCOE,
were obtained from Refs. 11-13. The heat of formation of HZCO;’ 7.40 eV,
was calculated from AHf(HZCOZ)lz and the ionization potential of

HZCOéa. The heats of formation for HCOZ and HCO+, 6.33 and 8.75 eV

and HCO",

respectively, were deduced usign new ab initio estimates for the proton

affinities of CO2 and C0.8’15



227

TABLE 1
AH(eV)
+ +

CO, + Hy > H,CO, —2.27
HCOZ +H -1.08
H20+ + CO -0.71
HCO' + O -0.53
cot + H,0 0.70
+
H, + €0, 1.69
H2C0+ +0 2.58
oH" + HCO 3.81
0+ H,CO 5.36
+
0, + CH, 6.51
HO. + CH 8.24

2

Reaction products and heats of reaction for COE - H2 collisions.
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Table 1 indicates that this system should be quite interesting as
there is a 2.27 eV well associated with the intermediate, and there are
no fewer than three sets of reaction products energetically accessibie
in low energy collisions.

It comes as some surprise then that the only reaction product seen
+

in thermal energy coliisions is HCO2 This was first observed by

Moran and Friedman16 and confirmed by Fehsenfeld et a1.17 who noted

that the rate of HCO+ formation was the same as the COZ rate

2
of depletion. The measured ratel7, 1.4 x 10—9 cm3/sec, is equal

to that predicted by the Langevin polarization model; this implies that
the reaction proceeds upon every collision. Subsequent measurements
using the low pressure ion cyclotron resonance (ICR) technigque yield a

somewhat slower rate18’19

20,21

as do low pressure experiments in mass spec-
trometer sources. However, data taken in a high pressure mass
spectrometer source22 agree with the flowing afterglow work of
Fehsenfeld 93_31.17 These results strongly suggest that excited
states of COE are produced by electron impact, and that these

states react with a smaller rate constant. In a high pressure environ-
ment, numerous collisions thermalize the COE; the lowest vibra-

tional states of CO;(ZHQ) apparently react at the Langevin

rate. This hypothesis was tested by A]britton23 using a drift tube.

It was found that the rate of HCOZ formation was lower when Ar

buffer gas was used than when He was used, At a fixed laboratory

energy, collisions with Ar have a higher center-of-mass energy than

those with He, and hence COZ in Ar should be vibrationally hotter.
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The observation23 that these ions react more slowly is consistent with

*
the notion that COE has a smaller reaction rate constant than

co;(v = 0,0,0).

Mahan and Schubart24’25 measured angular distributions for
DCOZ, DCO+, C0+, 0D+, and 0+ resulting from COZ,—D2 beam-gas

collisions. The last three products seen were seen only above 8 eV rela-
tive collision energy, but DCOE and DCO+ appeared throughout the
energy range studied (1-15 eV); no Dzo+ was observed. At energies
below 4 eV, DCO+ distributions were symmetric, and it was suggested
that DCO+ resulted from the decay of a long-lived DZCOZ complex. At 10 eV
DCO+ distributions were forward peaked, and it apeared that this ion
was formed from the decomposition of highly excited DCOZ.

The distributions for DCOZ products were peaked at the spec-
tator stripping velocity at 2 eV and above, although the low intensity
contours on the 2 eV map were symmetric. Using H2, it was observed25

at 1.5 eV that HCO+ was scattered fairly symmetrically; the reli-

ability of this result is weakened, however, by the map's low center-

of-mass resolution. It was therefore our intention to study COZ-D2
collisions at lower collision energies and find out if DCDE distri-

butions indeed became symmetric. We also wished to measure the thres-

hold for DCO+ formation.
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+
Results - DCO,

We obtained approximately 10 complete product velocity vector distri-
butions, and 15 relative velocity vector centerline distributions for the

reaction

+ +
CO2 D2 > DCO2 +D . (3)

The highest energy studied, 1.55 eV, is in the range of the lowest energy
experiments of Schubart,25 and our results extend down to 0.27 eV.

Both the electron impact and microwave discharge sources were used to
produce COE; as discussed in Chapter 6 we were unable to detect any.
differences in the state distributions or reactivity in the ions obtained
from these sources. D2 was preferred over H2 as a reactant for two
reasons: 1) the inability of our detector's quadrupole mass filter to
separate masses 45 and 44, 2) at the same laboratory energy center-of-
mass resolution is a factor of two better with 02 than HZ' We found
reaction (3) to have an appreciable cross section which is consistent
with the thermal energy work and recent beam-gas measurements at higher

energies.26

+

2
resulting from COE—D2 collisions at a relative energy of 1.10 eV,

Fig, 1 shows a contour map in which the intensity of DCO

is plotted. The distribution is asymmetric, peaking near the spectator
stripping velocity, but the lower intensity contours have a high degree
of forward-backward symmetry. Overall the map closely resembles the

2.03 eV map of Mahan and Schubart.24 It is possible to interpret such
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Fig. 1. Velocity vector distribution for DCO4 resulting from 1.10 eV
C05-Dy collisions. The small cross denotes the location of the
spectator stripping velocity.
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a distribution as arising from two distinct reaction mechanisms occur-
ring simultaneously: the peak near the stripping velocity results from
grazing cellisions in which a D atom is transferred at relatively large
distances, and the symmetric contours reflect the participation of a
long-lived collision complex. The complex would be formed from more
intimate encounters. At this point, however, such an interpretation is
somewhat speculative, as direct interactions can also lead to symmetric
product distributions.27
Figs. 2 and 3 show DCOE product distributions resulting from
0.69 and 0.27 eV C0,-D, collisions. The map at 0.69 eV is simi-
lar to Fig. 1 in that the distribution is peaked near stripping, but the
lower intensity contours are reasonably symmetric. The resolution in
the C.27 eV map is not very good due to the increased importance of beam
size at low collision energies. Nevertheless, the peak appears slightly
ahead of the center-of-mass velocity indicating that even at this low
energy much of the product is formed by a direct reaction mechanism,
Somewhat higher resolution results are obtained in experiments ‘n
which product intensity is measured alorg the theoretical relative
velocity vector. Since fewer data points are taken, longer counting
times can be used which yield better statistics. Also the experiment
can be completed more quickly; this pcint is important because it
minimizes the problem of beam drift. Fig. 4 shows the results of two
such experiments at 1.55 and 1.03 eV, and there is good agreement

between these velocity spectra and the previously given maps. Both
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Fig. 2. Contour map for DCO, resulting from 0.69 eV CO03-Dp collisions.
The CO‘é was produceﬁ by the impact of 160 eV electrons on COZ’
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distributions in Fig. 4 are peaked at the stripping velocity but tend to
be symmetric about the center-of-mass velocity at lower intensities.
The fact that these experiments were performed using the microwave dis-
charge source, while the maps in Figs. 1-3 used electron impact produced
jons, indicates that if the COZ internal state distributions are
different, there is not a large difference in the reaction dynamics of
the various states. It is also interesting to note the small hump at
the center-of mass velocity in the product distribution in Fig. 4b. OQur
resolution was not always sufficient to resolve such a feature, but it
did appear several times. This hump can be taken as evidence in favor
of the two reaction mechanism argument. If a substantial fraction of
DCOZ resulted from the decay of a long-lived complex it is likely
that a peak would appear at the center-of-mass velocity. The distribu-
tion in Fig. 4b is probably best explained as the sum of two Gaussian-
1ike functions: a narrow one peaked at spectator stripping, and a
broader one peaked at the center-of-mass.

Fig. 5 shows two more velocity spectra obtained at lower energies.
At 0.65 eV, the distribution is rather similar to the higher energy
results of Fig. 4 and the maps in Figs. 1 and 2. Again a slight hump
appears at the center-of-mass velocity, but the distribution is rather
sharply peaked at the stripping velocity. Fig. 5b shows the results of
an experiment performed at 0.27 eV. As in the contour map obtained at
this energy, resolution is low; however, it appears that the distribu-
bution still peaks near the stripping. This result clearly demonstrates

that the reaction remains direct down to 0.27 eV.
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Non-Reactive Scattering

+
We performed two experiments in which CO2 scattered non-reac-

tively was measured. The results are shown in Figs. 6 and 7.

These experiments were performed at roughly comparable energies
(-1 eV); however, in Fig. 6 COZ is scattered from DZ’ and in
Fig. 7 it is scattered from He. The results using D2 are noticeably
more inelastic than the map obtained with He. There is some inelastic-
ity in Fig. 7 which indicates a small amount of enerqy transfer from
transiation to internal modes of COZ. No obvious superelastic
scattering is present in either Fig. 6 or 7. Such events would give
product signal outside the elastic circle and would result from energy
transfer from internally excited COZ into translation. We made a
careful search for superelastic scattering by examining COZ scat-
tered non-reactively from Ne, a system with good center-of-mass resolu-
tion, but none was seen. This was true for both electron impact and
microwave discharge produced ions. The small amount of signal which
appears outside the elastic circle in Figs. 6 and 7 is attributable to
finite beam widths and apparatus resolution.

Since the masses of D2 and He are equal, the difference in the
appearance of Figs. 6 and 7 is due to the different chemical forces
operative in the two systems. Because He has a closed shell, and a low
polarizability, the interaction potential between it and COZ is
relatively flat until the hard-sphere distance is reached. Collisions
will be impulsive, and one would predict that the scattering will be

elastic except for the possibility that energy can be transferred into
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Fig. 6. Contour map of COZ scattered from 02 at a collision energy
of 0.86 eV.
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inte.~al modes of COZ. More energy should be transferred in low
impact parameter collisions (back-scattered product) than in grazing
collisions; Fig. 7 bears out this assertion.

As COZ approaches D2 there is the possibility of accessing
the 2.27 eV deep well associated with DCO,. Hence a more inti-
mate interaction would be expected, allowing for more energy transfer
into internal modes. This is exactly what we observe in Fig. 6. It is
impossible to decide from this map whether any of the non-reactive
signal comes from the decay of a long-lived collision complex; however,
if any does, it is probably a small fraction. One could predict this
from the fact that the decay of such a complex to COZ + D2 does
not represent the most favorable energetic path,

A final point to note in comparing Figs. 6 and 7 is the intensity
fall off as a function of center-of-mass scattering angle. In the He
map the ratio of intensity at 90° to that at 180° is approximately one;
in the D2 map this ratio is closer to 1/2. The explanation for this
difference is almost certaialy that the non-reactive signal is depleted
at large scattering angles by veactive processes when 02 is used.

It should be pointed out that these results are almost identical to

those obtained by Schubart25 at 1.88 eVv.

bco’

As was mentioned in the introduction to this chapter, one of our

goals in studying the CO;-D2 system was to find the threshold for

the formation of DCO+. Though the reacticn
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co; + 0, > oco® + op (4)

is exoergic, it does not take place at thermal energies but was observed
by Schubart25 at energies above ~1.5 eV.

The study of this reaction is experimentally difficult for us. For
one thing, the cross section for reaction (4) is quite low even well
above its threshold,25 and it decreases monotonically to zero as the
energy is decreased. The product distributions are broad,25 meaning
that the amount of product scattered into a region of velocity space
equal to the area viewed by the detector is also very small. Coupling
these problems with the fact that DCO+ appears at a substantially
lower laboratory energy than does the main beam or DCOZ, hence
requiring significant detector refocusing, makes the study of reaction
(4) considerably more difficult than the other reactions discussed in
this thesis.?®

Dco” signal le-:1s were low enough that it was impractical to
study the reaction using crossed beams. However, data obtained using a
neutral 02 beam was consistent with Schubart's observation that at low
energies (< 4 eV) DCO" was distributed symmetrically. 1In order to
generate more realistic product counting rates it was necessary to
employ a scattering cell to contain D:(or Hz). A scattering cell

allows one to introduce the neutral reactant in greater concentrations
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and with a longer interaction path than if a neutral beam is used, and
hence more signal is produced. The scattering cell we used for these
experiments was also used in the total Tuminescence experiments and is
described in the next chapter,

Total DCO+ and HCO+ intensities were determined at various
collision energies using the following technique. Beams of COE
were directed through the cell and D2 (or H2) was added until the
beam was attenuated by —20%. co” (or HCO+) was then measured in
the direction of the beam at various energies. From these data velocity
spectra were plotted and contour maps were synthesized using Schubart's
result that these distributions are isotropic about the center-of-mass.
The total volume under the synthesized maps was determined and this
guantity, divided by the beam current, was taken as the integrated
intensity of DCO’ (HCO') at that collision energy. Although this
value is roughly analogous to the reaction cross section it is actually
somewhat different. To obtain a number proportional to the true cross
section it would be necessary to integrate the maps weighting the data
points by the square of their center-of-mass velocity. This is a very
guestionable procedure for distributions peaked at the center-cf-mass,
especially if the center-of-mass resolution is poar. Since the DCO+
distributions we measure are both low resolution and peaked at the
center of mass, no attempt was made to obtain true cross sections.

Fig. 8 shows a plot of HCO+ integrated intensity as a function of
relative collision energy., The smooth iine drawn through the data

points indicates that the reaction threshold is about 1,0 eV.
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Fig. 8. Plot of the integrated intensity of HCO+ as a function of
initial relative energy for reaction (4) using Ho as a
reactant. Different symbols denote data taken on different
runs. A smooth line is drawn through the data points.
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Experiments performed with DZ’ in which DCO+ was measured, were some-
what less satisfactory in that the data contained more noise and appeared
to rise less steeply in the vicinity of the threshold than the points in
Fig. 8. Nevertheless, agreement was obtained in that DCO" was measur-—
able at 14 eV lab (1.17 eV relative) but not at 11 eV (0.92 eV relativej.
One possible explanation for the slower rise from threshold for DCO+
would be decreased detector transmission of lower energy ions. Since

D2 weighs twice as much as HZ’ experiments performed at comparable
relative energies are actually performed at approximately half the labor-
atory energy when 02 is used rather than H2. If our detector exces-
sively discriminates against jons moving slowly in the laboratory frame
then the apparent threshold with 02 will be higher than with H2.
This possibility was checked by measuring DCO+ produced in C0+—DZ
collisions at a variety of energies. It was observed that detector
transmission dropped as the energy decreased but not nearly enough to
etrrect the present results., It is therefore likely that our measurement
is approximately correct. It should be stressed though that the appara-
tus used in this experiment was not designed to measure total cross
sections, and it is not inconceivable that some systematic errors were
still made. Thus rather larg. error limits are appropriate and we wish

to report the measured threshold for reaction (4) to be 1.0 = 0.3 eV.
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Discussion

The two major questions which we intended to answer as we embarked

on the low energy study of COZ—DZ collisions were: do DCO+

2

distributions remain asymmetric down to low energies, and, what is the
energetic threshold for DCO+ formation? These questions were answered

in the previous section: the distribution does remain asymmetric and

the threshold is ~1.0 eV. We can now attempt to rationalize these obser-
vations in terms of microscopic process. It is also natural to wonder
why no DZO+ is formed though it is an energetically favorable pro-

duct.
The discussion should begin by recounting some of Schubart's con-

24,25

clusions. He constructed orbital correlation diagrams for CS

approaches of COZ and H, leading to the HZCO; intermediate

and then both HCO; and HCO+ products. Also a CZV orbital cor-

relation diagram leading to HZO+ + CO products was made. It was

seen in each case that the ground state electronic configuration of the
products could be formed assuming that certain crossings were avoided.
Schubart noted that the most important avoided crossing probably arose
in the formation of the HZCOE intermediate in CS symmetry. The

two interacting orbitals are the 7a‘' and lla‘'; the 7a' orbital is a
bonding CH o orbital in the formic acid cation while the 1lla' is an
antibonding OH o* orbital. These orbitals diabatically correlate to the
unoccupied Zﬂ*u orbital of COE and the H21°g orbital res-

pectively. Since the H2 orbital lies lower in energy than this

COE orbital, as the reactants approach, a crossing will be
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attempted, but avoided. This situation might lead one to expect that a
potential energy barrier exists in the entrance channel.

The problem is actually guite similar to the case of H2 adding to
ethylene. In this well-known reaction, symmetry restrictions are quite
severe, and the addition is forbidden for ground state reactants. Using
COE rather than C2H4 lowers the symmetry so that the reaction
is not strictly forbidden; however, the nodal properties of the orbitals
are the same in both cases, and hence a potential energy barrier may be
present.

Using their data Mahan and Schubart24 were able to infer that the
barrier is less than 1 eV high. This conclusion was based on the fact
that they could observed DCO+ down to ~1 eV and the symmetric distri-
butions indicated that the DCO+ was formed from the decay of the com-
plex. It is implicit in this argument that the height of the barrier is
equal to the threshold for DCO+ formation. We indeed measured this
value to be 1 eV; however, we have some evidence that suggests that the
complex is formed below this energy. This evidence comes in the form of
our low energy DCOZ results. Mahan and Schubart had suggested that
in the 2-3 eV energy range DCOE was formed both by a direct mech-
anism and by a complex mechanism; DCO+ resulted only from compliex
decomposition, The fact that DCO+ was not seen at thermal energies
indicated a barrier to complex formation though DCOE could be
produced at the same energy by a direct mechanism. If this model is

accurate, then our DCO; distributions measured below the energetic

threshold for DCO+ formation should show no contribution from long-
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lived complex decay. However, our maps at (.69 and 0.27 eV (Figs. 2 and
3) do retain symmetry in the Tlow intensity contours which is highly sug-
gestive of the fact that the complex channel is still operative. This
is seen even more dramatically by comparing Figs. 4a and 5b. In Fig.
4a, at 1.55 eV, direct processes are dominating, and the contribution
from the complex-decay channel is quite small., 1In Fig. 5b though, the
distribution, while still forward peaked, is really much more symmetric.
Some of this increased symmetry is no doubt attributable to the greater
importance of beam width in the latter experiment, but it appears, that
if anything, complex formation is more important at 0.27 eV than 1.55 eV,
This is, of course, what one expects for most reactive systems, since a
complex containing less energy will Tive longer, but it indicates that
any barrier to formic acid cation formation is lower than 0.27 eV, One
is then left with the conclusion that the barrier to DCO+ formation
occurs in the exit channel. Such a barrier, if it does exist, is not
predicted by the orbital correlation diagram.25

There are other reasons to believe that the barrier to DCO+ forma-
tion is in the exit channel. It was pointed out by Mahan and Schubart24
that the most logical explanation for the observed DCOE distributions
was that direct interactions could occur by moving on the lowest poten-
tial energy surface but with intermediate geometries far removed from
the equilibrium DZCOZ geometry. Trajectories such as these do
not sample the deep well and hence an asymmetric distribution should

result. This arqument becomes less tenable at lower collision energijes.
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energies. When the reactants approach each other slowly they are more
easily diverted by weak chemical forces, and if there exists a low-
energy path to the deep well they should find it. It seems Tikely that
a low-energy path would be present, as the system geometry has a large
number of degrees of freedom, and a barrier, if it exists at all, would
affect only certain approaches. This argument predicts that complex
formation becomes more important at lower energies which is what we
observe with DCOZ. The complex could also decompose to DCO+ +
0D, but since this channel is not seen below 1 eV, a barrier in the exit
channel must be present

Another energetically favorable decomposition channel is the one
which gives 020+ + C0. As was indicated in Table 1, these products
are 0.71 eV below the reactants; however, we were unable to observe this
reaction throughout the energy range studied. Also, as previously men-
tioned, these products do not appear at thermal energy,16’17 nor at

energies ranging up to 15 eV.25 The reasons for this were considered

briefly by Schubart25 who gave a simple C2V orbital correlation

diagram connecting reactants with products but ignoring the intermediate.
He concluded that the reaction was unfavorable because it involved an
avoided crossing between the 1°g(H2) - 4a*1(H20) and 4c*u(C02) -
3a1(H20) orbitals. These orbitals are spatially quite far apart and
hence likely to be poorly coupled. If diabatic behavior dominates, a
highly excited form of H20+ would result which might be subject to
predissociation. This argument can be used to explain why, even if
steric factors are neglected, the production of HZO+ by a direct

interaction is unfavorable.
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It is perhaps more pertinent for us to consider if it is also unlike-
ly for a D,CO, complex to decay into D,0" and CO. Fig. 9
shows an orbital correlation diagram taking reactants through a CS
intermediate into products. Starting with ground state reactants,

2

(la 10 20 30 20 40 30211131113) and HZ(IUS) we see

2...8a'21a“29a'22a"210a') can

that the e]ectron1c ground state of H2C0;(1a'
be formed adiabatically. The avoided crossing between the 7a' and 1la'
orbitals is the origin of the possible entrance channel barrier discus-
sed by Schubart.

Tracing the electrons through to products we obtain excited H20+

( 1,1a§2a§1b23a11b1) and ground state C0. The 2A1 state of H,0 is

2
29 The reaction

linear and lies 0.92 eV above the 281 ground state.
of O, with H, to form H,0"(%A;) is 0.21 eV endothermic,

and the avoided crossing between the 10a' and 1la' curves shown in Fig.

9 indicates that a barrier in excess of the endothermicity may exist.
Perhaps more importantly though, there is a possibility that since the
10a' orbital is essentially the carbonyl 0 atom lone pair, it will go
over to the 3a1, H20 orbital with some difficulty. The large spatial
separation impiies that the orbitals will be poorly coupled, and hence
the curves may pass very close to each other in the vicinity of their
avoided crossing. In cases such as this, diabatic motion often dominates
over adiabatic motion; here, diabatic motion does not lead to complex
decomposition.

Also working against HZO+ formation are steric effects. Because

the electron removed is a non-bonding one, the structure of HZCO;
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at its equilibrium geometry can be taken as approximately the same as
that of formic acid. This structure,30 along with estimates of the
critical configurations for dissociation to the indicated products is
shown in Fig. 10. It should be stressed that the critical configura-
tions are highly speculative although the equilibrium structures of
M0, and HCO' have been used.?>!® Despite this disclaimer, it

is obvious that any critical configuration leading to H20+ + CO
necessarily involves a rather specific and perhaps unfavorable atomic

arrangement. The phase space occupied by these geometries is probably

rarely accessed, and hence decomposition to these products will be slow.

Complex Lifetime

+
In an attempt to characterize the COZ—H2 system further, we

performed RRKM calculations to determine the complex lifetime with res-
pect to the various decomposition channels. We can better visualize the
problem with the aid of Fig. 11. This figure qualitatively represents a
slice through the lowest potential energy surface; the surface, which is
2A' in CS symmetry, has two accessible exit channels, HCOZ + H

and HCO+ + OH. The product asymptotes are indicated on the far right
and far left with the reactants in the middle and the low-lying inter-
mediate on either side. The major point to glean from Fig. 11 other
than that the lowest states are all adiabatically connected, is that

once the complex is formed, there are three possible sets of products.

HCO; + H lies only 1.19 eV above the well, COE + H2 is 2.27 eV up
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and HCO+ + OH requires 1.74 or 3.3 eV depending on the existence of

the proposed exit channel barrier., RRKM calculations were performed to

determine the complex lifetime with respect to all of these decomposi-

tion channels. The program used is the same one discussed in Chapter 3.
The input parameters chosen for this calculation have a fairly large

effect on the results; so we will describe briefly the values we used.

The vibrational frequencies and momer*s of inertia for HZCOZ at

its equilibrium geometry were taken to be equal to those of H2C02'31

As was mentioned previously, these species differ only by the presence

of a single non-bonding electron. Two vibrational frequencies for

HZCOZ have been determined,14 and they are in reasonably good

agreement with the corresponding frequencies in the neutral., For decom-

position to HCOZ + H we have assumed that the critical configuration

vibrational frequencies are the same as those of HZCO; except that

a low frequency (100 cm'l) mode has replaced a 1000 cm"1 vibration;

this attempts to account for the weak coupling between H and HCDZ

at the critical configuration. For break-up to COZ * H2 and

HCO+ + 0OH the frequencies used are those for the fragments32 with

the unaccounted modes arbitrarily assigned 700 cm"1 except for ane 100

cm"l mode. As in Chapter 3, we have decided to neglect rotation in

our calculation, i.e. assume that the adjabatic rotational temperature

is 0°. The major effect of this policy is that the calculated lifetimes

reflect upper limits rather than actual lifetimes. Highly rotationally

excited complexes decompose at a faster rate because the well in their

effective potential is less deep than in the rotationless case.
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The results of the RRKM calculation for the various decomposition
channels are given in Table 2. Two calculations were performed for the
HCO+ + OH channel, one assuming no exit channel barrier and the other
assuming a barrier of 1.5 eV. Both of these possibilities are indicated
in Fig. 1l.

Before discussing the significance of these lifetimes we should
cons ider the uncertainty in them. Various other guesses as to the
vibrational frequencies for the critical configurations gave numbers
which differed from those in Table 2 by up to an order of magnitude. Of
particular importance is the low frequency mode, as it strongly influ-
ences the density of states at the critical configuration. For in-
stance, if 20 et rather than 100 cn~' was used for the low fre-
quency vibration, lifetimes decreased by a factor of five. Nevertheless,
the values given in Table 2 represent the results obtained with our best
estimates for the input parameters and as such are the preferred life-
times.

The quantity to which we should compare these lifetimes is the
rotational period of the HZCOZ intermediate. If the lifetime
exceeds a few rotational periods, a symmetric product distribution
should result. In order to determine the rotational period we need an
estimate for the total angular momentum of the complex and its moments
of inertia. The total angular momentum is assumed to arise entirely

from the collision: L = uyvb, where p is the reduced mass, v is the
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TABLE 2

Complex lifetime (ps) with respect to decomposition to:

Collision N . HCO™ + OH
Energy HCOZ--H CO2 + H2 with- withc_mt
{av) barrier barrier
0.09 0.33 980 ® 3.3
0.35 0.22 38 i 1.2
0.61 0.16 7 i 0.6
1.0 0.10 1.4 e 0.25
1.39 - 0.5 300 0.14
1.91 - 0.2 20 -
2.95 - 0.05 1.3 -
3.86 - 0.02 0.36 -

5.16 - 0.01 0.12 -
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relative velocity and b is the impact parameter. The maximum angular
momentum results from the maximum impact parameter and this value can be
estimated from experimental data. The cross section for DCOZ pro-
duction at 1 eV is 7A2,26 but not all DCOZ comes from long-
lived complex decomposition. Using our data in this energy range we can
estimate the cross section for complex formation to be about half this
value. This implies a maximum impact parameter for complex formation of
1R which for a 1 eV collision gives L~ 42h,

Using the approximation that the formic acid cation geometry is the
same as that of the neutral, we have the result that it is a near-sym-
metric top with values of 6.5, 42.2, and 48.2 amu-A2 for it moments of

inertia.31

Obviously the rotational period of the complex will

strongly depend on how the angular momentum is distribited. It was
discussed by Chiang 55_31.33 and mentioned in Chapter 3 that there is

a tendency for the angular momentum to reside in low frequency rota-
tional motion. This argument assumes that the three modes are in sta-
tistical equilibrium, or, to put it another way, that a rotational
temperature exists. One concludes from this approach that approximately
the same amount of energy resides in each mode; hence much more angular
momentum resides in low frequency rotations. Placing 42n into the Tow
frequency rotation of HZCO; and using the equation ¢

from Chapter 3, we obtain 7 = 1.4 x 10712

r= 2xl/L
seconds. This number is
roughly independent of collision energy because as the energy is raised,

the cross section, and hence bmax' drops, but of course v increases.
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Similarly, for lower collision energies bmax is higher but v is lower;
the net effect is that the complex rotational period stays about the
same.

Comparing this lifetime to the numbers in Table 2 we see that there
are immediate problems. Even at the lowest collision energy considered,

; + H in about 1/4 of a rotational

the complex falls apart to HCO
period. This is not a completely unreasonable result given that this
reaction is exothermic by 1.08 eV, and the well is only 1.19 eV deep
with respect to these products. However, the experimental results sug-
gest that the complex does live much longer than this. There are only
two explanations for rationalizing this situation: 1) we have the
reaction energetics wrong, or, 2} there is a barrier of sorts to

HCOZ formation., The former possibility cannot be completely dis-
missed as there is some uncertainty in the energetics, but it is un-
likely that the error is large enough to explain the present dilemma. A
problem also exists in rationalizing the experimental HCO+ results.

HCO+ distributions are symmetric up to 4 eV, and it can be seen in

Table 2 that even if the barrier is included in the exit channel ft is
difficult to explain a long-lived intermediate at this eneray. Of
course, it is much harder yet to understand this result in the absence
of any barrier. 1f the barrier existed though, and there was no barrier

to HCOE formation, virtually all the complexes would decay to

+
HCO2 + H and no HCO+ vnuld be seen. Since experimentally HCO+
is observed as a comple: c¢z=cay product, the best rationalization for the

dynamics is that a barrier exists in the HCO+ + OH exit channel and
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another barrier exists in the HCOZ + H exit channel. The height of
this latter barrier can only be guessed at but it would have to be appre-
ciable (> 0.5 eV) to significantly effect the dynamics. However, it is
certainly less than 1.35 eV; this conclusion can be drawn from our
result that complex farmation contributes at 0.27 eV combined with the
fact that HCOE + M products lie 1.08 eV below reactants.

In any event, it is quite clear that a simple statistical approach
to this problem is unable to explain the observed product distributions.
This strongly suggests the presence of potential energy barriers and/or

dynamical "bottlenecks" which affect complex decomposition.

Summary

We have extended the results of Mahan and Schubart on the COZ-D2
system down to lower relative collision energies. There are three exo-
thermic reaction channels but only the most exothermic, DCOE + D,
is seen below 1 eV, and this reaction proceeds by both a direct and
indirect mechanism in the entire energy range studied (0.27-1.55 eV).
The next most favorable product channel, HZO+ + C0, is not observed
at all, presumably due to a potential energy barrier and possible steric
hindrances. The product channel leading to HCO+ + OH opens at 1 eV;
this probably reflects another exit channel barrier. RRKM theary,
app with no inclusion of barriers or bottlenecks, is unable to
explain the observed product distributions. This is consistent with the
notion that the potential energy surface for H2C0; is rather
complex and hence dynamics on it are not easily described by statistical

models which neglect these complexities.
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CHAPTER 6. 1ON BEAM STATE DISTRIBUTIONS

When the study of ion-molecule reactions was young, experimenters
could not afford to worry about the internal state distribution of the
reactants. The problems associated with determining gross properties
of the collision partners, such as mass and velocity, were more 1mpor-
tant to solve. For this reason, the literature is full of results
obtained using reactants with an unknown initial electronic state dis-
tribution. Such studies have been important t> those engaged in model-
ing chemical reactions, but more detailed experimental information
concerning the reactivity of each individual electronic state is neces-
sary before experiment and theory can be meaningfully compared. This
fact becoimes clear when one realizes that, for example, the chemistry
of N+(lD) probably is closer to that of F+(1D) than it is to
N ("P). When the electronic structure of a species is altered, it
becomes a completely different entity, and only the nucleus and to a
lesser extent, core electrons, remain unchanged. Since it is the
outer electrons which determine the chemistry of the species, it is not
unreasonable that reactions of excited states may be very different

from those of the ground state. An illustrative example is:
+ +, 2 _+
0"+ N, > Ny(B"Z ) +0 (1)

for which the cross section is 100 times greater when 0+(2P) is

used rather than O+(4S) (at a laboratory energy of 1000 eV)l.



Methods for Metastable Detection

In recent years, attempts to at least characterize if not countrol
the electronic state distribution of the reactant ions have been made.
One of the most obvious methods for detecting the presence of meta-
stable2 electronic states is to try to induce a reaction which is
not energetically allowed with ground state reactants. This approach
is conceptually very simple but in general will not quantitatively
reveal the percentage of metastable present. Also, if the reaction to
be monitored does not occur, one is not guaranteed that the excited
state is absent because the reaction may have a small cross section
for other reasons. Nevertheless, this method has been put to good use

1

by Jones et a1.3 who unambiguously verified the presence of C1+( S)

in a C]+ beam by studying the energetic threshold of the reaction
c1*(co,0)cc1”.

Another dynamical approach to elucidating state distributions is
the inelastic scattering technique of Moore.4 In this method one
collides a beam of fast (1-5 keV) ions with a gas, and energy analyzes
the beam as it emerges. Since most jons are not involved in collisions
with the scattering gas, the energy distribution has a large peak at
the initial ion energy, but often small satellite peaks are visible.
These peaks result from either inelastic or superelastic collisions.
Since the energy levels of the collision partners are known, it is a

simple matter to assign the transitions, and see if any originate with

metastable reactants.



< ' to determine qudantitatively the composition of an

et . .o irep a Boltzmann distribution within the electronic

anitold vt states ano applying the principle of microscopic revers-
ity to relate certain ineiastic cross sections.  The former assump-
tion, woile perhiaps applicable in Moore's duoplasmatron ion source,
~111 not be good in general., Nevertheless, the results obtainea in
this study are wn satisfactory agreement with those found using other
methods, 1t should be mentioned that this technique has not seen
widespread use.

A third approach to detecting excited ions in a beam, and the mast
popular, 15 the beam attenuation method of Turner, Rutherford, and
Compton.5 In this technique, a beam of mass selected ions is direct-
ed through a scattering cell containing a gas. The fraction uf trans-
mitted ions (I/IO) is measured as a function of attenuating gas pres-
sure and an analague of Beer's Law is applied. If the primary ion
beam contains a single electronic state, a semi-logarithmic plot of
1/IO vs. attenuating gas pressure should yield a straight line. The
slope of this line is proportional to the attenuation cross section.

[f two electronic states are present, and the states have different
attenuation cross sections, the semi-logarithmic plot can be decomposed
into the sum of two lines having different slopes. This situation is

expressed mathematically by

/1, = (1-flexp(-no e) + f EXP(—HOZQ). (2)
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where f is the fraction of type 2 ions in the beam, n is the attenu-
ating gas number density, o5 is the attenuation cross section for
type j ions, and i is the path length. The y-intercepts of these
lines give the fraction of the corresponding electronic state in the
beam,

Rather precise measurement of the scattering gas pressure and the
transmitted beam intensity are required to obtain data of sufficient
quality to resolve the subtle curvature which indicates multiple
states. This is especially true if there is not a large difference in
the attenuation cross sections of the two states present. Data are
seldom good enough to justify more than a double exponential fit, but

triple exponential fits, indicating three electronic states, have been

made.1

A final technigque for detecting the presence of excited species in
an ion beam involves the measurement of chemiluminescence from beam-
gas collisions. This method relies on the fact that the cross section
for forming products in emitting states depends on the electronic
states of the reactants. As early as 1970 it was suggested that more
light was produced in collisions of excited states of ar’ and
N; with CZHZ than collisions involving ground state ions. As
will be discussed later, the primary emitters in such collisions are
neutral and ionic fragments of CZHZ‘ Ottinger and collaborators

have extended the technique and clearly demonstrated that luminescent

cross sections vary sharply with reactant electronic state.l'7 An

advantage of this method is that it is easy experimentally to add a



photomultiplier tube and count photons. No dispersion of the lumines-
cence 1s necessary, although it may, of course, be done. A disadvan-
tage 15 that quantitative results are difficult to cbtain because the

chemiluminescent cross sections of the individual electronic states

are largely unknown,

Charge Transfer

The microscopic processes which lead to the removal of arm ion in a
beam attentuation experiment are charge transfer and large angle scat-
tering. If the charge transfer reaction has an appreciable cross
section, it should dominate. Similarly, charge transfer yielding
products which readily fluoresce (reaction (1) is an example), is
usually responsible for most of the light seen in total Tuminescence
experiments. For these reasons, our interpretation of attenuation and
luminescence experiments relies on our ability to predict state-to-
state charge transfer cross sections; hence, a discussion concerning
charge transfer is appropriate.

There is a wealth of information available on charge transfer
cross sections measured at high energies, but much less work has been
done at laboratory energies below 1 keV. 1In the high energy regime,
charge transfer is for the most part "non-chemical" in nature. By
this we mean, cross sections and product distributions are relatively
independent of the initial projectile and generally resemble those
obtained using high energy electrons. Vertical transitions dominate,

which implies that the product distribution is governed by the
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Franck-Condon factors between the ground state of the neutral and the
states of the ion., Some information as to the nature of the reactant
ion can be gleaned using the Massey or adiabatic criterion. The
Massey criterion predicts that for atoms, the energy at which the

. . . . 8
charge transfer cross section attains a maximum is given by

aak

D:mm (3)

where m is the mass of the ion in amu, AE is the difference in ioniza-
tion potentials in eV, and a is the interaction path length. It has
been found empirically that a is best approximated by 7R, Since af
will vary depending on the electronic state of the reactant ion, one
can sometimes gain information as to which states are present by
studying the charge transfer cross section as a function of projectile
kinetic energy.

At lower projectile energies, charge transfer cross sections are
noticeably dependent on the chemical nature of the reactants.
Vertical transitions still dominate, but the importance of energy
resonance becomes more pronounced. In fact, the best indicator as to
whether a par*icular reaction will be favorable is the presence of a
peak in the photoelectron spectrum of the neutral reactant at the
recombination energy of the ion. This situation implies that a state
which has favorable vibrational overlap with the neutral reactant is

located such that near-resonant charge transfer can take place. It
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has been observed that spin is generdlly conserved in these reactions,
Hence, a collision between two singlets will not give a guartet
product even if the reaction is otherwise favorable,

[t is interesting to compare charge transfer reactions to other
ton-molecule reactions, A typical ion-molecule reaction is well des-
¢ribed by the Langevin polarization model while charge transfer 1is
not. Tnermal near-resonant chdrge exchange is usually a factor of ¢
or 3 slower than the Langevin rate, and the cross section does not
fall as £ 12 4 predicted by the polarization model.? This is
because charge transfer is a curve crossing phenomenon, and the actual
electron transfer takes place at about the same distance regardiess of
the energy. The distance correspcnds to the point where the X+ + Y
potential energy curve crosses (or comes near) the X + Y+ curve.,

Since the electron is exchanged at roughly a constant distance, the
cross section for the process is not strongly dependent on the colli-
sion energy; this has been experimentally verified for most systems at
moderate energies. An additional feature of charge transfer reactions
is that the separation at which the curves cross may be quite large
(several angstroms). Hence, the electron can be exchanged with negli-
gible momentum transfer between the collision partners., Recent crossed

beam experiments have verified this assertion for processes with large

cross sections.lo’11

As mentioned earlier, the total luminescence experiments used to
detect metastable states also rely heavily on charge exchange reactions

This is because charge transfer usually has a higher cross section than
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other processes which can lead to luminrescence. In fact, in very

favorable cases such as

+ + + 5
Hez + N2 > N2 (leu) + ?2He, {4)

the luminescence cross section is so large, o > 10&‘,12'13 that

the reaction has been used to produce lasing on several lines in the
+

near uv;14 the lines belong to the NZ(B » X) system. However,

there are other processes in addition to simple charge exchange which

can lead to chemiluminescence. They are excitation, e.g.

+ +

N +NO » N + NO*, (5)
reaction, e.q.

+ +%

NO+NO >N, 4O, (6)

and dissociative charge transfer, e.q.

+ +*
Ne +CO»Ne+C +0. (7)

As discussed by Brandt et al.,lS these reactions generally have low
cross sections and will be unimportant for collision partners with a

favorable charge transfer pathway.
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To itnvestigate the State distribution of our 10n peams, the beam
dttenuation gang tetal lurinescence methods were usac. Tne apparatus
empluyed to perfurm the attenudtions is quite similar to the one ces-
tribed o Chapter 2 except that it contains a scattering cell to intro-
guite the neutral reaclant and generally works at nigher 1on energies,
It has been used previously to study the state distributions of
U; and 0" ion beams from various sources.w'gU An ion col-
lector which has an acceptance angle of %45°is located inside the scat-
tering cell and ion current is measured using a Keithley 417 high speed
picoammeter. The entrance aperture ot the scattering cell is a 2 x ¢
mm sQuare, 4and there 15 also 4 circular rear aperture ot 2 mm diameter.
The main chamber is pumped by two 6" liquid nitrogen trapped o1l dif-
fusion pumps which allow the cell pressure to exceed the background
pressure by about three orders of magnitude. The attenuating gas is
introduced to the cell through a Granville-Fhillips variable leak valve
and cell pressure is monitored indirectly by a capacitance manometer
(MKS Baratron type 144), The pressure, relative to the main chamber
pressure which is assumed to be zero, is measured directly at a loca-
tion remote from the scattering cell. This location is connected to
the cell with metal tubes whose conductance may be calculated using
standard techniques.17 The formula obtained for the cell pressure

(pcell) given the measured pressure {p)} in microns 1518

2
Peell = 0.289p + .0006303p". (11)
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Since precise knowledge of the cell pressure is essential to the
accurate interpretation of the results of beam attentuation experi-
ments, the pressure is further corrected in a way which will be
described later.

An attentuation experiment is performed in the following manner.

A mass analyzed beam of ions at a known energy (typically 100 eV} is
directed into the scattering cell and the total ion current reaching
the back of the cell is monitored. After the beam has stabilized,
data taking commences by establishing a baseline (Io) and zero; the
baseline corresponds to the unattenvated beam current and zero is
obtained mechanically with the picoammeter. Then, by leaking gas into
the cell and simulianeously measuring pressure and transmitted beam
current, data points are taken. After every fourth point, the valve
to the cell is closed and in a few seconds, when the residual gas has
left, the unattenuated beam current is again measured; this helps
account for small amounts of be . Ji1ft., Approxima.eiy 25 points,
ranging from abou® 1 to 95% attenuation constitute a full experiment.
It is also desirable to leak in an excess of attenuating gas so that a
“minimum* beam current can be measured. M~re discussion of this mini-
mum current, which is generally negative, is given later.

In practice the transmitted beam intensity and pressure are mea-
sured to three or four place accuracy using digital voltmeters which
monitor the output of the picoammeter and manometer. It is also
helpful to check for instability or abrupt intensity changes by

ptotting the output of the picoammeter on a strip-chart recorder.
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Once data taking begins, an experiment can be completed in 10 to 15
minutes.

There are other points which should be mentioned that are impor-
tant to the successful completion of an attentuation experiment. Beam
stability is essential; generally short-term intensity fluctuations
should be less than 0.1%, though slow, steady intensity drifts may be
acceptable. The capacitance manometer should, of course be, accurately
zeroed and tuned. It is also advisable to float the ion collector in
the scattering cell at a modest positive voltage. This is done to pre-
vent the colection of slow ions. As stated earlier, charge exchange
often takes place with negligible momentum transfer and, hence, the
product ions will be at near-thermal energy. Since in an attenuation
experiment we desire that charge transfer events remove ions from the
beam, the slow ions should be rejected by the ion collector. We do
this by floating the collector at +8 V with a battery.

Because the important quantity in these experiments is the
fraction of ions transmitted, a large beam flux is unnecessary; excel-
lent results have been obtainéd with currents of less than 10_12A.

For the total luminescence experiments reported in this thesis,
the apparatus described in Chapter 2 was used with only minor modifi-
cations. The modifications consisted of adding a very rudimentary
scattering cell, removing the catcher chamber, adding a window flange,
and placing a photomultipliier tube against the window. The scattering
cell used was a 1" length of 1" I.D. thin walled brass tube, with a
mirror glued on one end and a glass window on the other. The inner

glass surfaces were covered with a high-transparency steel mesh to
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ensure that the collision center was at ground potential. lons
entered and exited the cell through .187" dia. circular apertures; the
cell was aligned manually with the aid of a cathetometer. lon current
was monitored using a broad ion collector placed after the cell. The
neutral reactant was admitted via a stainless steel tube hard-soldered
onto the bottom of the cell; the flow rate was controlled by a
Granville-Phillips variable leak valve. Light exiting the cell was
gathered by a short focal length lens and collimated by a second lens.
The RCA 8575 photomultiplier tube used to measure emission was located
~12" from the collision center; provisions were made so that wavelength
filters could be added between the photomultiplier tube and scattering
cell. The spectral range covered by the optical detection system was
primarily determined by the response of the photocathcde in the photo-
multiplier tube., This curve is peaked near 400 nm where it is nearly
100% efficient; it falls to 50% at 290 and 520 nm and 10% at 260 and
600 nm. The low wavelength limit »7 the detection system is actually
determined by the transmission of the glass windows and lenses which
pass little radiation below 330 nm.19 The spectral range covered by
the detection system is nearly ideal for our purposes as the emission
spectra of many ions lie close to 400 nm.

Due to the inherent sensitivity of modern photomultipliers, total
luminescence experiments are quite easy to perform. Signal levels
were so high that it was unnecessary to cool the photomultiplier tube;
in favorable reactive systems the luminescence could be seen with
one's eye. The tube was typically operated at 2200 V, and the output

pulses were fed to a Lecroy 333 amplifier ana .hen to a Lecroy 3218



280

discriminator. The logic pulses output by the discriminator were
counted by a Harshaw NS-30 scaler; if counting rates exceeded the capa-
bilities of the system, the tube voltage was decreased. The background
counting rate from the uncooled tube was about 3000 cps.

It should be noted that the luminescence intensities measured with
this system do not represent or are even proportional to the actual
cross section for the formation of the emitting state. This is because
of the non-uniform wavelength sensitivity of the optical detection
system and the inabililty to accurately measure the pressure of the
gas in the scattering cell. Since the pressure could not be readily
measured, data were taken at the pressure which was found empirically
to give the most light. Figure 1 shows, for a typical system, how the
light intensity varies as a function of the percentage of beam trans-
mission. As beam transmission decreases, light intensity initiaily
increases as more of the ions have a chance to collide with the neutral
and produce emitting species. A point is reached, however, where the
curve turns downward, presumably because the luminescence is produced
prior to the center of the cell and is not efficiently collected.
Fortunately, in the vicinity of the apex, the curve is rather flat
which indicates that reproducibility should not be a severe problem as
long as data are taken at roughly the same beam transmittances.

The effectiveness of the luminescence technigue was checked by
monitoring total emission produced in collisions between 0+ and CO

N,0, and H,S. 0" formed in a microwave discharge through 0,

is expected to be almost exclusively in the ground 4S state20
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Plot of the light intensity (in photons x 103/sec) produced

by colliding a 7 x 10-9 A beam of 32 eV Ne* ions with CpHp at
various scattering cell pressures. The pressure was not measured
directly but is given implicitly by the percentage of ions
transmitted by the cell.
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while electron impact will give significant amounts of the metastable
2D and 2P states.5 One would expect that collisions of 0+(ZD)

with CO would produce large amounts of light because of the favorability

of
0" (%p) + co » 0(3p) + CO+(A2nv=2) aE = -0.02 eV, (12)

and the fact that C0+(A » X) emission is strong in the blue. A simi-
lar case exists with NZO for which O+(2D) has a near resonant

charge transfer channel to low vibrational states of N20+(A). The

subsequent N20+(A > X) emission which is centared in the near

uv21 should be easily seen by our optical detection system. Charge

transfer to the A states of CO' and NZO+ using 0+(4S) is

much less likely as both proceses are 2.8 eV endothermic.
When HZS is used as a collision partner, the situation is

reversed because the energetics of the reactions

0t (}s) + H,S > o(3p) + H25+(A 2A1) aE

-0.35 eV (13)

0t (%n) + HyS » 0(%) + H,S" (A 2A1) of

-3.6 eV (14)

imply that the cross sectien for H25+(A) formation should be larger

using 0+(4S) than 0+(20). The product A state emits to HZS+(X)

giving visible light.%
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In Fig. 2 we see the results of total luminescence experiments com—
. . +
comparing electron impact and microwave discharge produced 0 in CO,

N20 and st. The precision of these data is not great as indicated

by the somewhat random variation in emission intensity with collision
enerqy. Nevertheless, the fact that significantly more light is seen

in the collision of electron impact produced 0+ with CO and N,0O,

2
and less 1in collisions with HZS’ is consistent with our expectation

2

+
that this beam contains large amounts of O (D). Hence the valid-

ity of the total luminescence approach is confirmed.

Control of State Distributions

Before making the final, irreversible leap into the experimental
results, a short digression is in order. In previous sections it has
been shown how to detect and/or measure excited species in an ion
beam, but no discussion has been given as to how to influence the
state distribution in the beam. It is of little consolation to the
reaction dynamicist to know that his reactant beam contains 50%
metastables if he is unable to decipher the different dynamics of the
two (or more} states. He would be much better off to produce a beam
which was exclusively one state, and hence, have no ambiguity in inter-
preting results. The modern physical chemist's approach to this prob-
lem would be to use a laser to pump ions into the state of interest or
out of the state contaminating the results. Unfortunately, for most
jons which have been studied this is impractical due to the lack of

tunable laser systems in the uv. It is also impractical to excite a
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Plot of total luminescence in thousands of photons/sec/nA of
beam current vs lab kinetic energy for 0% produced by
electron impact on CO5(x) and microwave discharge (circles)
through 07 using CO, ﬁgO, and HpS as collision partners.
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metastable level directly because of the low oscillator strength. A
variation of this technique has been successfully used by Carrington
and co-workers to obtain spectroscopic information about ions.23 By
Doppler-tuning a fast beam of CO+ ions into rescnance with a coaxial
Ar+ laser beam, cbsorption could be detected by monitoring changes

in the charge transfer cross section of co* with various collision
gases. It should be noted though inat the state pumped in this study
is quite short-lived (r(C0+A 2r() = 2 X 10_65), and even if dynamical
studies could be performed, their importance would be diminished by

the scarcity of this species in nature.

Although there exists much interest in the dynamics of excited
states,24 we should first direct our attention to reactions involving
the ground elect-onic state. The production of a beam of pure ground
state ions is no easy matter, however. The original, and still widely-
emp loyed method for ion production involves electron bombardment cf a
source gas. High energy electrons (> 50 eV) are usually required if
one is to obtain a suitably intense beam, and there is plenty of energy
available to yield ions in excited states. One interesting approach
to this problem is the storage ion source of Teloy and Ger]ich.25
Here ions are formed by electron impact and stored with the aid of an
inhomogeneous rf field; they undergo many collisions prior to leaving
the source. The many collisions allow for the relaxation of metastable

electronic states.
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Another approach used for the production of more purely ground state
beams is to form the ions in gaseous discharges. Because discharges
require moderate (~.01-1Q torr) pressures to operate, high energy
electrons become rapidly thermalized and any metastable species formed
are subject to numerous collisions and may be quenched. Even so, some
discharge ion sources such as the commercially available "duoplasmatron"
and “Colutron* are quite hot and are kncown to produce non-negligible
amounts of excited ions. It is somewhat curious that the DC discharge
source described in Chapter 2 was patterned after the Colutron, but in
the mode in which it is operated, produces predominately ground state
jons. Probably the most successful approach to producing nearly pure
ground state beams involves the use of a microwave discharge source.
This source, which has been in use in our laboratory for over ten years,
is also described in Chapter 2. The low electron temperature within the
microwave discharge is not conducive toward the pioduction of excited
state ions; it is puzzling that other groups have not employed similar
sources.

Other ideas for the production of ground state ions have been imple-
mented by Koski's group. Beam attenuation experiments showed that the
addition of a small amount of a paramagnetic gas such as NO to their
electron impact source would significantly quench excited metastable

26,27

states. This, presumably, is due to the unpaired electron on NO

which is easily exchanged upor collision, allowing rapid interconversion
between states in different spin manifolds. This technique was not

successful in guenching B+(3P); so, a different approach was tried.
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It was found that while electron bombardment of BF3 produced a mixture
of 1S and 3P states, 813 gave only the ground, 1S state.28

There is no doubt that a certain amount of luck is necessary in finding a
system which upon ijonization gives a single electronic state, but the

work may be worth the effort.

ﬁf State Distribution

Previous workers have put considerable effort into understanding the
states of N+ produced upon ionization, and we can profit from their

discoveries. In 1963, McGowan and Kerwin29 investigated the mass

spectrum of 29N2 as a function of electron energy. It was their

intention to find out what fraction of g-= 14 seen in the mass spectrum

of 28N2 actually was N;+ rather than N+. Althouch their

results showed that the fraction had a strong dependence on electron

++
energy and source pressure, it was found that N2 could amount to

10% of an g-= 14 beam when the ions were produced by bombarding N2 With

180 eV electrons.
Because of this demonstrated contamination in an N+ beam, a number

of subsequent workers have studied the state distribution under condi-

tions which precluded the formation of N;+. This is fairly easiiy

done as the appearance potential for NZ+ is 42.7 eV while N+(3P)
from N2 requires only 24.3 e¥. The first three excited states of N+

1. 1 5

are all metastable; the S, and ~S states lie 1.90, 4.05, and

D,
5.85 eV respectively above the 3p state.30 The radiative lifetimes

as obtained from the estimated Einstein A coefficients are 300 seconds



290

1oy 31

+ +
for N (IU) and 0.9 seconds for N (°S). Moore, using the inelastic

scattering technique described earlier in this chapter, found that nis

3

duoplasmatron source produced 87.5% N+( Py, 12 N+(lD), and 0.5%

N+( S).4 No N+(SS) was observed. Similarly, Rutherford and

Vroom,32 who studied N+ produced by the impact of 24 to 40 eV elec-
trons on N2, concluded that a maximum of 15% excited state was

formed., The threshold for the appearance of the new state was 26,2 eV
which corresponds to the minimum energy for N+(lD) formation.

Above 26.2 eV electron energy, the fraction of metastable rapidly
increased to ~15% at 30 eV but then stayed constant up to 40 eV. No

obvious breaks were seen at the threshuld for 15 or 58 formation.

Moran and Hilcox33

also concluded from their charge transfer experi-
ments that the N+ state distribution did not change about 30 eV, and
in fact stays constant up to 60 eV. It should be mentioned though
that the electron energy resolution in these experiments is probably
not great enough to conclude with absolute certainty that there are no

additional thresholds which might correspond to 15 or 55 produc-

tion.

Kusunoki and Ottinger34 studied the emission from collisions of

+

N with small hydrocarbons and included data on light intensity as a
function of source voltage. They found that emission from NH(A 3n)
decreased by 20% as the voltage between cathode and anode in their

Colutron source was increased from 40 to 85 V. It is unlikely that

++ . AP , ‘s .
N2 is a significant contaminant under these conditions; so it

1

+
was concluded that the N { D,IS) concentration noticeably increased
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as the source voltage was raisea. Previous work had shown that N;(B » X)
emission observed following N+—N2 collisions, was constant in the 20-40 V
source voltage rarge indicating that a pure ground state beam is formed
under these conditions. For this system though, emission did increase
above 40 V and was attributed to a small amount of N;+ in the beam.
Tichy 23_91.31 have also reported on the metastable states of N+
produced by electron impact. To prevent contamination from N;+, NO
was the preferred source gas in their low pressure electron impact
source. The beam of N+ produced was injected into a flow tube and a
technique called the "monitor ion method," which is similar to the
beam attenuation approach, was used to detect metastables. Their mea-
surements indicated that 30% of the ions were in metastable electronic
states, but the population of individual states was not determined.
Perhaps of most interest are the results of Matic and
collaborators. By performing attenuation experiments of 5 keV N on
Ne, it was seen that at low source pressures, up to 60% of the electron
impact produced beam was in, what appeared to be, a single metastable
state.35 The fraction of this state in the beam increased steadily
as the electron energy was raised to 80 eV; above this energy the
fractional increase was small and was attributed to a larger produc-
tion of N;+. In this publication, it was assumed that the metast-
able state formed was N+(lD). A subsequent publication, however,
concluded that the dominant metastable is the 55 state.36 This

was determined by studying the charge transfer cross section of the

ions as a function of kinetic energy and applying the Massey criterion.
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The process:

NT(25) + me > h(YS) + e’ (15,
is endothermic by only 1.17 eV while spin-allowed charge transfer fron
the other N+ stales 1s at least 5 eV endothermic. Equation (3) pre-
éicts that the charge transfer cross section curve for N+(55) will
look very different from those of the other states. Since the maximum
in the experimental curve is in good agreement with the value precicted
for N+(55), the argument is convincing. It should be noted that
this experiment was not expec:ied to be sensitive to 10 cr 15
states in the beam.

The result that the impact of 80 eV electrons on N? can produce
up to half N+(55) 1s quite remarkable when one considers that

N(°

S) had not been observed by other workers. Its possible
presence was reported by our group, due to an inelastic feature in
N+—He collisions which was best assigned to N+(55 > 3D).37

We performed beam attentuation experiments on N+ ions extracted
from each of the three ion sources described in Chapter 2, using
various attenuating gases. It was discovered rather early in the
course of experiments that the calculated cell pressure given by
equation (11) was inadequate. This was particularly true for systems

where the attenuation cross section was small and high pressures were

necessary; often "pegative curvature" in the plots appeared. A double



~o
O
L)

exponential fit to data witn negative curvature yiclds the unphysical
result that one state is present 1n over 100% abundance; this was
belvevea to be an experimental artifact. Therefore the pressure was
further corrected in the following way. Beam attenuations of Ne+
formed in a microwave discharge of 90% Ne-10% He were performed using
each of the attenuating gases. Because of the mildness of the ioniz-
ing conditions and the fact that the first excited state of e lies

30 all of the Ne+ ions should be in

2b.9 eV above the ground state,
the lowest 2P3/2’1/2 states. Assuming equal attenuation cross
sections for the two fine structure states, a semi-logarithmic plot of
I/I0 vs pressure must give a straight line. It was observed that

for some attentuating gases there was negative curvature while for
others there was slight positive curvature. A computer program, PFIX,
was written which further adjusted the pressure measurement so that
the semilog plots gave straight lines. This process consisted of
finding coefficients a,b,c so that a final corrected pressure (p

cor)
could be determined from the previously calculated pressure (p} using

2 3
cor = 2P * bpm * cpT. (16)

p
To determine the coefficients, PFIX utilizes a standard least squares
matrix algorithm38 Jhich has been siightly modified to account for

the fact that the fit is constrained to go through the point p = 0,

cor
]09(1/10) = 0.39 Once the second and third order coefficients

were determined for a particular attenuating gas, they were applied to



Systems anvoiving the sant dtlenudting gds butl cifferent aons. curve-
ture 1n the subsequent | lotys shoule be real, ang tne cate were fat o
¢ double exponential using dn ilerative non-linedr leasl squares
program written by J. b, Kleckner,

It was observed that when the pressure correction coetficients
were applied, results were most successtful 1f the gata the correction
was being applied to covered a pressure range similar to that for wnich
the coefficients were determined. This observation suggests that in
addrthon to the expected gas specific nature of the pressure correc-
tion, presumably due to differences in viscosity, there is a contri-
bution coming from the apparatus which probably reflects the inage-
quecies of equation (11) over all pressure ranges. Further support
{or this notion comes from the fact that coefficients obtained using a
beam of Ar+, also expected to be all ground state, were not always
in good agreement with coefficients obtained using Ne+. Therefore,
Judicious application of the coefficients was necessary in order to
prevent the inducement of ar’ facts; usually the Ne+ results were
used, but occasionally only up L. second order. For some gases, the
Ar+ determined coefficients were preferred while in others it was

apparent that neither set did a suitable job, and other methods had to

be apph’ed.40

In Figs. 3-5 we see typical results for the attencation of 100 eV
+
beams of N ions in CO. The fractional abundances and attentuation
cross sections in A2 for the two states as determined by the computer

program are given in the figures, The absolute cross sections are
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Semilcg plot of the fraction of a 100 eV N beam passed as a
function .f CO attenuating qas pressure. The Nt was produced

in a microwave discharge through N>. The diamonds represent
data points and the squares denote the difference between the
data and the lower cross section {slow) exponential fit to the
data. The upper line is the slow exponential. The CO pressure
was corrected to second order in Figs. 3-5 using the coefficient
-1.33 x 1¢-3 for the quadratic term.
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determined using a value of 2.7 cm for the path length in the scatter-
ing cell; these numbers are considered accurate to about 25 relatively
and * 20% absolutely for the species present in large abundance. We
observed a fairly large variation in the cross section for the more
sparcely populated state, and so these cross sections are probably
only good to *#50%. The fractional abundances are believed accurate to
3 percentage points. Comparing Figs. 3 and 4 we see good agreement
as to the fraction of excited state present when the ions are produced
in either of our discharge sources. The obseived small variation in
the cross sections is probably within experimental error. In Fig. 5,
we see that when N+ is produced by high energy electron impact, the
expected result is obtained that more excited metastable ions are pro-
duced. Figs. 3 and 4 show that in a two state approximation ~8 of

the ions emanating from our discharge sources are in metastable states.
This implicitly assumes that the dominant ion present is the ground
state, which is reasonable, at least for the discharge sources.

To help decide which metastable state{s) is (are) present in the
beams from our discharge sources, we should cons ider the energy level
diagram given in Fig. 6. This diagram is useful because it shows at a
glance if charge transfer should be favorable. On the far left, line
segments located at the proper transition energies for N+(3P,1D,1S,55) +
e » N(4S,ZD,2P) are given; short line segments indicate that the
transition is spin-forbidden. On the right side, transition energies
for forming the indicated ions from the neutral ground state are given.

The length of these lines is proporiional to the Franck-Condon overlap
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Transition energies for the various N+ states to different
states of N, and ionization energies for various attenuating
gases. For the molecules, the length of the lines signify the
magnitude of the vibrational overlap of that state of the ion
with the v = 0 level of the ground electronic state of the
neutral molecule. The three levels associated with each N*
electronic state correspond to recombination to N(%S,2D,2P).
Short lines associated with these levels denote transitions
which are not favorable. This figure is similar to one given

in Ref. 41 but has been extended using photoelectron spectra
given in Ref. 42.
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of that ionic state with lowest state of the neutral. As stated
earlier, charge transfer processes which are resonant to ionic states
with favorable vibrational uverlap should have large cross sections,

Such a process, as can be seen in Fig. 6, is
N (10) + co » (%) + co*(X). (17)

This reaction is exothermic by only 0.05 eV to the v = 0 level of

0" (X) which has good overlap with CO (X, v = 0). Neither

+.1 + 5

N (°S) or N (7S) has such a favorable charge transfer channel

with CO and the reaction involving the ground state is also less likely
since it is 0.53 eV off resonance. Therefore it is reasonable to
attribute the fast exponential (¢ =~ 60 Az) in Figs. 3 and 4 to the

1y state and the slower one (o0 =~ 9&2) to 3

33

P. Rutherford and
Vroom™ measured the charge transfer cross section for N+(3P)

and N+(1D) with CO at 100 eV and obtained 4A° and 40R% res-
pectively. Since a number of other products are po:sible in this
reaction, and they might also be scattered to large enough angies that
they would not be detected, agreement can be considered good. Further
confirmation comes from Frobin Sﬂiiil-43 who measured the charge

transfer cross section of N+(3P) at 20 eV to be 3.382 but found

the total attenuation cross section to be 6.9A%.
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The observation that the microwave discharge and BC discharge
sources produce similar state distributions was further verified using
other attentuating gases. However, it was noticed that the state dis-
tributions produced by the DC discharge source were somewhat variable.
This was seen not only in attentuation experiments where values
approaching 15% melastable were sometimes obtained, but also in
reactive product distributions. These product distributions, which
were discussed in Chapter 3, were not always reproducible using this
source presumably because of fluctuations in the electronic state
population. Although the cause of such variations was never unambig-
uously determined, it appeared that lower discharge currents favored
metastable production. Also if the orifice in the anode of this source
became enlarged, it seemed that more metastables were produced.

Interpreting the state distribution of the electron impact produced
beam is complicated by the fact that a number of states are formed by
this process. Further discussion of this point is given later.

Figs. 7-9 show the results of attenuations of N produced in the
microwave discharge source using Ar, 02 and N2 as attenuators.

The percentage of metastable state obtained is in good agreement using
all attenuating gases except for N2. This would be expected only if
the states present in the beam attenuated with equal cross sections in
NZ' One might initially think that the charge transfer cross

section for N+(1D) to N2 might be higher than for N+(3P)

because the former process is exothermic and the latter endothermic.

However, the reaction
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v ley N,(lx;) > N(%s) + NZ(Z:;) af = -0.96, (15)

does not conserve spin and hence is unlikely. The most favorable spin
aliowed charge transfer reaction with N+(10) is to form N(ZD);

this yields an effrective recombination eneryy for N+(:U) of

14.06 eV. The recombination energy of N' (P} is 14.58 eV which
makes N a somewha: interesting case in that more energy i< released
in charge transfer with the ground state than with the excited state.
Because of this fact there is no reason to expect either 1D or 3P

to have large charge transfer cross sections in NZ’ as both proc-
cesses are at least 1 eV endothermic. Moran and Wi]COA34 found

these states to have identical charge transfer cross sections with

NZ below 1 keV and at the lowest energy studied, 600 eV, the cross
sectionc for both were 4.5A2. Hence the attenuation results using

N2 confirm our belief that the microwave discharge produced beam
contains only N+(3P) and N+(1D). Attenuations performed using

N from the DC discharge source also gave nearly straight lines.

Figs. 7 and 8 are consistent with Fig. 3, and we may conciude that
approximately 8% of the ions extracted from the microwave discharge
source are in the 1D state. 1In the case where Ar is used as the
attenuator, the N+(lD) has a higher attenuation cross section than

+
N (3P) while for 02, the opposite is true. The value given for

. +
the cross section of N (lD) in Ar is very approximate since other

experiments yielded numbers ranging from 6—22&2. The c¢ross section
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+
measured for N (3P) attenuating in Ar, 2.9&2, probably reflects
large angle scattering (which will be discussed later) rather than

charge transfer. We conclude this from the fact that the charge

3 1

+ +
transfer cross sections to Ar for N (7P) and N (

5&2_ respectively, at 1 keV,34 and the values are decreasing as a

D) are 2 and

function of energy. It is not obvious why the 1D state would have a
higher cross section than 3P because the processes

N+(3P) + Ar 3 N(qs) + Ar+(2F) (19)

N (Ip) + Ar s N(%D) + AFT (G

P) (20)
are endothermic by 1.14 and 1.62 eV respectively. It is possible that
lU charge treansfer to give N(qS), which is exothermic by 0.76 eV,
contributes Lo the depletion of the 10 state.

The fact that N+(3P) has a large charge transfer cross section

in O2 could be easily predicted by glancing at Fig. 6. The reaction
- +
N'Ce) + 0,0)) 5 ne) + 050 g) oE = 0.09 eV (21)

should be quite favorable, and, in fact, the cross section for (21) at
100 eV has been measured at 20.5 A2.%% This is in good agreement

with our total attenuation cross section of 23.1A2 at the same

energy. Moran and Wilcox3 measured the charge transfer cross

+
section for 1 keV N in 0, and obtained 3A2 for the 1p state

and 23ﬁ2 for N+(3F).
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It should be noted that it is quite difficult to correctly fit data
which contain a small percentage of a species with a low attenuation
cross section, because the curvatuyre introduced is rather subtle.
Small variations in the data and pressure correcting coefficients
caused large fluctuations in the cross section for the 1D state and
we were not able to obtain similar results for N+ extracted from the
DC discharge source. In fact the fit to the data in Fig. 8, which
seems quite correct given other information we have on this system,
was not possible until yet another correction was included. This 1is
described in the following paragraphs.

A point which was mentioned in passing earlier is that when an
excess of gas was added to the scattering cell, negative current could
be measured by the picommeter. This apparently resulted from electrons
or nega.ive ions produced upon collision, and these charge carriers
were attracted to the ion collector by the +8 V bias. The negative
current we measured increased gradually as a function of pressure but
then decreased, apparently because it was attenuated by the gas in or
before the cell. For some ion-molecule combinations the negative cur-
rent was quite large and amounted to greater than 10% conversion of
the primary beam current. Such a system was N+—02. The original way
that negative current was taken into account was to treat the maximum
negative point obtained as zero and measure I and IO with respect to
it. Clearly this is an approximation but not a serious one for most
systems as it amounts to a change of a few percent or less. However,

for systems like N+-02, where the difference between the mechani-
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cal zero, wnhich corresponds to no current, and the maximum negative
current, 15 significant, the approximation is not justified. A more
accurate approach to the problem is to assume that the number of nega-
tive charge carriers produced is proportional to the pressure in the
cell. This is likely to be a good assumption in the “Jow pressure”
range where competition from processes which aeplete the negative
currert is negligible. Since virtually all the data points are taken
at pressures at least a factor of 5 lower than that at which the maxi-
mum negative current occurs, a low pressure regime assumption is pro-
bably valid.

The guantity we wish to measure, IlIO, concerns the positive
current transmitted and any negative current present is a contaminant.
Hence, we need to subtract the effects of the negative current from
our measurement of [ at each point; becc'se the neogative current is
dependent on pressure the adjustment amounts to making "zero" pressure

dependent. This is done in practice using the equation

Ligi = 1 * Max(P/Penp) (22)

where Iadj is the adjusted value of the transmitted beam current, I

is the raw value measured with respect to mechanical zero, Nmax is

the maximum negative current measured, p is the pressure at which the

data point is taken, and pemp is an empirically determined pressure.

Physically pemp corresponds to the pressure at which the negative

current produced is equal to Nmax' Unfortunately, this could not be
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directly measu. 2d because at the high pressure at which Nmax is
obtained, processes attenuating the negative signal are importart.

The best value for pemp lies between the pressure at which the

signal first becomes negative and the pressure at which Nmax s
measured; in practice we used the pressure at which the measured
negative current was equal to half of Nmax: This correction had
virtually no effect on systems which produced little negative current,
but was rather successful when applied to N+-O2 as demenstrated by
Fig. 8.

Figs. 10-13 show Ar, 0,, N

os Ny and H2 attenuations of N+ produced by
the impact of 160 eV electrons on N2. Figs. 10, 12 and 13 are simi-
lar to Fig. 5 in that they indicate that 20-30% of the beam is in a
metastable state which is attenuated with a much larger cross section
than the ground state. Table 1 summarizes the average of results for
N+ attenuations with CO, Ar, 02, N2 and H2. It is obvious if

one considers the cross sections, that the two states present in the
microwave discharge produced ions are not the same as the two states
determined for the electron impact produced beam. It was well-estab-
lished by the microwave data that N+(3P) has an attenuation cross
section of 2382 in 0,, while neither of the states fit in the
electron impact results have this cross section. There is also a
noticeable discrepancy in the two cross sections for N+(3P) in

N2. Similarly, it is clear that the metastable species produced by

electron impact are attenuated by Ar much faster than N+(ID)

itself. The evidence leads us to the conclusion that the two state
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Results of a beam attenuation experiment for 100 eV Nt in Ho.
The H, pressure was corrected using the coefficients

-2.39 x 10-3 and 6.85 x 10-6 for the second and third order
terms respectively. These coefficients were chosen because
when applied to data obtained with microwave discharge pro-
duced N* attenuating in H2, a single exponential was obtained.



171

2.1

2.01

3 “x -
LY ~
3
\‘\
“
.
\\
\\\
~
. N -
L N 7
- \\‘ .~ N
F N
F

316

?7,24/78 1C0L BERM Q53
B FLTZS T N+iR2Z: 1ECL

31PCT 1 RITw x3ECT

69FCT 2 LITw xSECT

t1

2e .7

=
<

r)

5 U W W

PRESSURECMICRONSD>

Fig. 13

100

XBL 807-10751



317

Table 1

Niccomave Orscnarge Electron Impact

"oy i Spectes 1 Species 2
Attenusting Gay  Fraction (Cross-Sectton  Fraction Cross-Section  Fraction Crots-Section  Fraction  Cicas-Section

o 0.08 rss 0.52 9.0 0.23 20 o.n $.2
Ar 0.08 22 0.91 2.9 0.2 3 0.75 1.1
g 0.06 -8 0.54 2.3 0.40 14 .40 0
L, o0.01 — 0.9% L4 0.2 k- 3.78 5.8
L) ol —— 1.0 2.7 0.30 n 0.70 1.0

Average Appwent fraciiont snd stteruation cross sections (12) for species presant 1o wie » 14 buams producad by sicToware
discnarge or slectron tapact on K.
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approximation is not valid when applied to the electron impact produced

jons. This is certainly reasonable in light of our earlier discussion
++ +
°s), Ny, N (')

and N+(3P) could be formed. Since virtually nothing is known about the

+
which concluded that significant amounts of N (

o+t . +
charge transfer cross sections of N2 or the higher states of N to

the gases in question, our discussion as to the possible presence of
these states will have to be qualitative.

+
The effect that N2+ has on the attenuation results is not

immed iately clear. Since the second ionization potential of N2 is
27.1 eV’45 the transfer of a single electron to N;+ will be far

from resonant for ground state products. However, because there exist
many excited vibronic states of N+, a favorable reaction pathway
might be present.46 It has been experimentally determined at thermal
energies that the single electron transfer rate to a doubly charged
ion can be quite high when one of the collision partners is a mole-

47-49

cule. Also it would be expected that for resonant processes

such as:

AN, s N
N2 2 >

+N++
2 2
the cross section would be large. Recent work with rare gases has
shown that the cross section for symmetric double charge exchange 1is
++

~2582 at 20 eV 1ab.”% Hence any N, in the beam surely atten-

uates rapidly in NZ' It should also be realiznd that a double charge

PR
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transfer process effectively removes two charges from the beam. This
means that a beam containing 10% N;+, attenuating via double
charge transfer, will appear to contain ~20% metastable ions.

We can estimate the likelihood for single charge transfer involv-
ing N;+ with the aid of Fig. 14. The vibrational overiaps indi-
cated for N;+ > N; were determined theoretically by Moran
and co]laborator546 including reasonable assumptions about the
vibronic state distribution of N;+ produced by electron impact.

The transition energies for N;+ > N; actually extend up to

29 eV and the vibrational overlap is quite favorable in the 24-27 eV
range.46 These transitions are not indicated in Fig. 13, however,
due to the lack of available levels for the attenuating gases in this
energy range.

It is clear that there is favorable overlap with all the gases
included in Fig. 13 except for Ar. Ar, however, may have a signifi-
cant double charge transfer probability. The reaction

Ny ¥ ar(ls) » Nz(x]z";) + ar(3p) (24)

is approximately 0.7 eV endothermic for N;+ in its ground 32‘ state

. ++ . + .

but virtually resonant for NZ in the metastable lzg state. Thus it
++

is reasonable to expect that any N2 present in the beam is atten-

uated with a fairly large cross section in all the gases listed in

Fig. 14 and contributes to the fast exponential in our experiments.
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Comparison of the absolute value of the transition energies
for N2¥ -+ N3 and X » X* where X = CO, 0p, N, Hp, Ar, and Ne.
The ]gngth of the lines indicate the vibrational overlap of
the product state with the reactant state.
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We can consider the favorability of electron transfer to N+(55)
with the aid of Fig. 6. The only likely product formed is N(qs) and
the energy reieased in this process is 20,39 eV. At this energy, vib-

rational overlap between ions and the neutral ground state of N, and

2
C0 1s not outstanding., In fact, the reactions

N(3p) + Nz(]z;) > n(%s) + (e z;) AH = 1.00 &V (25)
/N(“S) + Ny(8B 2z:) aH = -1.65 eV (26)
N5s) + ny('z))
™ " + 2
('S) + N2(C ng) aH = 1.68 eV (27)

might be expected to yield similar attenuation cross sections for these

two states in N2. In CO, the similar energetics of

N 3p) + cotlst) s n(%s) + cotxEY) e

-0.53 eV (28)

N (%s) + coclzt) > n(ts) ¢ coteZY)  aH

-0.69 eV (29)

might also indicate about equal cross sections. In Ar, there is no
spin-conserving charge transfer reaction of N+(55) within 4 eV of
resonance and hence its charge transfer cross section is probably less
than that of N+(3P). As previously mentioned though, the cross
sections for the 3p state is so small that what we actually measure

in our experiments is a hard-sphere scattering cross section; this
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+ +
would also be true for N (55) in Ar and these values for N (3P)

5

and N+( S) at 100 eV should be quite similar. Hence, in N2, co,

and Ar, N+(55) which according to our earlier discussion could com-
prise about half of the electron impact produced beam, would probably
contribute to the slow exponential and not be readily discernable.
One of the more likely attenuating gas for demonstrating the
presence of N+(55) is 02. While in the three gases previously
discussed the attenuation cross section for N+(3P) is small, it is
quite substantial in 02. Unfortunately, the charge transfer cross

+
section for N (55) in O2 is also expected to be large due to the

near resonance of
N'(3S) + 0, > n(s) + 0;(822;) AE = —.05 eV, (30)

It is apparent when comparing Figs. 8 and 11 that a double exponential
fit is inadequate for describing the electron impact produced ions and
that at least three states with noticeably different cross sections
are likely to be present. This could be taken as evidence for N+(55)
in the beam, but N;+ might also produce the same effect.

The only obvious attenuating gas in which N+(55) is expected to

have a much higher charge transfer cross section than N+(3P) is Ne.

This is because of the favorability of
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+.5

N (7S) + Ne » N(4S) + Ne aE

1.17 ev (31)
relative to

N (3P) + Ne s N(Ys) + ne’ aE = 7.0 ev. (32)

Fig. 15 shows results for attenuations of N+ in Ne using both the
microwave and electron impact sources. The thing to notice here is
that the slow exponential is about 30% steeper for the electron impact
produced ions than for the discharge produced ions. This is actually
about what one would expect if N+(55) was present in a significant
amount. Reaction (31) is near enough to being resonant that a reason-
able estimate for its cross section at 100 eV would be a few square
angstroms. Charge transfer to Ne with N+(3P,lD,lS) is far

from resonant and these states would probably be attenuated due to
hard-sphere scattering processes. This cross section can be taken as
~2.5K2 using the microwave data. The shift to 3.48% for the slow
exponential in the electron impact data is consistent with the addi-
tion of a significant amount of a new species, with a slightly higher
cross section; this species is very likely to be N+(5S). The fast
exponential present in the electron impact results is probably attri-
butable to N;+, which according to Fig. 14, should charge transfer

to Ne fairly readily.



Fig.

15.

325

Comparison of N+-Ne attenuation results using 100 eV ions from
the microwave (circles) and electron impact sources {diamonds).
The second and third order pressure correction coefficients
used, -2.5 x 1073 and 9.7 x 10-6, were chosen because when
applied to the microwave results, a single exponential was
obtained. The squares denote the computer fit to the fast
exponential for the data taken using the electron impact source.
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We have at this point given all our pertinent attenuation data and
can now estimate the fractional abundances of the various states in
the electron impact produced beam. McGowan and Kerwin29 observed
that 9% of the ions in an E = 14 beam were N;+ under these source
conditions, and none of our observations seriously dispute this. The
Ne results, where the only process expected to contribute to the fast
exponential is charge transfer from N;+, yields an estimate of 9%.

In the other attenuating gases both single and double charge transfer
should be reasonably favorable and so the interpretation of these data
is difficult. Also, N+(lD) is certainly expected to be present.

As stated earlier up to 15% of the ions produced by 30 to 40 eV elec-
tron impact are in the 1D state and it seems unlikely that this
fraction would decrease noticeably as the electron energy is raised

1

further. The fact that the “D attenuation cross section is large in

CO implies that in Fig. 5 there are probably at least two contributors
i +.1 ++ .

to the fast exponential: N ("D) and N, . Table 1 indicates
that the average apparent fraction of the metastable state measured
using CO is 23%. It would be possible to interpret this as arising
completely from double charge transfer, indicating ~11.5% Nz+,

- - 2 + .
but this would imply no N+(lD) present. Since N (1D) is

++
expected, it is more likely that N2 is attenuating via single

charge transfer, and 23% represents the sum of the N;+ and
N+(1D) concentration. This would imply a 1D concentration of
approximately 14%. The results obtained using Ar and N2 as atten-

uators are best explained assuming that the double charge transfer

probability is high.
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We are now left with about B0% of the beam to divide between

+
55). N (15) has been reported only once

N+(3P),N+(15), and N+(
previously,4 and even then only in 0.5% concentration. Tnis coupled
with the fact that any statistical approach to the ionization products
would be unfavorable for 15 formation, leads us to the conclusion

that it is probably present in negligible amounts. Between the two
remaining states it seems likely that the 80% is distributed approxi-
mately equally between them. This is based mainly on the work of

Cobic et a1.35’36

and the belief that our source operates under simi-
lar conditions to theirs'. These conditions (high electron energy,
low pressure) efficiently produce both N+(55) and N++, and

since N;+ has been shown to be present, it is reasonable to

assume that N+(55) is as well.

It is somewhat amazing that N+(55) did not show itself promi-
nently in the attenuation results but reasons were given rationalizing
this behavior. The data with Ne in particular are helpful in confirm-
ing the notion that N+(55) is present in large amounts. Also the
results of the scattering experiments described in Chapter 3 carry
substantial weight. Without the presence of a significant fraction of
N+(55) in ihe electron impact produced beam, those results become
difficult to understand. The estimated fractions ¢f the various
states are compiled in Table 2.

Total luminescence experiments were also performed on N+ beams.
Unfortunately they are of little help in elucidating the state

distributions. One reason for this is, as discussed earlier, the



Table 2
Microwave Discharge DC Discharge 160 eV tlectron

State Np No Impact Nj
NS 0 0 ~0.10

N (2S) 0 0 -0.40

N (Ls) 0 0 ~0

N*(1p) 0.08 0.09 ~0.10

N*(3p) 0.92 0.91 ~0.40

Estimated fraction of various states in m/e = 14 beam from the
indicated sources.
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effective recombination energy of N+(ID), is actually lower than
the recombination energy of the ground state. This is in sharp con-
trast to 0+ which was quite successfully treated using the total
luminescence method. Also the presence of N;+ led to some
serious problems in data interpretation.

Table 3 gives a compilation of the results we obtained. Note in
particular that light is seen in collisions of Ar and Ne, with ions

produced by electron impact on N2. There are no known emitting

+ +
states of Ar or Ne which are energetically accessible in col-

lisions with N+(3P, 1D,IS,SS) and the light is almost

certainly attributable to processes such as

++
N +

©N

+ + +
P Ny(B) * X' > Ny(X) + hy (33)
X

Np(C) + X' > NJ(B) + hy > Ny(X) * hv. (34)

The N;(B » X} transition has a large oscillator strength and

gives light in the near uv and the visible. Reactions (33} and (34)
have been proposed previously to explain results obtained when g-= 14
beams impinged on various gases.34 It is interesting that no light
is observed in collisions with He. This is probably because reaction
(33), with X = He, is endothermic by 0.7 &V and T » E conversion is
not favorable in this system. The fact that no light is produced in
collisions of the jons from our discharge sources with Ar and Ne is

++
consistent with our conclusion that no N2 is produced by these
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Table 3

160 eV Electron 160 eV Electron DC Cischarge Microwave

Gas Impact on Ny Impact on NO No Discharge Ny
Co 10 9.2 8.9 6.4
N2 7.6 6.6 4.6 4.9
CO2 6.9 4.6 2.6 2.6
NZO 3.9 2.4 0.9 0.8
H20 4.9 1.0 0.4 0.4
H2 3.2 1.0 0.5 0.2
CH3CN 3.1 —_— _— —
HZS —_ — _ 2.3
Ar 2.7 0.3 0 0
Ne 2.1 _ _ _—
He 0 _— -

Total light intensity produced by the collision of 24 eV beams of m/e = 14
jons with the listed gases. The values are normalized for beam current and
placed relative to each other by defining as 10 the amount of emission
produced by N+-CO collisions. The uncertainty in these numbers 1is

believed ta be either #15 percent or #0.3, whichever is larger.
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sources. A small amount of emission is seen with Ar when the N is
produced by electron impact on NQO. N;+ formation is precluded

under these conditions, so this light, which is at the 1imit of our
detection capabilities, must result from coliisions involving high-
lying metastable states of N+. It is not clear what ransition is
responsible for this emission, but the Ar” Taser line at 4880A has
been observed by other workers in collisions involving Ar+.15

Since N;+ is present when ions are formed by electron impact on

N2 there will almost always be a contamination from N;(B > X)
emission. The magnitude of the contamination is not easily estimated
and so detailed interpretation of these results is virtually impossi-
ble.

for the most part there is good agreement as to the amount of
light produced when the ions are extracted from our discharge sources.
Only when CO is used is there a major discrepancy and it seems likely
that one of these numbers is in error. This suspicion is based on the
fact that the total luminescence experiments using the other gases,
and the attenuatijon experiments, consistently indicated identical
state distributions for these two beams.

Very little work has been done on the states of N+ produced by
electron impact on NO and our own interest in this problem is marginal
since no scattering experiments were performed using these ions. It
is apparent from Table 3 though that the state distribution is differ-
ent from that of the discharge sources. Significantly more light was

obtained with virtually all the collision partners and this indicates



333

the presence of higher energy states. Since it has been demonstrated

that near resonant but spin-forbidden reactions such as
WFidsy 4 NZ(IE;) > N(As) + Ny(s sl sE-0.4 e (3)

are not favorab]e,l it is likely that the responsible state is
+

N (55). This conclusion is based on the fact that the 55 state
is the only one of the three lowest metastable states to have a

recombination energy significantly higher than that of the ground

state.

. .
F State Distribution

It appears that the attenuation and charge transfer properties of
the various states of F+ have been sorely neglected by those who
work in that field. The only information we found on this subject, at
energies below 10 keV, is the beam attenuation data of Lin gL_gl,27
They produced F+ by electron impact on CF4, and attenuated it in
Ne. It was observed at electron energies of 50, 60, 80, and 100 eV,
that 4 , 9, 18 , and 45% respectively of the F+ jons emerged in a
metastable electronic state. By examining the appearance potential,
it was ascertained that the metastable state formed was F+(1D),
which lies 2.59 eV above the 3p ground state. Lin et al. also
reported that electron impact on 2 70%-30% CF4—N0 mixture at 20u
source pressure produced a pure ground state beam, In addition to the

. . . + +
attenuation experiments, the charge transfer reaction F (Ne,F)Ne ,
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was examined. Their results show that using F+(3P), this reaction
has a threshold near 9 eV and the cross section attains a maximum
value of 4A% near 30 eV. The cross section using F+(1D) has a
fairly sharp peak near 12A2 at 15 eV, but falls rapidly with in-
creasing energy and is actually less than that of F+(3P) above 50
eV laboratory energy.

This is a somewhat unexpected result because the charge transfer
reaction involving F+(3P) is 4.14 eV endothermic while F+(lD)
is only 1.55 eV endothermic. The energetics are such that neither
cross section should be very high, and one would anticipate that the
reaction probability of the 1D state is greater than that of 3P
throughout this energy range. Similar processes between monatomic
reactants such as Kr+(Ar,Kr)Ar+, Ar+(Ne,Ar)Ne+, and Ne+(He,Ne)He+
which are 1.7, 5.9, and 3.0 eV endothermic respectively, all have cross
sections of less than 0.1)12 in this energy range.51 It is true
though that the number of low-lying potential energy curves for (F +
Ne)+ will be much larger than for the rare gas-rare gas ion systems,
and since charge transfer depends on curve crossings, the higher values
reported for F+—Ne might be justified.

In addition to the 1D metastable state there is a low-lying 15
state at 4.17 eV and two very high states (55 and 5P) at 21.9 and
25.1 eV. The recombination energies for F+(3P,lD,15) going to

2

F(“P) are 17.42, 20.01, and 22.59 eV respectively.
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The high value {17.42 eV) for the ionization potential of F is the
source of some experimental difficulties. For instance it was only
after much travail that we were able to obtain F+ from either of our
discharge sources. Presumably this is related to the high ionization
potential and the fact that the average electron energy may be too low
to effect ionization. The problem was compounded even further because
fluorine containing gases such as CF4 and NF3 seem to inhibit the
formation and continuation of the discharge. In spite of these obsta-
cles, the production of F+ beams via discharge was considered essen-
tial to the understanding of the state distribution of electron impact
produced ions.

Both beam attenuation and total luminescence experiments were
performed in our attempt to characterize the electronic state distri-
bution of the F+ beams used in the experiments described in Chapter
4., Since these jons were generally created by the impact of 160 eV
electrons on CF4, our state distribution should be similar to that

of Lin et a1.27 As stated previously, they observed that 45% of the

Fr produced by 100 eV electron bombardment of CF4 was in the lD

state. Our ion source operates at a lower pressure than theirs, and
this combined with our higher electron energy might imply that we
produce even a larger fraction of metastables. Such a conclusion
seems unrealistic though, for a number of reasons. One reason is that

the degeneracy of the 1D state (5) is less than that of the 3P

state (9) and hence a purely statistical approach would favor 3p

production. Of course, there is no guarantee that a statistical
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approach is valid, but similarly there is no a priori reason to expect
dynamical effects to favor lD formation. Also any approach which
gives approximately 50% 3P and 50% lD, completely neglects the

other metastable states, which seems unreasonable.

Fig. 16 shows an energy level diagram which will aid us in esti-
mating the charge transfer cross section of F' in its three lowest
states to various collision partners. It appears that for most of the
molecules listed, the possibility of resonant charge transfer with
F+(3P) is guite good.

Attenuations werve performed on 100 eV beams of F+ using all the
gases present in Fig. 16 as collision partners. However, the results
are not gquantitatively conclusive for several reasons. Unlike N+,
which was discussed in the previous section, we were unable to produce
an F+ beam which was known to be predominantly ground state, and we
were unable to get good quantiative agreement using several attenua-

ting gases. The fact that F+(3

P) has a near-resonant charge
transfer chanmnel available to it with virtually all these molecules
implies that its attenuation cross section will be large; F+(10)
might also have a large cross section and since a substantial
difference in cross sections is essential for high resolution in
attenuation experiments, our resolution might not be terribly good.
Fig. 17 shows the results of two consecutive experiments where
F+ was attenuated in NZ' In the first run, Fr was produced by
160 eV electron bombardment of CF4 and in the second an electron
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Energy 1eve1 diagram showing the recombination energies of
P,1D,1S) and the ionization potential to the various

states of the indicated species. The length of the lines
denotes the magnitude of the vibrational overlap of that state
of the ion with the v = 0 level of the ground electronic state
of the neutral. For CF4q a continuum is presented which reflects
the appearance of its photoelectron spectrum.42
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Comparison of 100 eV F+-Nz attenuation results using ions
produced by 160 eV (diamonds) and 60 eV (closed circles)
electron impact on CF4. The line drawn is the computer

fit double exponential to the results obtained using 160 eV
electrons.
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energy of 60 eV was used. As can be plainly seen, there is excellent
agreement between these two sets of data indicating that either the
state distributions are identical or that the states attenuate with
similar cross sections in NZ' The former possibility is contrary to
the results of Ref. 27 and the latter is inconsistent with an inter-
pretation of Fig. 16 which would predict a larger cross section for
F+(3P) than either of the higher states. The observed cross

section is indeed quite large, averaging to 25A2, but there is some
subtle curvature pregent in both plots. This may be indicative of
multiple states. The application of various pressure corrections
(obtained using Ne+ and Ar+) was unable to remove the curvature.
Results using F+ formed by 160 eV electron impact on NF3 were also
superimposable with the data in Fig. 17.

The most logical interpretation at this point is that the attenua-
tion cross sections of the various states present, are equal in N2'
This interpretation is clouded somewhat by our observation that Fr
produced by 160 eV electron impact on a 3:2 CF4: NO mixture at an
elevated pressure in our source yielded a plot that is slightly less
steep. Also a weak F+ beam extracted from a 6:1 Kr: CZFB mix-
ture in our DC discharge source gave, in N2, an attenuation plot
which was even less steep. As demonstrated with N+, we would expect

such a beam to have a higher fraction of ground state ions and there-

fore these results indicate that the atteauation cross section of

+
F (3P) in N, is less than that of the metastable; this is

contrary to our prediction. It should also be noted that the DC
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discharge results retained substantial curvature and that the double
exponential fit was not in good agreement with the fit to the electron
impact data. By this we mean that the cross sections obtained did not
match. If a double exponential fit is appropriate, then the cross
sections obtained pertaining to these states will be found by the
computer program. Different sets of data should yield the same cross
section with only the abundances of the two states changing. Since
this was not the case in the F+-N2 system no quantitative answer

can be given and in fact the two state approach has to be questioned.

CF4 seems to be a good candidate for distinguishing the states
of F+. There is very favorable vibrational overlap between CFZ
and CF4 at the recombination energy of F+(3P), which would imply
a large charge transfer cross section. The higher states of Fr are
again expected to have a smaller cross section. It should be mentioned
that CFZ is not a stable ion and decomposes shortly after forma-
tion; this is partially responsible for the continuous nature of the
energy levels plotted in Fig. 16.

Attenuations in CF4, performed on ions produced by high energy
electron impact on CF4 and NF3 (not shown), were super-imposable,
indicating a similar state distribution. The average cross section,
44&2, was indeed very high but once again subtle curvature was
present. A single experiment performed using a weak beam of F+
created by 50 eV electron bombardment of CF4 gave a plot which was
significantly less steep than the others. This result may have been

caused by some experimental error, however, since once again the shift
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is in the wrong direction. Certainly if any change is made by lowering
the electron energy it should be toward the production of more ground
state ions. This in turn should give a steeper attenuation plot which
is the opposite of what we observe. Results obtained using F+
extracted from a 6:1 Kr: C2F6 mixture in the DC discharge source

were only slightly less steep (=~ 6%) than the high energy electron
impact data.

The only attenuator used for F+ which provided a high degree of
curvature in the plots, is HZ‘ This is demonstrated in Figs. 18 and
19. In Fig. 18, Fr was produced by high energy electron impact on
CF4 and the results obtained are superimposable with data produced
using NF3 as a source gas. The data was fit quite well by a double
exponential indicating that a species with a large (10.9A2) attenu-
ation cross section constitutes 73% of the beam, and 27% is a species
with a smaller attenuation cross section.

Fig. 16 shows that F+(3P) has a near-resonant charge transfer
path to produce H; in a high vibrational state. Although the
vibrational overlap between this state of H; and H2 is not out-
standing, one would still expect that charge transfer involving
F+(3P) would be more favorable than with the other states. Hence
the results of Fig. 18 can be interpreted as implying 73% F+(3P)
and 27% metastables. Unfortunately Fig. 19, which uses Fr produced
in a DC discharge, does not substantiate these conclusions. Although
there is fairly good agreement between the cross sections given in

Figs. 18 and 19, the abundances shift in the opposite direction of
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what we expect. This implies that either the metastable has a higher
attenuation cross section in H2 than the ground state and that the
metastable dominates the electron impact produced beam, or that the DC
discharge source produces a higher fraction of metastable ions than
the electron impact source. Neither of these possibilities is likely.
Some evidence for the notion that the attenuation cross section of
F+(1D) and F+(lS) should be Tow comes from our observation

that Ne+, with a recombination energy in the same vicinity, has a
very low attenuation cross section (< 0.5A2) in H,.

It should be noted in Fig. 19 that the double exponential fit is
not very good. This could be the result of a third electronic state
in the beam, or perhaps, the result of experimental error. It is not
very likely that an additional state would be present which does not
appear in the electron impact produced beam. Therefore, one must
guestion the data. Indeed, all of the data obtained using F+ pro-
duced in the DC discharge source are difficult to rationalize. Using
NZ’ CF4, and H2 as attenuators these results were consistently
less steep than when electron impact produced ions were used, and the
opposite trend had been expected. If we also take into account the
fact that the DC discharge produced beam was very weak and that all of
the DC discharge data were taken in one day, the possibility of sys-
tematic error seems increased. It will probably be necessary for
state specific chage transfer cross sections to be measured before

these attenuation results can be adequately interpreted.
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Attenuations of F+ in a number of other gases were performed in
an attempt to find distinct curvature which would aid in assigning the
state distribution. Unfortunately, all of these experiments resulted
in plots which were nearly straight. Nevertheless, attenuation cross
sections were measured, and since these values are related to the un-
known charge transfer cross sections, we have compiled them in Table 4.

We also performed a series of total luminescence experiments which
we hoped would shed some h'ght52 on the F+ state distribution sub-
ject made murky by the attentuation results, Fig. 20 shows results
obtained for various ions colliding with C2H2. It is apparent
that He+ produces much more light than F+, which in turn is con-
siderably brighter than Ar.+ The interesting point, however, is
that microwave discharge and electron impact produced F+, have
identical chemiluminescent cross sections.

We were successful in obtaining weak F+ beams from the microwave
discharge source after some difficulty, and such a beam, even from a
pure CF4 discharge, is expected to contain almost all F+(3P).

The addition of NO as a paramagnetic quencher should guarantee an
entirely ground state beam. Since the electron impact produced beam

has similar light producing characteristics, either it is also a pure

ground state beam, or the states present have similar chemiluminescent

cross sections.
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Table 4
Gas Attenuation Cross Section (A2)
Ne 2.2 0.4
Kr 7.5 1.5
Ar 5.5 21
02 24 = 4
Co 31 =4
HZO 18 = 2
NZO 26 4
COZ 33 x4
N2 25 £ 2
CF4 44 + 4
H2 9?2

+
Average attenuation cross section for a 100 eV beam of F

ions produced by 160 eV electron impact on CF4, in various

gases. The quoted error limits are estimated for relative

comparison of the data; the absolute accuracy of the cross

sections is estimated at #20 percent.
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Plot of total luminescence in thousands of photons/sec/nA

of beam current vs lab kinetic energy for He*, F*, and Art
impinging on CpH2. He™ and Art were produced by electron
impact. The open squares and diamonds depict two different
runs in which F*¥ was produced by 160 eV electron impact on

CFg and the closed squares are for Ft produced in a 2:1 CFg:NO
mixture in a microwave discharge.
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Luminescence in near-thermal reactions between He+ and C2H2
has been extensively studied in the 185-500 nm range by Marx and col-
laborators.53 They found the emission spectrum was dominated by the
CH(A » X) transition with weaker contributions from CH{B » X) and
CH+(A » X) transitions. The appearance potential for all of these
enitting states is —23.5 eV which ;is less than the recombination
energy of He+ but greater than the recombination energies of Ar+
and the three lowest states of F+. However, there do exist some
emitting states of CZH; and CZH+ accessible below 20 eV,
and they may be responsible for some of the light seen in Fig. 20.
This is almost certainly true for Ar+ which should have a laboratory
kinetic energy threshold of 19 eV for the production of CH{A) but
clearly gives light at lower energies. The kinetic energy thresholds
for CH(A) production are 11.2 and 6.3 eV for F+(3P) and F+(1D)
respectively; however, the curve in Fig. 20, while showing definite
threshold behavior, is not helpful in pinpointing an exact threshold.

Fig. 21 shows the results of total luminescence experiments for
F+—CO2 collisions, Again the striking fact is the similarity in
total light intensity regardless of how the ions were formed. The
small discrepancy at higher kinetic energies is within experimental
error; other measurements showed the electron impact produced ions to
give a few percent more light than the discharge produced ions. The

largest source of experimental error comes from normalizing for beam
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Fig. 21. Plot of total luminescence in thousands of photons/sec/nA of
F* vs lab kinetic energy using CO2 as a collision partner. The
squares denote data taken with ions produced by 160 eV electron
impact on CFa, and the diamonds are for microwave discharge
produced FT,
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current (the discharge produced beam was weaker), and normalizing for
slight changes in photon counting efficiency; this was dor2 using
N+-C0 as a standard. The points in Fig. 21 are consideiad accurate
to = 10%.

Fig. 16 shows that F+(3P) can charge transfer very efficiently

to COE (A 2

nu). The COE(A > X) transition has a large
oscillator strength and produces light in the 290-490 nm range;21
therefore we would expect this reaction to be very bright. It is
indeed bright, the brightest one that we studied, and the emisSion is
easily visible with the naked eye. The shape of the curve in Fig. 21
is consistent with that of a resonant process in that the cross sec-
tion decreases with increasing kinetic energy.

This system should be an excellent one for qualitatively demon-
strating the presence of metastable ions. The 1D and 1S states of
F" would be expected to produce COE(A) with a much lower prob-
ability than does F+ 3P). The cross section for the formation of
COZ(B 22:) or COE(CZZ;) with the metastable states might be fairly
large, but COE(B » X} and COE(C > A)54 emission occur at wavelengths outside
of our detection range. Thus the luminescence cross section for the
excited states of F+ should be considerably less than that of
F+(3P). The similarity of the results in Fig, 21 coupled with the
expected high cross section of F+(3P) suggests both beams are

nearly pure ground state.
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The brightness of the F+—CO2 reaction indicates that this might
be an excellent candidate for a charge transfer pumped laser operating
in the uv.

Fig. 22 shows the results of a total luminescence experiment for
Er colliding with NZ' Once again there is excellent agreement
between the electron impact and microwave results. The severai volt
discrepancy in the threshold area is probably within experimental
error. This is because the beam energy spread was about 2 eV, and
the actual beam energy was only measured twice per experiment, and
estimated from power supply settings in betueen.

As can be seen in Fig. 16, charge transfer from F+(3P) probably
favors N;(A) formation, but the subsequent N;(A » X) emission
is too red for our detection system. Thus the expected emitting state
in F+—N2 collisions is N;(B). The laboratory kinetic energy
threshold for N;(B) formation is 2.4 eV and the curves given in
Fig. 22 could be construed as consistent with such a value. Hence
Fig. 22 not only supports the notion that electron impact and micro-
wave discharge produced beams have similar state distributions but
also that the single state present is F+(3P).

The results of a number of additional total luminescence experi-
ments performed with 25 eV ions are presented in Table 5. Intensities
measured using Ne+ and Ar+ are included for comparison purposes.

Fig. 16 would predict that less light is produced with N COZ’

and CO using these ions, and indeed that is observed.
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Fig. 22. Plot of total luminescence in thousands of photons/sec/nA of

Ft* vs lab kinetic energy using No as a collision partner. The
squares denote data taken with ions produced by 160 eV electron

impact on CFgq, and the diamonds are for microwave discharge
produced F*.
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Table 5
+
F
160 Eleciron Impact On u Wave n n
Discharge Ne 160 eV Ar 160 ev
Gas CF NF SF CF :NO 2:1 Elec. Impact Elec. Impact
4 3 6 4
N 9.4 9.6 B.6 10.7 6.0 0.9
Coy 96 98 98 92 9.7 0.2
co 63 64 65 64 1.2 5.2

CoHo 4.1 4.9 3.8 - -

Total Tuminescence intensity measured for the indicated ions colliding
with the indicated collision partners at 25 eV. The values are
normalized so that they are comparable to those in Table 3.
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The agreement between the first four columns in Table 5 is strik-
ing. Regardless of how the F+ is produced, the ions have similar
chemiluminescent cross sections in all gases used. It is inconceiv-
able that the different electronic states of F have identical
chemiluminescent cross sections in all these gases, so we are led to
the conclusion that within experimental error, the beams have similar
state distributions, As discussed previously, we have reason to
believe that only ground state ions are present.

Before we could be happy with this conclusion we need to go back
and consider the attenuation experiments. 1In these experiments we
observed that occasionally plots of varying slopes could be obtained
depending on the method in which F+ was produced. For the set of
experiments performed using the DC discharge source we were able to
rationalize this behavior as perhaps being due to some systematic
error. If we then neglect the results obtained with this source there
exists only one set of data which still causes problems. This was an
experiment in which F+, formed by the impact of 50 <V electrons on
CF4, was attenuated in CF4. The experiment yielded an attenuation
cross section equal to roughly 2/3 the cross-section measured immedi-
ately pricor using F+ produced by 160 eV electrons. This can be
taken as strong evidence -.:ains the conclusions drawn from the total
luminescence results. However, since the measure- attenuation cross
section decreases, rather than increases, as we would expect for a

beam containing a higher fraction of F+(3p), this result is also
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suspect. We have no other a priori reason to doubt this result;
however , tne F* beam usea was very weak (~0.72 pA), and this might
have causeu some problems,

Basically our decisicn depends on which we believe more: a few
attenuation experiments performed with weak beams, or cur ability to
predict attenuation cross sections. In particular let us consider the
attenuation cross secticns of the various states of F+ in CF4. As
discussed previously, F+(3P) has a favorable near-resonant charge
transfer pathway and hence should have a large attenuation cross sec-
tion. F+(lD) and (15) do not have a similar favorable path and
should attenuate more slowly. We can check our logic by considering
Ne+ which lies in between the metastable F+ states with a recom-
bination energy of 21.56 eV. Attenuations of Ne+ (and Ar+) were
performed in various gases to determine pressure correction coeffi-
cients but simultaneously the total attenuation cross section was
determined; these numbers are given in Table 6. The attenuation cross
section for Ne' in CFy> 14.8A255, is considerably less than
that measured for F+, ashe, Also, Ar+, which, as can be seen in
Fig. 16, has good overlap with CF+, has a high attenuation cross
section. Numerous other examples demonstrating the validity of our
cross section predicting approach can be found by considering Tables 4
and 6 along with Fig. 16, but will be omitted to avoid redundancy.
Hence, our conclusinn is that we can gqualitatively estimate attenua-
tion cross sections, and since some of the attenuation data are

suspect, the total luminescence results better reflect the truth.
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Table 6

Attenuation Cross Section (AZ)

+ +
Gas Ne Ar
CF4 14.8 39
H2 0.4 19
H2 7.7 15
O2 8.0 9.0
co 9.3 10
Ar 5.1 4?
Ne - 1.5
CO2 - 9.4
Kr - 7.3

. . + +

Measured attentuation cross sections for 100 eV Ne and Ar ,

produced in a microwave discharge, in various attenuating gases. The
values are considered accurate to %5 percent (or (0.5, whichever is

greater) relatively, and * 20 percent absolutely,
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+
Apparently then, F  ijons, whether produced by high energy electron
impact on CFa, NF3, or SF6. or in a microwave discharge, are

almost exclusively in their ground state. This conclusion is contrary

27, the conventional wisdom that numerous

to the results of Lin et al.
states result fran high energy electron impact, and some of our attenu-
ation results, but is the most logical conclusion given the information

available.

+
992 State Distribution

We performed both beam attenuation and total luminescence experi-

+
2
ions used in our scattering experiments. The two methods utilized to

ments in an attempt to elucidate the state distribution of the CO

prepare these ions were high energy electron impact and microwave dis—
charge. Qur results are of some added interest because it has been
speculated that different states of C0; are populated by these

two methods. In thermal energy studies of the reaction COE(HZ,H)HCOE,
it was noticed that ions which were allowed to equilibrate in a micro-

wave discharge reacted faster than ions produced at low pressures by

56,57

electron impact. A further stud_y58 established that this

+
behavior was due to the fact that CO2 ions in higher vibrational

levels had a smaller reactive rate constant with H2 than vibration-

ally cold ions. One would infer from these results that electron
+
impact produces COZ in high vibrational states. This is a
somewhat unexpected result in that the Franck-Condon fTactors between

C02(X) and COE(X an), as can be seen in Fig. 16, indicate a better
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than B0: overlap between the ground vibrational states. However, high
enerqy electron impact will create CO; in & number of gifferent
electronic states and the Franck-Condon factors to some of these
states might favor high vibrational levels. As these excited elec-
tronic states radiatively decay to LOZ(X), the vibrational excit-
ation might be preserved. If we consider only the lowest states of
COZ {shown in Fig. 16), we see that production of COZ(A Znu)

will tend to skew the vibrational distribution to higher energies,
although production of the B 22: and C 2£+ states favars low
vibrational levels. Apparently the fraction of COZ(X) which
results from cascading transitions going through COE(A) is large
enough to significantly affect the vibrational distribution.

At the present time there are no known metastable electronic
states of COE. A 4nu state has been ca]cu]ated59 to Tie ~7.3 e\
above the X state, but has never been observed experimentally. it is
intersting to speculate as to why this state has not been seen. One
possibility is that it is subject to predissociation and hence has a

short lifetime. Another reason could involve the fact that it is a

guartet and hence is not easily transformed to singlet CO Normally

5
a state lying 7.3 eV above the ground state could be found rather
easily by performing beam attenuation and/or total luminescence experi-
ments. However, in this case, that might not be true because the

actual recombination energy of C0;(4nu) may be less than that

of the X state (13.77 eV).



364

The low recombination energy 1S attributable to spin conservation
whicti inhibits the reaction

cor (% )+ x > o, (singlet) + x* (36
I4 u 2
and the fact that triplet states of CO2 (if they exist) lie guite
high in energy.

The results of total luminescence experiments performed with

COE produced both by electron impact and microwave discherge are
given in Table 7. The most obvious points made by this table are that
COE produces very little light with these collision partners and
that equal amounts of light are produced regardless of how the ions
are formed. The latter point can be put forth only weakly because the
Tight Jevels measured are approximately equal to the uncertainty in
the measurement. Nonetheless, these results can be taken as consis-—
tent with the presence of 100% COE(X). This statement can be
made because spin forbidden reactions such as (36), though unfavor-
able, have been observed,15 and given the sensitivity of the total
luninescence method we should be able to see the results of such a
reaction. Since the total amount of light produced is miniscule, and
there is good agreement between the electron impact and microwave
results, it seems likely that only ground state ions are present. It
appears that the larger vibrational excitation reputed to be present

in the electron impact produced ions does not manifest itself in the

total luminescence data.
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Tabte 7

C0* Produced by:

Microwave
Gas 160 eV Electron Impact Discharge
Cu u.3 0.4
N2 <0.1 <U.l

Total Juminescence intensity measured for 25 eV CO; colliding with

the indicated gases. The intensities are normalized so that they are

comparable to the results given in Tables 3 and 5.
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Atlenaat o esperiments were performed on (OZ beams ertracted
Lrk Lt Trour e ousIng LUZ as an attenuator. The results were
quite swmilar in appearance except that the ions producea by electron
Iepee U attenuated witn a stightly higher cross section (30&2) than
the microwave discharge produced 19ns (33ﬁ2); the experiments were
performed at a labworatory collision energy of 60 eV. There was a
sty >ty but approximately equal amount of curvature, in each set of
data. It is not clear whether both the curvature and the small dif-
ferences in cross section are within experimental error limits, but it
is reasonable that such behavier could be caused by the presence of
different vibrational states of COE(X). This is due to the fact
that the charge transfer cross section can be dependent on the initial
vibrational state. The reaction

+
Lo

Z(V =ﬂ) + €0

,(v = 0) > CO,(v = 0) + CO;(V = n) (37)

is always resonant, but the cross section will vary according to the

+

2 2
shows that the overlap is most favorable for n = 0, and hence the

vibrational overlap of CO, (v = n) and CO, (v = 0). Fig. 16

reaction probability should decrease for higher values of n. Qur
results indicate that the attenuation cross section is slightly larger
with the electron impact produced ions which is the opposite of what
one would predict if a larger fraction of these ions were in high

vibrational levels. Therefore the difference in total cross sections

measured with the two sources is probably due to experimental error.
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In conclusion, 1t is indicated by our results tha virtually all ot
the CO; 1ons produced by each of our sources are in the groung
electronic state., We have some evidence that the vibrational tempera-
ture of COE produced by electron impact is not signiticantly
higher than that of CO; formed in a microwave discharge. This
latter temperature 15 expected to be low because of the Franck-Condon

+
2 and C02 and aue to

factors between the ground states of CO
thermalizing collisions in the discharge. We cannot positively con-
clude that the former temperature is low because our data are limited
and there is much evidence from other labs that this temperature is

high.

Hard Sphere Contribution to Attenuation Results

As mentioned ear lier, the two major contributors to jon attenuation
are charge transfer and large angle scattering. When the measured
attenuation cross section is small, large angie scattering is probably
dominant. A theoretical estimate of this contribution can be obtained
in the following manner. By considering a velocity vector diagram
such as Fig. 23, assuming elastic scattering, and appplying simple
geometry, we obtain:

i
m, sine

tan 6 = WT“T ’ (38)

where o and e are the laboratory and center-of-mass scattering angles,

m is the mass of the neutral, assumed initially at rest, and m, is



she

18L BQ7-1074¢

Fig. 23. Velocity vector diagram where vi and v¢ represent the initial
and final laboratory velocity vectors of the projectile ion,
Vem the center-of-mass velocity vector, ug the final center-
of-mass velocity vector of the ion, and & and o the center-of-
mass and laboratory scattering angles.
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the mass of the projectile ion. Since the acceptance of our ion
collector is £ 85°, if v > 45", the ion has been “attenuated."”
Now 1f we assume that the collision partners can be treated as
billiard balls (not unreasonable at 100 eV laboratory collision
energy ), then we can estimate a hard sphere attenuation cross

section. The center-of-mass scattering angle obtained from a hard

sphere approach is:DU

6=1n-25sin

alo

for b < d
=0 for b > d,

where b is the impact parameter and d the hard sphere diameter.
Equation {38) implicitly defines a minimum e for removal of an ion
from the beam and this in turn leads to a maximum value for the impact

parameter (b__ ). A1l closer approaches lead to large angle scat-

max
tering out of the detector acceptance angle and hence the cross
section is given by "biax' We obiain hard sphere diameters for
atoms from Pauling's estimates61 and for molecules from the poten-

tials given by Amdur and Jordan.62

These estimates range from 0.7A
for Ne to 1.8R for CF4. The hard sphere diameters of the ions were
taken to be equal to . 3 the diameter of the neutral species. A
sampling of the hard sphere cross sections estimated using these

values are listed in Table 8. If these numbers are compared to the

attenuation cross sections given previously, we find that for



L
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Table &

Hard Sphere Attenuation Uross Section (a°)

+ + + +
Gas N tie and f Ar

, ‘

N2 4.7 4,7 U
co 4.7 4.¢ U
Ar 4.3 4.0 ~
H., 0 0 0
(4
O2 4.8 4.4 0
He 2.4 - 0
CF4 - 12.0 13.0




n

systems with a negligible charge transter channel, the agreement is
quite satisfactory, especially in light of the crude hard sphere dia-
meter estimates. For instance charge exchange between Ne+ and Ar

has a cross sectin of *U.EAE at 100 eV,lDl and, as discussed pre-
viously, Ne+ with CF4 should also be slow. The measured attenu-
ation cross section (Table 63 of 5.1 and 1a.aA2 respectively are 1n
reasonable agreement with the nard sphere estimates of 4.0 and 12.0ﬂz

. + ) .
respectively. For N with Ar the agreement is less satisfactory,

2.9% to 4.78°, but the overall approach seems quite satisfactory.

Summary

The state distributions of N+, F+, and COE jons emerging
from our various ion sources was studied using both the beam attenu-
ation and total luminescence technigues. N+ formed in our discharge

(3 1

sources was shown to be 92% N+ P) and 8% N+(

D). The impact
of 160 eV electrons on N2 gives a complicated mixture of states; we
have estimated the composition of an g-= 14 beam to be 403 N+(3P),
ao N'(%s), 108 ('), and 10% N

The state distributions of F+ formed by the impact of 160 eV
electrons on CF4 and NF3 was not unambiguously determined. Total
luninescence experiments indicated that the source gases yielded

identical distributions, and, that the distribution was the same as

produced by a CF4—NO mixture in a microwave discharge. The latter
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P

Source should guve only ground state 1ons.  Beanm atlenuation ergeri-
mznts alsu snuwed dentical stale distribations using CF, ang
1 the wlectron impact Source, but U was not clear n
Stale 10ns were present,

No arfference wat detecled n the state distributiaons of (U
1ons formed by electron inpact anc microwave discharqge.  Total luni-
nescence eaperiments andicated that only the ground electronic state
was produced, The beam attenuation data did not supporl the widely-

+
believed notion that electron impact produced (0. is vibrationally
4

hot; however, the present work was not extensive enough to refute this

notion.
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