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I. Introduction

Molecular beams have been for many years a powerful tool for re-
search into physical problems but have only fairly recently been applied
to problems in chemistry. This is a rather curious situation because
many of the pioneers in the development of molecular beams were physical
chemists by training. Although this chapter emphasizes areas of interest
primarily to chemists, the broader areas will be discussed briefly to
place applications to chemistry in proper context. The phrase, molecular
beam, is usually used to denote a beam of either atoms or molecules. It
will be used in that general sense here; where discussion is limited to
atoms the phrase atomie beam will he used.

The basic molecular beam technigue was developed by Dunoyer1 in 1911
to verify one of the fundamental postulates of the kinetic theory of
gases, namely that molecules execute nearly rectilinesr motions between
collisions. He built an apparatus similar in prineiple to that shown in
Fig. 1. The source chamber S was filled with vapor from heated metallic
sodium and the other two chambers were evacuated to the point where inter-
molecular collisions were infrequent. The temperature of the sodium was
controlled to insure that the mean free path in the vapor was large with
respect to the aperture between the two chambers § and A. Under these
conditions, the paths of the molecules became quite long and the molecules
could be collimated into rays or beams by installing a coaxisl aperture C.
Since chambers A and B were evacuated the only intermolecular collisions
which occurred were the relatively infrequent cases when faster molecules
overtook slower ones moving along the same path. Thus the beam in chamber

B was essentially unidirectional and collision-free. Dunoyer found that
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the deposit of sodium on the cooled end of chamber B had the dimensions
and form predicted by geometric optics and further that objects placed

in the path of the beam produced well-defined shadows, TIn addition, he
performed the first molecular beam scattering experiment by noting that
the beam profile became diffuse when inert gas was introduced into chamber
B.

In genersl, the molecular beam technique is a means for producing
isolated atoms or molecul;s within a narrow range of speed and scolid
angle. ?he basic strength of the method lies in the fact that the atoms
or molecules are isolated from their surroundings; when any experiment is
performed with the beam it can be analyzed in terms of an unperturbed
single particle interaction. It is difficult to generalize further
because the degree of collimation, the range of particle velocities and
the technique of observing interaction of the beam all depend on the par-
ticular experiment being performed. There are, however, three general
kinds of phenomena that are studied with molecular beams; they can be
classified on the basis of how the molecular beam is made to interact.

The classifications are single particle interactions, many particle inter-
actions, and two particle interactions. Examples of the types of experi-

ments performed within these three categories are briefly indicated below.

A, Single particle interactions.

This area of molecular beam research is a class of experiments in
which the isolated atoms or molecules in the beam are introduced into an
electromagnetic field. Observation is then made of the interaction of the
individual stoms or molecules with the field. The detailed manner in
which the observation is made is determined by the particular experiment

being performed. Ramsey2 descrives experiments of this type in detail.
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Particles with resultant eleciric or magnetic moments can be def%ected
in inhomogeneous electric or magnetic fields. This fact has been used as
the basis for a large number of extraordinary experiments, meny of which
were of great importance in the historical development of physies. One of
the first of these waé the Stern-Gerlach experimant3 in vwhich a beam of
paramagnetic atoms, collimated from the effusive flow from a hot oven, was
deflected in an inhomogeneous magnetic field into three distinct traces
which could be correlated with the interaction of the field and the elec-
tron spins of the atoms. This experiment 1s en elegant proof of space
guantization and of the need to include electron spin in accounting for
the number of magnetic moments. Many similar experiments have been per-
formed to determine atomie magnetic moments for a number of atoms and
paramagnetic molecules. A molecule which is not paramagnetic, namely,
which has no resultant electronic magnetic moment, can nonetheless be
deflected in the inhomogeneous magnetic field if it has a nuclear mag-
netic moment, a rotational magnetic moment due to rotational angular
veloeity of the molecule, or a diamagnetic moment induced by an external
megnetic field. All three of these magnetic moments have been determined
in beam deflection experiments. Another large and important area of
research in physics which has evolved from beam deflection experiments
is referred to as radiofrequency spectroscopy. In the basic experimental
arrangement & beam passes through three successive regions, the first and
last of which are inhomogeneous magnetic fields which produce, in mole-
cules with the same nuclear magnetic moment, equal but opposite deflec-
tions. Radliofrequency energy is coupled into the middle region. If the
frequency of the applied field is resonant with a state transition in

the molecule, it will leave the field in a different state, usually with a
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change in effective nuclear magnetic moment. When the molecule traverses
the second inhomogeneous field the deflection it now receives does not
exactly compensate for the deflection in the first field, so it misses
the detector. The method then consists of cobserving resonances, that is
sharp intensity changes, as a function of the frequency of the exciting
radiation. Thus spectra can be traced out which result from the coupling
of nuclear moments with electronic motion in the molecule. Measurements
of the structure of these spectra, called hyperfine structure, provide a
wealth of information about nuclear properties, much of which has led to
specific models of the nucleus.

Although the study of spectral fine structure is ;sually considered
to be in the domain of optical spectroscopy, molecular beam methods have
been applied here as well. One of the classic d%scoveries of modern
physics was that of the Lamb shifth, where a technique similar to the
molecular beam method deseribed above was the key to the experimert. Here
resonant changes in intensity in a beam of metastable helium atoms were
observed in a radiofrequency cavity when radiation of characteristic fre-
gquency induced intermultiplet transitions resulting in decay to the ground
state. The observed multiplet splittings were in sharp disagreement with
previous theory, which has now been modified to reflect the experimental
observations.

Deflection of beams in inhomogeneous electric fields can also be

>

induced”, if the abtoms or molecules in the beem have a permanent dipole
moment. Electric deflection experiments have not as yet been exploited
to the degree that magnetic deflection has, but the method has been used

to measure atomic polarizabilities. An apparatus analogous to that used

for magnetiec resonance experiments can be used to study the interactions
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of electron spins with rotational states of poler molecules,
Inhomogeneous electric and magnetic fields can also be used toc focus
atoms with selected guantum states. Such state-selected beams will be
discussed at greater length b;low, but it can be nmentioned here that this
technique was instrumental in the development of tﬁe first maser . The
reguired population inversion (excess of atoms in the higher energy state
of a transition) was achieved by passing a beam of ammonia molecules
through an inhomogeneous electric field. Those molecules in an upper
inversiqn state were focussed while those in lower states were defocussed;
the beam then entered a resonant cavity where the downward transition was
induced. This stimulsated emission added power to the stimnlating radis-

tion and so the apparactus served as an amplifier at the rescnant frequency.

B. Many particle interactions.

This classification includes experiments in which beams of ions or
neutral particles, ususlly at rather high energy, are directed at dense
targets, either gas phase or solid.

For many years investigations have been made of the range (that is,
the depth of penetration) of fast particles in dense targets.’8 The par-
ticles, alpha particles for example, are slowed down by successive col-
lision with stoms in the target and the range therefore represents a
gross effect of many collisions. Totel stopping power is defined as the
sum over all possible inelastic processes of the product of the inelastic
cross section and the energy lost for each inelastic process. Elastic
scattering is not usually considered because the kinetic energy loss in
elastic events is small. In order to calculate the tbtal stopping power,

all inelsastic events must be considered. For beams of relatively low



-6
mass, the interactions are principally those involving overlap of the
orbital electron clouds, but for heavier and faster beams, nuclear col-
lisions must also be considered. In caleulations of ionic stopping power
of dense gases, the possibility of electron capture and loss {charge ex-
change) must be accounted for because the ion can become a neutral par-
ticle during part of its trajectoryg. A partial stopping power 1is that
due to only one species in the beam; it is preferable, when possible, to
investigate this rather than the tptal stopping power. It still is a
dense target experiment; although only one kind of beam particle is
monitored, the effects of multiple collisions are observed. The experi-
mental procedure used in measuring the partial stopping power of a fast
neutral beam iz as follows.lo The beam is passed through a long gas-filled
cell placed in a magnetic field transverse to the axis of the beam. The
field is strong encugh tc deflect any charged particles from the beam, so
that the only particles which can emerge from the stopping chamber are those
which have remained neutral throughout their trajectory. The emerging
neutral particles are then ionized and their energy distribution determined
with an electrostatic analyzer. Thus measurement of the average energy
loss and the target thickness (the product of the density of the stopping
gas and the path length) permits a calculation of the stopping powver.
Partial ionic stopping powers can be measured in a similar a.ppaa.ra.tus.l‘-L In
this case the magnetic field confines the ions to an approximately circular
path through the stopping chamber, and the entrance and exit slits are
arranged so that only ions of a giuven charge are transmitted. Thus any ion
suffering a charge transfer collision is excluded. The energy distribution
of the transmitted beam is determined, as before, with an electrostatic

analyzer. Essentially all the work being done in this field is at high
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energy, upwards of at least ten kilovolts.

Another similer experiment is the measurement of the energy loss
spectra of fast beams after they have passed through single crystals.lg_lh
The ions tend to be channeled between crystal planes as they pass through
the target and the energy loss spectra show structure which is atiributed
to transverse oscillation of the particles in the channels., With the aid
of appropriate theory, the detailed structure of the spectra can be used
teo map out the stopping power in the channels, and to determine the inter-
atomic potential of the beam particle with respect to the atoms in the
channel. This work is also restricted %o high energies.

Another area of research which can be included in the category of
dense targets is the interaction of molecular bheams with solid surfaces.
The investigation of sputtering, the erosion of metal surfaces due to ion
impact, has been carried out for more than a hundred years. A number of
theories have bveen advancedls to account for the different sputtering
yields observed for different materials, but the field is still largely
an empirical one., This field has been rather inactive for scme time, but
in recent years renewed interest has develaoped. -

Considerable work hes been reported,16 and much more is currently in
progress , on molecular beam-surface interactions where the beam energy is
too low to damage the surface. Much of the practical information which
igs sought in these experiments involves energy transfer from the beam o
the surface, and measurement of the thermal accommodation coefficient has
been a popular activity for some time. The accommodation coefficient for
momentum transfer or for energy transfer is measured by directing a mclecu-
lar beam at & surface and determining the momentum or energy transfer. The

surface in question can be mounted on a torsion balance whose deflection is
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a direct measure of the momentum transfer, or the kinetic energy of the
beam can be determined (by time-of-flight methods) before and after
striking the surface. The two extremes of enérgy transfer are permanent
absorption with complete energy accommodetion and completely elastic
scattering. In the latter case, it is possible to arrange the conditions
so that diffraction can be observed. The necessary conditions are that
the substrate be a single crystal whose lattice spacing has the proper
relationship to the de Broglie wavelength of the beam atom and to the
angle of incidence. Diffraction of atomic beams from crystals provided
an early verification of the concept of the de Broglie matter wavelz

Energy transfer between the two extremes is more common, and many
experiments have been performed in which a beam is directed at a surface
snd the reflected particles detected. Under some conditions, diffuse
reflection is observed, suggesting that the beam has been adsorbed and
re—emitted at a later time. In other gystems the beam is reflected into
distinct directions, and the results can often be related to the inter-
action potential of the beam-lattice system and to the lattice dynamies
of the crystal.

A serious problem in this type of experiment is the difficulty of
charscterizing the surface, and in separating the effects of the lattice
from those of surface adsorption. Gas-surface interaction is an aresa of

resegrch that has only recently attracted many workers; significant prog-

ress in this difficult field can be expected.

C. Two particle interactions.
This classification includes experiments where atomic or molecular
beams are passed through thin gas targets or allowed to interact with

another besm. When the experimental conditions are established correctly,
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the experimental resulis can be interpreted in terms of two-body collision
dynamics. In this sense, the experiments probe single molecular collisions.

General statements about two particle interaction experiments are not
easy to make becesuse they can be done in such a variety of ways and over
such a wide range of energies. All such experiments require one or more
sources which produce collimated besus of particles whose velocities are
in a known range. Also reguired is a detector of some sort whose output
response is & measure of the beam intensity or flux. The basic experiment
(with many variations) is to establish single collisions of the partiecles
in the beam with other particles and then to determine the changes in
energy and momentum of both colliding partners. The dynamics of the col-
lisions can be interpreted with this information and fundamental details
of atomic and molecular interactions can be determined.

Two rather different kinds of experiment can bé noted as representing

the basic techniques., They can be called the crossed beam techniquela_go

and the attenuation technique21’22. In the crossed beam method, two inde-~
pendent collimated beams (usually one or both are velocity selected) are
produced and permitted to intersect as shown in Fig. 2. Both beams are

50 dilute that the probability that a particle will make more than one
collision in the region of intersection is very small and therefore any
particles which are found to be scattered out of either bheam result from
single two particle interactions, This method is used when the changes

in momentum and energy are relatively large so that the scattered particles
are well separated from the primary beams; the beam energies employed are
acéordingly relatively small,

The key to the experiment is the detector. It must have good reso-

Jution in order to determine the energy and momentum changes accurately
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and it must be able to discriminate between the various chemical species
which are involved in the experiment. In addition it should be guan-
titative, at least ideally. The latter criterion is difficult to achieve
and is frequently disregarded when only qualitative information is sought.
The requirement, however, can he met in several ways; for example a mass
spectrometer with a narrow input aperture haé been used successfully.
Other useful detectors are described in detail in a later section.

Providing that a suitable detector is selescted, crossed beam experi-
ments can be performed which provide much fundamental information. For
example, if beams of two species are allowed to interact and a third
species is found to have been produced, a chemical reaction has occurred.
Careful investigation of the spatial distribution of the reaction product
combined with the energy and momentum conservation laws permit estimates
to be made of the energy transfer in the collision and shed some light
on the mechanism of the reaction. BSuch studies can determine if a reaction
occurs at large or at small separations of the reactants and whether some
intermediate collision complex is formed. It is possible to produce
beams with quite narrow distributions of veloeity and to do an energy
analysis (by a time-of-flight method, for example} of the reactive
products. In addition, it is possible to produce beams in speeific quantum
states and with such detailed energy and spatial information the reactive
collisions can be extensively characterized..

The crossed beam technigue can also be employed to study non-reactive
collisions. The basic technique is the same; the information sought is
the energy and spatial analysis of the scettered beam particles. If the
collisions are elastic, that is, where there is no transfer of transla-

tional energy into any internal states of the colliding system, the experi-
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mental data may be analyzed to obtain information about the intermolecu-
lar potentizl. Where inelastie collisions occur, the data can be inter-
preted to find out if the execitation can be assigned to a particular
internal state (or group of states) and how the excitation energy can be
transferred to other internal states.

The crossed beam method is a powerful tool for the investigation of
atcmic and molecular collisions. Its particular strengths are flexibility
and the lack of armbiguity in the inferpretation of experiments. The only
wegkness of the method is the fact that at the intersection of two molecﬁ-
lar beams the intensities are so low that only a few percent of the beam
particles collide and the flux of scattered particles is therefore small
and not easy to measure. It is difficult to devise a detector which gives
a measure of ebsolute beam intensity but especially difficult when the
detector must be extremely sensitive at the same time. Consequently many
erossed beam experiments are performed with detectors without absolute
calibrations. Nonetheless such experiments can be valusble, particularly
in the study of reactive scattering. Even though it may be impossible to
measure the absolute intensity of a particular reaction product, the fact
that it is found to be scattered into a particular solid angle may provide
much information about the details of the reactive collision.

The atienuation technique in molecular beam research has a longer
history and is £till in wide use. It is useful over a large range of beam
energy; it can empioy conventional effusive oven beams, ion beams ac-
celerated from an ion source, or high velocity neutral beams produced by
neutralizing fast ion beams. The interaction with the beam is achieved

by allowing it to be attenuated as it passes through a thin layer of gas, -
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ag shown in Fig, 3. Two particle interactions are assured by adjusting
the gas pressure so that no beam particle is likely to make more than one
collision in traversing the layer of gas. Such a condition is established
when the attenuation of the beam is linear with pressure. Even though
single collisions predominate, since the particle scattering density is
much higher than it is in a crossed beam experiment meny more collisions
take place and the requirements on the detector are less severe.

Both elastic and inelastic scattering can be studied in the same ap-
paratus with only slight wmodification. TFigure 3 is & schematic drawing
of a typical apparatus for investigating elastic scattering. The beam at-
tenuvation due to scattering gas at density n is given by

I =1 expl-nsSAx(1l+a)] (1)

where I is the beam intensity after passage a distance Ax through the scat-
tering gas, IO is the initial intensity and S is the scattering cross’sec-
tion. The background term, (l+a), accounts for the fact that a small part
of the scattering gas escapes through the entrance and exit apertures snd
can scatter the beam in the regions outside the scattering.box. The scat-
tering cross section, 8, will be discussed in detail below, and it will be
shown thait measurements of 8 as a function of beam partiele velocity can
be analyzed to cobtain values of V(r), the interaction potential for the
colliding pair. ©Such an analysis is only possible when the scattering
angle for each collision is known, so that a careful analysis of the
geometry of the scattering region must be made. One possible experimental
configuration is shown in Fig. 4. The cross section S is a function of
the angle QLbetween the undeflected path of a particle and the deflected

ray which causes that particle to strike an edge of the detector., As indi-

cated in Fig. b, every position within the scattering region is associated
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with a different value of ﬁL and therefore & different value of S. Since

8 beam particle can be scattered at any point in the scattering region it
is clear that an experimental value of S actualiy represents an average
over the finite dimensions of the beam, scattering region, and detector.
The nature of the averaging process will be discussed below. It should

be noted that the dimensions in Fig. % are distorted and that generally
the average scattering angles are smell, on the order of 107%-10"3 radians.
This experiment makes selection of the detector relatively easy because

Eq. (1) shows that only the intensity ratio is needed so that only a
detector whose response is proportional to the beam intensity is satis-
factory. Many such detectors are avallable.

As indicated above, inelastic scattering can be studied in a similar
apparatus. For example, the cross section for ionization can be deter-
mined by measuring the initial beam intensity and the number of ionizing
events, One arrangement involves cgllecting the slow ions with a trans-
verse electric field and collection electrode. Other possibilities for
detecting inelastic events, such as observing light of characteristic
wavelength in the scatiering region, are conceptually stralghtforward bub
can be extremely difficult in practice,

Sometimes hybrid experiments using features from both crossed beam
end attenuation techniques are devised23. In these, the concept of a
layer of scattering gas is employed, but the detector is moved to deter-
mine the intensity scattered out of the beam. These experiments are
difficult to perform and to interpret, but when successful, they provide
much more information than the simpler attenuation experiment.

The category of two particle interasctions is only introduced here to

provide a basis for the rest of this chapter. The first two categories
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were included in the discussion to provide an idea of the scope of molecu-
lar beam research, but since they are generally of more interest to
physicists or engineers than to chemists, they will not be discussed fur-
ther. The third category is of interest to physicists and chemists but
this chapter will include those topics that we feel would most appeal o
chemists., The methods and techniques of molecular beam research are
common to both chemical and physical problems, so that the description of
experimental details might be applicable to experiments in any of the
three categories gbove; it is in the theoretical development that differ-
ences develop. Accordingly. the next section introduces the theoretical
concepls needed for understanding two particle experiments. The following
sections describzs some of the experimental methods used in molecular beam
research and discuss some of the significant results obtained from these

experiments.

II. Theoretical Background

The results of scattering experiments f£all neturally into two cate-—
gories: collisions which do not result in atomic rearrangements., and
ecllisions which do. Since nmost chemistry involves rearrangement colli-
sions, these are of greatest interest to the chemist. Unfortunately,
they are slso the most diffieult to study, both experimentally and the-
oretically, and the bulk of cur knowledge is presently limited to colli-
sions which do not involve rearrangement. But even these collisions can
supply considerable insight into chemical phenomena. In the first place,
the study of simple elastic collisions supplies the conceptual basis for
the degscription of more complicated collisions., BSecondly, elastic colli-

sions give information on the interactions between atoms and small groups
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of atoms which can be applied to such chemically interesting phenomena as
the conformation of large molecules and the degradation of the energy of
"hot atoms". Thirdly, inelastic collisions which do not involve re-
arrangement but only changes in internal energy {rotational, vibrational,
and electronic) can be considered prototyﬁes of simple chemical reactions.
This section accordingly discusses elastic and inelastic collisions
first, and then rearrangement collisions. All can be studied over a wide

range of energies.

A. Elastic and Inelastic Collisions.

For reasons made clear in the next section, experimental molecular
beam research can be divided into three energy regions. A similar division‘
can also be made for theoretical reasons, depending on the relation of the
de Broglie wavelength to molecular dimensions., When the wavelength is
small compared to molecular dimensions, classical mechanics furnishes a
good description of melecular collisions. This is the usual situation
for high-energy beams. However, for thermal-energy beams the wavelength
is of'ten comparsble to molecular dimensions, so that quantum effects are
apparent. These take the form of wave interference effects, which con-~
tribute structure +o the observed scattering cross sections. Classical
mechanics no longer furnishes a good description, but semiclassical sp-
proximations may be satisfactory. For intermediate-energy beams the
situation is less clear; sometimes quantum effects are important, some-
times not, depending on particular experimental circumstances.

The principal aim of elastic scattering measurements is the deter-

mination of the potential energy of interaction between the particles.

Pirst a brief account of the mathematical description of elastic scat-
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tering is given, and then the scattering potential is related to other
properties such as transport coefficients and the equation of state.
Much of this carries over, 1n a general way, to the discussion of in-
elastic and rearrangement collisions, Each of the three energy regions
is then discussed in turn, with special reference to the type of poten-
tial energy information obtainable, and some indication of the applica-

tion of this information to other problems.

1. Formelism and Definitions
The discussion of scattering will be entirely in terms of the

center-of-mass coordinate system, in which the collision is viewed as if
an observer were located at the center of mass of the colliding system.
The relation between the center-of-mass and the laboratory coordinate
system depends only on conservation of momentum and energy, and is hence
valid in both classicel and guantum mechanies. Good accounts of the
transformation between the coordinate gystems are available in many
books.zh

The angular distribution of particles scattered from a beam is
desceribed both classically and gquantum-mechanically by a differential
cross section o(w), defined by the statement th;t the number of particles
scattered into solid angle dw per unit time is Io{w)dw, where I is the
flux density of the incident beam in particles per unit area per unit time,
so that ¢(w) has the dimensions of area. In molecular beam scattering by
gas targets there is usually axial symmetry of the besm and random orien-
tation of target particles, in which case o(w) depends only on the polar
deflection angle 9 and not on the azimuth angle ¢, and can be written as

o(w)dw = o(6) sin6 asde . (2)
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Often the angular distribution of scattered particles is not measured
directly, but only the fraction of the beam that is secattered into all
angles greater then Bo, the angular aperture of the apparatus. This may

be called the integrated cross section S(BO), and is given by

T
s{e.) = EWJG(B)sianB . (3)
%
The true total scatbtering cross secktion is cbtained when 60 = 0.

The maximum smount of direct information from a scattering experiment
is thus obtained from the differential cross section as a function of
angle and initial relstive kinetic energy. The extension of this descrip-
tion to inelastic and simple rearrangement collisions is straightforward.
A species A in internal energy state i collides with species B in internal
state J with kKinetic energy of relative motion €; the collision produces
species C in state k and D in state &, with kinetic energy of relative
motion €' and at angles B8,4¢:

A(i) + B(§) = c(x) + p(2) . ()

This will be described by a differential cross section o(k,z,i,j,s,e,¢),
Just as for elastic collisions; the essential difference is that more
guantities must be specified to deseribe the collision than were needed
for the elastic cagse, If C and D are different from A and B, then there
is said to be a chemical reaction if the spesgker is a chemist, or a re-
arrangement collision if the speaker is a physicist. If C and D are the
same as A and B, but states k and % are different from states i and é?
then an inelastic collision is said to have cccurred.

We record here for future reference the relation between the differ-

ential cross section ¢(0) and the potential V{(r), and defer comments on
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the extraction of V(r) from o(8) (the inversion problem) to the discussions
of scattering in the three different energy ranges.

In a classical description of the scatiering of two particles with
reduced mass u and relative wvelocity ? the collision trajectories are well
defined, and for a given kinetic energy of relative motion each value of
the impact parameter b results in a definite value of the scattering angle,
es shown in Fig. 5. Thus all the particles falling on the target area
between b and b + db will be scattered into angles between 6 and 8 + 48,
conservation of particles and the definition of o{8) then allows us to
write 2wb|db| = 2no(8)sin6|de|, from which the expression for o{8) is ob-
tained

o(8) = ———— . (5)
s5ing|do/db|

The integrated cross section is then

[#42]
@
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o
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o
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——
@
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-

(6)

since b(w) = 0 (head-on collision}. The dependence of the cross section
on V(r) is implicitly contained in the relation between 6 and b appearing

in Bgs. (5) and (6),2"

oo

8(b,e) = n-ebf[ - G:)E\_ Vir

T
c

)"l/2 ar

where T, is the distance of closest approach, given by

2 (r )
1-(1;-;) _V} - o. (8)

If the potential is not purely repulsive or attractive, several values of

b may lead to scattering into the same 8. In such cases the expression for



-19-
6(6) becomes a sum over the several values of b, but the expression for
S(Bo) involves both sums and differences.>’

Precise collision trajectories cannot be specified in quantum
mechanics, and a wave-like description of scattering is necessary,ah The
total wave function consists of an incident wave plus a scattered wa%e;
at distances far removed from the collision region, the incident wave is
a plane wave and the scattered wave a spherical wave. The asymptotic
form of the wave funetion is thus

ikz eiKr

= win * wscatt e +

(e) , (9)

r
where k = uv/f is the wave number of relative motion and f(8) is the scat-
tering amplitude., The differential cross section is given by

a(8) = |£(8)[° . (10)
In principle, £(8) must be found by solution of the Schrdinger equation,
The usual procedure for elastic scattering is to expand the wave function
into a series of partial waves, one for each value of the angular momentum
quantum number, L. The incident and scattered partial waves then differ
only in phase, and the problem is reduced to evaluation of the phase shift
for each partial wave. The scattering amplitude is found to be

S W 2162
(8} = (2ik) 7 (2e+1)(e -1) Pl(cose) , (11}
£=0

where 8, is the phase shift of the 2-th partial wave and Pz(cose) is a
legendre polynomial. The 62 must usually be found by numerical integra-
tion of the radial Schrgdinger equation, although useful approximations
are sometimes available. The expression given in Eq. (3) for the integrated

cross section still holds if the lower limit is permitted to extend to

Bo = 0, but it yields a simple result only for the total cross section,
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o
8(0) = (bn/x®) § (2241)sin’ 5, - (12)
2=0
A semiclassical approximation is often useful for atomic and molecu-
lar scattering, in which the summations over phase shifts are replaced by

integrations and the phase shifts are calculated by the Jeffreys-Wentzel-

Kramers-Brillouin-Langer (JWKBL) approximation,
g 2 1/2 v 24 1/2
_ b v{r) b
62'2'5 §(b) = Kf[l-—(;) ——E-:'—'—] dr - Kf [l-(;)] dr, (13)
rc b

where the impact parsmeter is
b= (2 +1/2}/x . (1%4)
The relation between the phase shifts and the classical deflection angle

in this approximation is

as
-5 _% _ 2
8(b) = 2 = = =

as{v)
ab

(15)

Fairly extensive studies of the semiclassical approximation in atomic and

molecular scattering are available.22926—28

2. Relation to Other Fhenomena
The complete differential cross section, if measured over a

complete range of 6 and & wide range of e, contains & great deal of in-
formation. However, it is almost never fully measured. In practice only
partial information on the differential cross section is availsble -- %the
ranges of angles and energles are limited by experimental difficulties,
From such partial scatiering information therefore only partial information
on the potential can be extracted. In fact, to obtain any sensible answer
at all, it is uswally necessary to inject some independent infeormation on
the potentizl, such as whether or not it is monotonic, and if so, whether

it is attractive or repulsive, or indeed whether the scattering is caused
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by & single potential rather than by two or more potentials. Although in
practice only partial information on o{(6) is known, it is interesting to
ask what phenomens other than scattering could be caleculated if o(8) were
known completely,

In the first place, only binary collision phenomens could be calcu-
lated rigorously, since the scattering under discussion here involves col-
lisions of only two molecules at a time. If only elastic collisions are
possible, this means that only the two-body properties contained in the
dilute-gas transport coefficients and equation of state —~ viscosity,
thermal conductivity, diffusion, thermal diffusion, and the second virial
cecefficient can be obtained. If inelastic collisions are also possible,
the absorption and dispersion of sound waves in gases, and similar related
phenomena can be calculated, Information on rearrangement collisions ex—
tends the renge to include calculations of bimolecular chemical rate co-
efficients in the gas phase. But strictly speaking, phenomena in dénse
gases, liquids, and solids would remain out of reach, as would chemical
reactions that required three or more molecules to interact simultaneocusly.
Of course, one always tries to make approximations that will extend the
range of usefulness of strietly two-body information. Such approximations
usually aim to bulld up many-body bhenomena as collections of two-body
phenomena: for example, the assumption of pairwise additive interatomic
perticles, of effective potentials such as appear in opticai models, or
the representation of a ternary collision as & transient orbiting binary
pair struck by a third particle. Many of these spproximations are
astonishingly successful and are discussed in subseguent sections, but

it is well to remember that they are spproximations and subject to failures.
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This brings up a second limitation. A well-founded thecry is re-
quired that connects the observable phenomena to o(8), and such a theory
mey not be simple. It is at this point that it is necessary to include
the realm of general statistical mechanics, with its great fascination
and many unsolved fundamental problems. For instance, if only elastic
collisions occur, there is an excellent theory avalilable from which the
viscosity, thermal conductivity, diffusion, and thermal diffusion co-
efficients of a gas can be caleculated to any desired amccuracy, once the
differential cross section is given. But the caleulation of the second
virial coefficient from o{8) alone is a much more difficult task, for
it requires knowledge of the bound two-body states. Moreover, if in-
elastic collisions can occur, the basic comnecting theory for the trans-
port coefficients becomes much more complex, and involves some intractable
features that are still not completely resclved., Finally, if rearrange-
ment collisions can occur, then the theory is very complicated indeed,
and only parts of it are as yet worked out.

As an illustration of these remarks, consider the viscosity of a
dilute gas in which only elastic collisions occur., The Chapman-Enskog
kinetic theory of gases gives the viscosity in terms of some integrations

over the differential cross section,29’30

™ o
%‘-= ;’—6 (m—lr&-)llafYTe_Te [f (l—cosze)cr(e,e)sined% dy (16}
o o
where n is the viscosity, m the molecular mass, k the Boltzmann constsant,
and 72 = €/kT. Thus if o(6,e) is known for all values of @ and g, n can
be calculated for all temperatures. However, if o(8,e} is known only over

g limited range of £, n is reliably determined only over a limited range of
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T, corresponding roughly to the region of the maximum in the weighting

2
TemY dy (that is, to k'}?f,:j% £). Similar remarks apply to the

function y
other transport coefficients.

There are two interesting features about Eq. (16) and similar equa-
tions. The first is that there seems to be no need to determine the
potential energy V(r), for the desired property can be calculated directly
from ¢(8,e). This appears to contradict the earlier remark about the
principal aim of elastic scattering being the determination of V(r). The
second feature is that the calculation throws away most of the hard-won
information contained in o(8,e) by integrating over all angles and all
values of y. This feature is aggravated if inelastic collisions are pos-
sible, for then the calculation further involves summation over all
internal energy states.31 Thus it appears that attempts to measure o{8,e)
involve unnecessary complexity.

The rationalization of these features lies in the fact that scattering
is studied in the hope of understanding enough about collisions and inter-
actions to be &gble to meke predictions and calculations on the basis of
incomplete information. Furthermore, only fragmentary information on
o(6,e) ever exists. Thus the aim is to proceed from partial information
on o(8,e) to something deeper -- the potential -~ from waich useful cal-
culations can be made. Such a program requires a well-founded theory
and careful analysis.

As an exsmple, consider the calculation of transport properties from
scattering experiments in which only small-angle scattering is studied.

The weighting factor of (l—cosee) in Eq. (16) effectively discards small-

angle deflections as far as any influence on the viscosity (as well as the
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other transport coefficients) is concerned. Thus one may get a super—
ficial impression that small-angle scattering measurements asre useless
for determining transport coefficients, and this is true as far as only
g(8,e) is concerned. The picture is gquite different in terms of an
analysis through the potential, In terms of internuclear separations
small-angle scattering probes only the outer fringes of the potential for
a given collision energy. However, at a lower energy even a head-on col-
lision can penetrate only that far. Therefore the-small-angle scattering
at high energies probes that part of the potential that controls the
large—-angle scattering at much lower energies and this is precisely what
is needed to calculate the viscosity at temperatures corresponding to
those low energies. For example, study of scattering at about 10-3 radian
with a beam having kinetic energies in the range of 103 eV probes that
part of the potential having a magnitude of about 1 eV, This in turn
determines a property such as viscosity at temperatures of a few thousand
degrees Kelvin.

In short, by analyzing scattering in terms of something more funda-
mental than the differential cross section the ability to correlate and
predict can be greatly expanded. In the case of elastic scattering the
potential is the more fundamental quantity, and such prediction ability is
highly developed. For reactive scattering, on the other hand, as yet
mostly only correlation theories or phenomenological theories similar éo
and modeled on those in nuclear physics are available —-- stripping re-
actions , complex formation, R-matrix theory, optical models, and sc on.

The reader who wishes a comprehensive treatment of the relation of

the intermolecular potential to transport properties and virial coefficients
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shounld refer to specialized monographs.29’3o’32

B. Rearrangement Collisions

1, PFormalism and Definitions

The formelism used to describe elastic and inelastic two-body

scattering may be used as a starting point for discussing rearrangement
collisions. The general case is considered in which two isoclated par-
ticles in given internal quantum states are converted by a single colli-
sion into two different isolated particles in specified internal quantum
states. The treatment is therefore limited to reactions which are
mechanistieally bimelecular and kinetically second order. The origin of
the limitation is the same as that previously discussed in connection with
macroscopiec transport and equilibrium properties of dilute gases.

The prototype reaction used earlier in connectlon with inelastic
scattering is

A(i) + B(3)==cC(k) + D(1). (171)

C(k) and D{2) are now products of different chemical species than the
reactants A{i) and B(j), and i, 3, X, and % are the specified internal
quantum states., The rate of reaction in the forward direction, ZR’ may
be written as

Zp = XeCa(1)%B(3) ° (28)

where kf is the rate constant and cA(i) and c ) are the volume concentra-~

B(J
tions of the reactants. On a molecular basis the reaction rate, which is
simply the number of reactive collisions per unit time and unit volume, is
proportional to the product of the number densities of the reactants and

the average velocity with which they approach one another and, in addition,

to the differential cross section for reaction UR(k,z,i,J,p,m) which, as
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indiecated, is dependent on the internal states of the four species as
well as the initial relstive momentum'f and the solid angle w of scat-~

tering. The reaction rate mesy therefore be written

l4'n'+'=t=»+¢wa
Zg, = IJ ICA(i)cB(j) [p/ulog(k,2,1,5,p,0) F(-ﬁA(i))dﬁA(i) F(-ﬁB(j))dﬁB(j)d‘” (19)
O =

where the initisl relative momentum corresponds to the initial kinetic
energy of relative motion € or initial relative velocity ¢, ¢ is the
reduced mass of A(i) and B(J), and F(;A(i)) and F(Bé(j)) are the momentum
distribution functions of the reactants. The differential cross section
per unit solid angle for chemical reaction is similar in character to the
differential cross section o(k,2,i,j,e,6,4) referred to earlier in con-
nection with inelastic scattering.

An alternative and in some ways more useful method of deriving an
expression for the reaction rate is through the impact parameter b defined
earlier and shown in Fig., 5. The function P(k,%2,i,j,p,b,¢) can be defined
as the probability that a collision will result in reaction. Of those
collisions involving impact parameters between b and b + db, the number
per unit time and unit volume which result in resction is the product of
the density of reactants having specified differential ranges of momentum,
their initial relative velocity and the reaction probability. Thus the

total reactive collision freguency is

B(j) A(d)
f fjp(k 2,1,3,0,0,0) [p/u[bdd d¢ dey ey ) (20)

Comparison of Egs. (19) and (20) establishes the following relation-

ships:
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P(k,2,i,j,p,b,0) bdb d¢ = Gﬁ(ksﬁ,i,J,p,m) dw
(21)

d d = y F(D,,..)dp.,. 2. . )

°ate) %8(3) = °a) F®a1)®aca) °vez) F®es)) ®a(y)

In order to perform the integrations in Eg. (20) it is clear from Eq. (21)
that the momentum distribution functions F(;) must he known. }t has been

shown33

that the equilibrium, or Maxwellian, distribution is a satisfactory
approximation in almost all cases. Some additional transformations are
required to relate the components of the momenta in Eag. (21) to components
of the center-of-mass momenta and the relative momenta and to reduce the
integrations to a single one over the relstive velcecity v. Details of
these transformation procedures, in which it is customary to use wveloci-
ties rather than the corresponding momenta, are found in texts on kinetic

34,33

theory of gases or kineties of chemical reactions. The results of

this treatment of Eq. (20) leads to

© 2T ®

Zp = (u/kT)3/2(2/n)l/2 °A(i)°B(j) L[11/1 J?(k,ﬁ,i,j,v,b,¢) v
o o o (22)

S exp(-pve/2kT) b db b av .

In analogy with the relations established above between the total
scattering cross section and the differential cross section we express

the total cross section for chemical reaction as

hr o 27
SR(kszsisj,P) =L[1°R(ksisi,J,Psw) du = ‘f j‘P(kszsisjspsba¢) b db d¢. (23}
o o o©

It follows from Egs. {18) - (23) that the temperature dependent
rate constant for the forward reaction between isolated A(i) and B(3)

molecules is a weighted aversge, over all initial relative momenta, of
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the product of the total cross section for chemical reaction and the

initiel relative wvelocity. Thus,

(-]

kf(k,l,i,J,T) = (ll/kT)B/e(g/'")llzfl-_SR(k,l,isjrv) V]
o (2h)

X7 exp(-uv®/2xT) dv.
Since the initial kinetic energy of relative motion, ¢ = p2/2p = uV2/2,
is also a convenient and frequently used variable, a useful third relation

is o

. 2 1/2 i . 1i/2

ka(k,2,1,3,0) = (2/xm) 32 (1/20)Y fl_sR(k,z,a.,a,a) (2e/u) /]
© (25)

><al/2 exp(-e/kT) de.

Since any function of p may also be written as a function of v or e, the

designations of the functional dependence of P and S, in Egs. (22), (2k)

R
and {25) have been changed, when necessary, to be consistent with the -
selected variables of integration.

Although there has been significant recent progress in inelastic
and reactive scattering in selecting beam particles in specifie internal
gquantum states,22’36~h2 most beam studies of rearrangement collisicns
have involved reactants and products in a variety of gquantum states. The
difficuliies of state selection are such, however, that much fubure work
will almost cgrtainly involve reactants and products in a wide variety of
internal states. The formal procedure for removing the restriction that
A(i), B(3), C(x), and D{&) represent isolated molecules each in a single
cuantum state is therefore of interest, When this restriction is removed,
Eq. (17) is applicable to a mixture of reactants and products in all pos-

sible quantum states and the relation for the rate constant for the forward

direction becomes



o —29"

k(D) = (2/kT)3/2(1/2ﬂ)l/2L/-[%R(e) (2£/u)l/2]el/2 exp(-¢/kT) de (26)
o
where
8.(e) = iEJ Xa (1) *B(3) k§2 sR(k,z,i,j,pﬂ . (27)

The fractions of A{i) and B(j) in given quantum states have been designated
as gA(i) and xB(j)' If these fractions are assumed to be equilibrium frac-
tions at all times with respect to x,.,y and xp( .y, then kf(T) in Eq. (26)
is time independent.

In general, the energy dependence of the total cross section for
chemical reaction which appears in Eq. (26) will be determined by the
dynamical motions of the reactants and products on a multidimensional
surface which represents the variation in potential energy of the reacting
system as its components change their internuclear separations and spatial
orientations. For molecular interactions whach are physically realistic
the problem of determining the energy dependence of SR(S) is formidable
and the likeiihood of obtaining an analytical expression for kf(T) is
very small, However, with a sufficientily simple model a qualitatively
correct picture of the usual behavior of SR(E) and kf(T) cen be obtained.

The model asgumes that the reactants are structureless, repelling
hard spheres which change into products when the kinetic energy of rela-
tive motion along the line of centers exceeds a threshold value €, For

this model, whose potential energy varies with internuclear separation
43

as shown in Fig. 6, it has been shown - that
2
SR(E) = ﬂdAB (1 ~ sa/a) for e > €,
(28)
SR(E) =0 for e < e_ .

The quantity wdﬁB is the cross sectional area of the sphere which envelops
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the centers of the reacting spheres when they are in contact. Integration

of Eq. (26) with SR(e) given by Eg. (28) leads to

kf(T) = wdiB (8kT/wu)l/2 exp(-sa/kT). (29)

Since €y is usually much greater than kT the temperature dependence of
kf(T) is largely determined by the exponential term in Eq. (29) and a

differentiation produces the approximate relation
~ 2
d 1n kf(T)dT = e /kI°. (30)

Equation {30) describes the tempersture dependence of the rate constant
for a lerge number of bimolecular reactions for which a plot of 1n kf(T)
vs 1/T gives a straight line whose slope, multiplied by k, is the so-called
Arrhenius activation energy.
An addition to the notaticn will be introduced here in order to con-
form to common usage. Most kineticists use molar energies rather than
the molecular energies which have been used so far. The molar energy E
is defined as Ne, where N is Avagadro's constant. Both energies will be

used interchangeably.

2, Collision Dynamics
In understanding microscopic features of reactive scattering it
is often helpful to supplement the preceding theoretical treatment with a

hh-b7 It B is

discussion of the conservation laws of energy and momentum.
the initial kinetic energy of relative motion of the reactants, Z the as-
sociated internal energy (rotational, vibraticnal, or electronie), and

ADE the difference in dissociation energy of products measured from zero-

point levels, as shown in Fig. 6(b), then the final kinetic energy of

relative motion of the products E' and the corresponding internal energy
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Z' are given by

E‘+Z‘=E+Z-ADZ. (31)

In view of the fact that in most reactive scattering experiments
neither reactants or products are likely to be in specifically selected
internal quantum states, the simplified designations A, B, €, and D will
be used rather than A(i), B(j), C(k), and D{(%) for reactants and products.
Thus, the center-of-mass velocity vector ?c, also kno;n as the centroid,
is defined in terms of the masses and initial veloecity vectors of the
reactants by the relation

Vo= (m¥, + my)/m (32)
where m represents the total mass of the reactants, (mAme), which, is of
course, also equal to that of the products. The total kinetic energy of
the system is the sum of the kinetic energy of the reactants which can be
shown to be

1 .2,1 _2_1 2.1 2
BMAVy *5mpvp = 3(my tmp) v+ S wv (33)

The first term on the right in Eq. (33) is the kinetic energy of the
total mass moving at the velocity of the center of mass. This energy can
be shown to be constant and has therefore been omitted from both sides of
Eq. (31). 1If ?A and ?% are plotted with a common origin, as shown in
Pig. T, the initial relative velocity, ¥ = %A - ?ﬁ intersects ?c at a
point determined by the relaticns

¥, - ¥, = mi/m | (34)

and

V-V, = -mAv/m. (35)

Equations (3L4) and (35) state that at large internuclear separations
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an observer stationed on the moving center of mass sees the reactants ap-
proach with velocities which are inversely proportional to their total
mass and parallel to the initial relative velocity. Similarly, the recoil
velocities with which the products recede from the moving center of mass

are given by the relations

— _ . = —1-.'
Vo = ¥, = mpV /m (36)
and
—_ e —
- = - f
Vp = Y, = -mov'/m (37)
where the final relative wvelocity ?’ = ;r* - ? may take any direction in

C D

space and therefore may be considered as pivoting around the end of V-
The vector diagram in Fig. 7 is a graphical representation of the relations
of Egs. (3k4) - (37) for a binary collision involving mutually perpendicular

initial velocity vectors. For the case illustrated, 6. is the angle in the

L
lsboratory system, measured from '\'rhA end in the plane of ;;A and ;; , into
which the product D is scattered with veloeity ; . When the cecllision

D

between A and B is elastic Z' and Z are equal, ADg is zero, and E and E'
are identical, or equivalently, [;'[ = |;[ For a reactive collision,
however, I:.:’l is restricted to (2B'/u' )1/2 where u' is mcmD/m and E' is
subject to the condition specified by Eq. (31) in which neither Z' - 2
nor ADg will in general be equal to zero.

It is interesting to see how the conservation relaticns of Eqs. (33) -
(37) and the vector diagram in Fig. T can be used to correlate or even to
predict certain experimental features of reactive scattering. For example,
a special case can be considered where mc<<mD so that mC/m<<l and also
where E! is not much larger than E so that [;’] is approximately equal to

D

——
H?| . Eguation {37) then states that the velocity vector v may be confined

—
to a small cone arcund V. S0 that the product D of mass m, will be found
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near the centroid. The imposed special conditions therefore result in
an increased flux or intensity of D around & small range of 8 near the
centroid. However, because the intensity of D is so sharply peaked, it
will be difficult to secure adequate angular resclution for accurate
measurement of the differential scattering cross sections in this angular
region. At the other extreme, if [mcéulm[ is sufficiently larger than
l?;l the product D with velocity ;' may be found at any laboratory angle.

D
Herschbach and co-workersh5’h6

have given a detailed analysis of the col-
lision dynamice on which the conclusions for these speecial cases are
based.

The discussion of collision dynamies thus far has illustrated the
type of microscopic information that may be obtained by invoking the
conservation laws for total energy and linear momentum. In general the
total angular momentum is also a collisional invariant and additional
microscopic information can be obtained by requiring that this particular
quantity also be conserved. The initial angular momentum of the system
is a vector sum of the orbital asngular momentum f = m_;b and the rota-—

e

- s — -
tional angular moments JA and JB of the reactants, If J = JA + JB and

e —

J' = JC + JD the conservation law for total angular momentum may be

written as .

*

Lt +3' =L+ 7 (38)
where f} = u'v'b', For the special case of elastic scattering in a central
potential 3“ = j'so that ﬁ‘ = T. Although the initial orbital angular
momentum L must be perpendicular to the initial relative velocity ;; the
initial rotational angnlar momentum 3'may have any spatial orientation as
shown in Fig, B8a which also shows the possible spatisl orientation of the

initial total angular momentum vector. Frequently L>>J a:ad.f'>>5"t and
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under these conditions the final veloeity vector $}, which must be perpen-
dicular to _IT' , Will also be almost perpendicular to f. However, even if
the final relstive velocity vectors are assumed to be uniformly distributed
gbout the initial orbital angular momentum, an anisotropy in the spatisal
distrivution of the product D can be expected. This conelusion can be
visualized by referring to Fig. 8b in which the final relative veloeity
vectors, for a particular ? and f, are represented as uniformly spaced
radii in the circle perpendicular to L. For & selected value of v, it is
possible to have all values of T:which are uniformly distributed in direc-
tions perpendicular o 3; so that the spatial distribution of V' vectors
is obtained by rotating Fig. 8b about 1_; as shown. In the sphere generated
by the rotation of the circle containing the final relative velocity
vectors, these vectors will be denser along the Q?axis than near the plane
produced by the rotation of L.l+5

If u/u' is greatly different from unity a marked change may occur in
the orbital angular momentum end, according to Eg. {38), a corresponding
change in the rotational angulsr momentum. For example, if p/u'>>1l and
if T is large, the products must be in highly excited rotational states
since 33>Sf', and the orientation of the finsl rotational angular momenium
vectors will be approximately parallel to the initisl total angular

45 48

momentum.
The discussion of the dynamics of collisions has shown some of the

microscopic features of reactive scattering which are applicable, in cer-

tain special cases, to any bimolecular reaction which can be experimentally

investigated by the method of crossed molecular beams. By cormbining the

material in this section with the theoretical background for rearrangement
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collisions in the preceding section and with the theoreticzl background
for elastic and inelastic collisions, we may pr;ceed to analyze many of
the microscopic features of specific bimolecular reactions. Limitations

of space prevent a discussion of all the experinents which are relevant

to this chapter. A selected group of reactions will be used to illustrate
those feafures of rearrangement collisions which are of particular interest

and significance.

IIT. Experimental Methods

Molecular‘beam experiments involve a large variety of types of ap-
paratus and techniques. These reflect both the numerous experiments
which have been performed as well as the extensive ingenuity of the ex-
perimenters. A complete description of experimental methods must of
necessity be long and detailed. In this section, no effort will be made
to attain such completeness; instead some typical examples of the various
experimental methods will be given. The bhasic configurations of beam
experiments were discussed in the Introduction and will not be repeated
here, All experiments, however, reguire three basic elements; one or
more sources to produce a collimated beam {or beams) with a known energy
distribution, a detector to measure the beam intensity, and a region
where two-body interactions can occur. These elements of beam experiment
are discussed separately in this section. The experimental techniques
also separate naturally into three categories according to the energy
range of the beam particles. Methods of production, collimation, and
detection are generally different in the three regimes, here rather
arbitrarily defined as low energy (less than about 0.5 eV), high energy

(above about 25 eV) and intermediate energy (between 0.5 and 25 eV). The
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following discussion will briefly describe some of the general technigues

useful in each range.

A, Low Energy Beams.

1., Production

Modern aspparatus employed in research with thermal energy beams

utilize sources operating on the same principle as that used in the very
early experiments described in the Introduction. Most apparatus consist
of several individually pumped chambers, the first of which contains an
gpertured, temperature~controlled oven filled with permanent gas, or vapor
from condensed material. Succeeding chamwbers provide additional colli-
mating apertures and space for various operations with the beam. The
design of an oven source, perticularly one which is to operate at a high
temperature, depends strongly on the material which is to constitute the
beam, Other than an obvious criterion with respect to melting point, the
principal requirement considered when selecting the material to fabriecate
the oven is that it be chemically inert. Some means to prevent spattering
and condensation at the exit slit must be provided; either the slit can
be heated separately or an interior baffle can be installed. Operation at
very high temperatures may require the use of radiation shields to protect
nearby elements of the apparatus. Some commonly used substances which
constitute the beam, for example +the alkali metals, present handling prob-
lems. ‘They are usually sealed into glass ampoules and some means is pro-
vided for opening the ampoules under vacuum and loading the ovens. Ovens
for producing beams of permanent gases provide fewer design problems, but
the demands placed upon the pumping system are usually much greater because

all the gas emerging from the oven must be pumped away since there is no
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condensation on the walls to add to the effective pumping speed.

Various methods have been adopted to meke beams emerging from the
oven more directional, These procedures all take the form of construeting
the oven exit as a ca.nalhg rather than a thin aperture; in order to in-
crease beam intensity without loss of directionality many parallel canals
are often used. Stacks of hypodermic needles,5o glass capillarieS,Sl

51 have all heen

and stacks of alternate flat and corrugated metal foils
used successfully. Recently Laval nozzles have been used as exit
slits;lB as will be discussed later, these nozzles provide large intensi-
ties and, in addition, considerably narrower velocity distributions than
conventional source spertures.

Many other special thermal beam sources have been constructed. It
is often necessary to form a beam of atoms from species which are stable
only as molecules. In such cases, some form of electrical discharge is
produced in the oven, the most common type being the microwave arec.

22 and the halogen553 have been obtained this way.

Beams of hydrogen atoms
Use of a Weood's tube discharge to produce atomic hydrogen has alsoc been
extensively reported.5h Hydrogen atoms have alsc been obtained from a
thermal dissocia‘ter,55 the most usual form of which is a tungsten tube
with an exit slit which can he electrically heated to about 2500°K. Such
thermal dissociaters have been used mostly for hydrogen. Many experiments

56 Sometimes this

require beams of atoms or molecules in excited states.
is achieved with state selectors, to be described below, other times
excitation is provided bf electron impact or by optical excitation to
a higher state which decays into a metastable state.

The molecules emerging from an effusive oven will have a velocity

distribution which can be written in terms of the Maxwellian distribution
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at the temperature of the oven. The energy of the particles in the beam
can be varied to some extent therefore by sdjusting the temperature of
the oven. Only a limited temperature range is available, however; at low
temperatures the vapor pressure of the material-rorming the beam becones
too low to provide a heam of useful intensity, and at high temperatures
the beam atoms may be internally excited, usually to an unknown degree.
A more useful method cf wvarying the beam energy is to select from the
beam only those particles in a narrow range of velocity. Not only does
this permit the selection of a range of velocity any place within the
distribution, but it alweys simplifies the interpretation of an experi-
ment when the velocity spread is small. The first velocity selector was

>T

that of Lammert”’ who used it to verify that the density distribution of

an effusive beam is indeed Maxwellian as had been predicted. He gassed a
bteam through slots in two stcecessive disks which rotated at a speed such
that only those atoms in a chosen range could pass. This fundamental
concept has been used in the design of a number of welocity selectors.

The first basic design to receive widespread use was thet of a
rotating cylinder containing helical groove558-60. This selector has
high transmission and completely eliminates the velocity siéebands which
are transmitted by the simpler selector containing two slotted disks. The
cylinders are, however, difficult to fabricaete and in general have a rela-
tively large mass which poses problems in achieving high angular speeds.
A more recent development has been the design of selectors employing
multiple slotted disk561_65. These selectors are easier to make than

grooved cylinders and can be made with a low moment of inertia. By ad-

Jjusting the inter~disk spacing and the relative displacement of the slots,
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the selector can be mede to pass a beam of selected velocity range free

of sidebands. An additional advantage of the slotted disk configuration
is that it can be used with beams of condensable vapors as well as with

permsnent gases because most of those atoms not transmitted are removed

by collision with the face of a disk rather than with the sidewall of a

groove.

At least three published discussions63-65 deal with the optimum rela-
tive position and angular displacement of the slotted disks in order to
eliminate sidebands completely while minimizing the total rotating mass.
The details will not he repeated here because, in genersl, they involve
specific features of each selector, for example whether or not the disks
have varying thickness.

The various velocity selectors now provide, in fairly routine manner,
beams of adequate intensity with energy spreads of a few percent. A
recent innovation has been the developunent of techniques for selecting
beams with atoms in specified quantum states. The basic techniques of
quantum state selection are those which have long been used in molecular-
beam high~freguency resonance experiments such as those deseribed by
Ra.::nse;)r.2 If =2 molecule hes a permanent magnetic or electric moment,
interaction with an external inhomogeneous magnetic or electric field
is possible and the amount of deflection of the beam and its direction in
the external field is a function of the angular momentum gquantum number
and its projection on the local field direction. Pauly and Toenniesez’66
discuss & number of experimental arrangements for such deflectiocns and
alignments, from the traditional Stern-Gerlech arrangement which deflects

the beam particles without focusing, to multi-pole elecirode assemblies

vhich can be used to focus molecules in different (j,m) states. The
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application of state selection to specific experiments will be discussed

later,

2, Detection.

Methods of detecting molecular beams have been the subject of ex-
tensive research. The original method, that of condensation, is clearly
inefficient and awkward because it requires a relatively long time to
condense enocugh material to observe, and obviously provides difficulties
for permanent gases and materials with low melbing points. The search for
a faster, more sensitive detector for thermal beams has been under way for
many years and has produced a number of successful devices., An early ex-

ample is the chemical detector67’68

, which detects chemically active
species whose chemical reaction with the target material at impact causes
a color change. A more recent development69 is a variation of the con-
densation detector in which the beam contains a radioactive species.
Modern counting techniques are such that a measurable deposit is obtained
much faster than by the simple condensation method. Quite recently two
more investigations have been reported in the continuing search for useful
beam detectors. Brooks and HerschbachTo have applied modern electronic

technigues to the Kingdon gaugeTl

first proposed in 1923. This gauge is

& diode operating with space charge limited electron emission. A beam
particle entering the diode is ionized by electron impact and the resulting
positive ion partially neutralizes the space charge producing a large

12 report the use of field

increase in plate current. Johnston and King
ionization in the construction of a beam detector. Here, the large elec-
tric fields near the point of a field emitter tip can quantitatively

ionize atoms; the ions are then measured routinely.
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Although many ingenious devieces have been developed for use as
detectors for thermal beams, only three are extensively used at present.
These are the Pirani, surface ionization, and electron bombardment de-
tectors. The Pirani gaugesl is generally used to detect beams of the
permanent gases, The beam passes into an enclosure through a long narrow
orifice where it scatters at the walls, equilibrates and eventually effuses
back through the orifice. The steady-state pressure rise measured with a
Wheatstone bridge, as with a conventional hot-wire pressure gauge, is
proportional to the heam intensity. The pressure rise is small and for
satisfactory performasnce it is necessary to measure the difference in
response between two identical cells, one of which can respond to fluc-
tuations in the background pressure but which is not exposed to the beam,
It is possible to increase the sensitivity of the detector by making the
entrance orifice longer and narrower, but only at a cost of incressing
the equilibration time.

The Pirani gmuge cannot be used where the material constituting the
beam will condense on the walls. For many of such materials, surfsce

73-15 can be used to produce an effective detector., In this

ionization
method, the beam particles are directed onto a hested wire from which

they quickly evaporate. In general, if the work function of the wire sub-
strate is greater than the ionization potential of the beam particle, the
probability is large that the particles will leave as positive ions. The

ion current is therefore proportional to the beam intensity. The surface
icnizer is effective for detecting only atoms with low ionization poien-

tials but is nonetheless an extremely useful device. It has the advantages

of short time constant, high ionization efficiency, and simplicity. The
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most common wire used in surface ionizers is tungsten: the tungsten must
be oxidized to inecrease its work function in order to use it to detect
the two lightest alkali meftals, sodium and 1lithium. The alkali halides
dissociate at the hot wire and also may be detected. Of critical inm-
portance to the study of reactive scattering, to be discussed below, was
the discovery that both K and KBr {for example) are surface ionized with
a tungsten wire while platinum wire ionizes only K. Simultaneous use of
both wires therefore permits the determination of K and KBr in a mixed
bean.,

A number of species, notably the halogen atoms, may be detected by

the formation of negative atoms at a hot wire.51

In this case it is the
relationship of the electron effinity and the metal work function that
determines whether or not an ztom can be surface ionized.

The third type of detector which is commonly employsd is the electron
bombardment detector, sometimes called the universal detector. In es-
sence, it consists of a means for ionizing some fraction of the incident
beam, discriminating between these ions and those due to the inevitable
background gas, and collecting the primary ions. In principle, such
detectors could be used with beams of any material and considerable

76-86 has been devoted to their development.

effort in various laboratories
The large variety of successful designs reflects the different con-

straints put on the detection system by various experiments. In some

cases the ionizer is followed by a mass spectrometer so that the intensity

of a particular species can he monitored in the presence of other material.

In other cases the technique of phase sensitive detection can be employed.,sT

as when an ion current must be observed in the presence of a much larger
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background current arising from the ambient gas. In this technique, the
signal which is to be extracted from the extraneous background is modu-
lated, mechanically or otherwise, at a fixed frequency. An amplifier
tuned to this frequency will reject all signals except the desired one.
Beams of metastable atoms are relatively easy to detect because they

[N

will eject an electron from a metal surface if the excitation energy of

the metastable is greater than the work function of the metal.56

This
energy criterion is met by metastables of the rare gases and mercury
which eject electrons from surfaces such as gold with efficiencies of
about 0.2. In order to make absolute intensity measurements, the
ejection efficiency must of course be accurately determined. Detection
of metastables other than those of the rare gases and mercury is usually
done by an absorpiion method88 in which light of a characteristic wave-

length is absorbed, exciting the metastable to a higher level from which

it can decay by emlssion of light.

3. Scattering.

The final aspect of a molecular beam experiment is the design of
the interaction region, which can take many forms depending on the specific
experiment being performed. As indicated in the Introduction, one method
of permitting particles in a beam to interact with other particles is to
pass the beam through e thin layer of gas. The gas is contained in & small
differentially pumped vessel and the pressure adjusted until the molecules
in the beam are likely, on the average, to suffer no more than one colli-
sion in traversing the gas layer. Such conditions are established when
the beam attenuation is linear with pressure. The presence of apertures
in the vessel for beam.entranée and exit means that there is a steady flow

of gas out of the chamber and that there will be some scattering of the
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beam outside the chamber and in the finite length of the beam apertures.
It is possible to zaccount for this background scattering; the caleulation
is relatively simple if the mean thermal velocity of the scattering gas
is less than the beam velocity, but is more diffieult if the two velocities
are comparable, Recently an experimental determination was made of the
background scattering of the thermal beamag. A scattering chamber with
adjustable scattering path length was designed. Two measurements of a
scattering cross section were made with different, known, scattering path
lengths. The two measurements were compared by a difference method such
that the background correction was eliminated., In most cases it is not
necessary to resort to such methods because it is usually possible to
design a scattering chamber so that less than ten percent of the scattering
occurs outside the chanber.

The measurement of the scattering gas density in & chamber is a matter
of considerable importance. The elastic scattering cross section of atoms
with thermal velocities is large {relative to fast atoms) so that the layer
of scattering gas must be relestively dilute, The pressures which must be
used fall generally into a region around 0.1 mTorr, where zccurate mea-
surements are difficult, The Mcleod gauge is in common use, but for this
pressure it tends to be large and bulky and therefore to some extent

90

fragile, The pumping effect of the cold trap recently discovered’  also

can contribute serious error in this pressure range unless it is accounted

91-93 Ancother gauge which has recentiy been widely

for or suppressed.
employed is the diaphragm gauge. This gauge is composed of two chenbers,
one gt a known pressure (usually zero), separated from the other by a thin

digphragm. As pressure moves the diaphragm, its displacement is picked up

with a capacitative sensor. These gauges require no cold trap, are rela-
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tively free of contaminants, can be readily calibrated, and the calibra-
tion is independent of gas species. Ionization gauges are sometimes used
to measure the scattering gas pressure but their use is fraught with 4if-
ficulties. They tend to be unstable, are difficult to calibrate, and
must be calibrated individually for each gas used. Increasing the
required scattering gas pressure by shortening the length of the chamber
has only limited effeciiveness since the decrease in path length only
increases the importance of the background corrections.

The geometry of the scatiering region must be tractable in order to
interpret a scattering experiment. Tractability implies not only that
the dimensions and locaticons of the apertures defining the beam and target
be accurately known but that the exact dimensions of the region in which
the interaction takes place also be known. The shape and dimensions of
this region, here called the scaftering volume, are necessary for inter-
preting a scattering experiment because those particles in a beam scat-
tered into any arbitrary element of sclid angle can originate from any
point within the scattering volume, and any experiment involves an ave-
rage over the fipnite dimensions of the beam.gh Definition of the scat-
tering volume for an attenuation experiment with fixed axial detecltor is
usually straightforward. If, however, the experiment measures the dif-
ferential cross section at varying relative angle, the scattering volume
can not only become rather complicated geometrically, it must be differ-
ently defined for each scattering angle. Many ingenious scattering
chambers have been designed to reduce the difficulties which arise from
this problem.23’ 95,96

The other common arrangement for scattering a beam is to cross it

with another beam or jet of molecules. The density of scattering centers
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in the crossed beam is determined by measurement of beam intensity in the
same way as is done with the primary beam so that no pressure gauge is
necessary. If a crossed beam experiment is performed at various relative
orientations, the definition of the scattering volume becomes complicated,
Just as for the measurement of the differential cross section discussed
sbove, In a few crossed beam experiments it is unnecessary to make quan-
titative intensity measurements sc that variation of the scattering volume

with angle is of no real consequence.

B. High-Energy Beams.

High-energy beams are formed by accelerating ions to the desired
energy and collimating either mechanically as with thermal beams or with
electric or magnetic focussing fields. Fast neutral beams are produced
by neutrelizing the accelerated ion beam in a gas-filled region where
charge transfer can occur. Most of the following discussion concerns the
details of ion beam experiments because clearly it is necessary to form
an ion beam for both ion and neutrsl beam experiments. The few special
features of neutral beam experiments are presented after the discussion
of ion beams.

1. Production. .
The development of ion sources has a history dating back more
than fifty years. Most sources used in molecular beam research produce
the ions in a discharge, usually either DC or radio frequency. A large

971

number of different designs has been reported”’ which reflect the dif-
ferent requirements of various experiments. The two prinecipal input
considerations are power and gas flow efficiency; the output performance

criteria are beam divergence, energy spread, total current, and internal
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state of the ions. It is generally not possible to optimize all these
farameters and a given experiment usually indicates which conditions are
most important.

Collimation and focussing of the ion beam usually must be considered
as parts of the design of the ion source, The principal problem involved
in focussing intense ion beams is that of space charge dispersion; the
usual solution is a combination of keeping the source-to-detector distance
short and of using some form of focussing electrodes. The theory of ion

98,99

optics in the presence of space charge is only partially developed,
so that most ion lenses which are used are operated with parameters chosen
experimentally by performance tests., The difficulity of lens design is
ineressed by the fact that the lenses must function in the presence of
fringe fields (electric or magnetic) of the source which are difficult to
estimate in advance, and that the ions are usually extracted from a
plasma boundary whose shape and position are not stable.

Energy determinetion and selection are also considerations in the
design of beam collimators. The energy distribution of ions extracted
from most sources is not broad, as in thermal heam ovens. Generally
speaking, there will be three species in the flux issuing from &n ion
source; thermal atoms, highwenergy neutral particles, and high-energy
ions, each of which will have different energy distributions. The thermal-
energy atoms appear because the ion source is a gas-filled chamber with an
exit slit and therefore acts as a thermal beam oven. Since the energy dis-
tribution of these atoms is nearly Maxwellian and peaked at an energy much
lower than the high-energy particles or ions, the effect of this thermal

beam can be eliminated by energy discrimination. The high-energy neutral
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component of the beam flux arises from charge transfer collisions of the
lon beam with atoms of the source gas during extraction of the beam.
Since it is never certain where, in the acceleration history of the ion,
the charge transfer event occurred, the energy distribution of this
neutral beam is never known, and can Pe expected to depend strongly on
the detailed design of each source. This neutral beam can be removed
when desired, by a slight deflection of the ion beam with an electric or
magnetic field. The energy distribution of the ion besm can be quite

narrow, although the energy resolution achieved in electron gunsg5 c

an
never be reached., The ions are extracted from 2 plasma, & region where
the pressure is high enough to ensure that collisions take place; and in
additicn, the ions are extracted from a finite region of the plasma where
the potential distribution mey be nonisotropie. A typical energy spread
is a few electron volts in a source producing a beam of a few hundred eV
and upwards.

The determination of the energy distribution of high-energy beams
must be performed on the ion beam rather than the neutral component.
Rotating disk selectors are usually of little use at high energies because
the rotor speeds required are much too high to be practicable. However,
measuring the ion current transmitted as a function of an applied retarding
potential will determine the energy spread of the beam. Although concep-~
tually straightforward, retarding potential analysis involves a number of
difficult experimental problems.l00 It is common to use electric or mag-
netic fields, separately or in combination, as velocity selectors.101’102
Since an electric field can be used to select an almost arbitrarily small

range of energies, and magnetic fields can be used for selection of momentum,

selection of both energy and momentum automatically selects a specific mass.
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Msgnetic selection invelves use of a sector field deflector with entrance
and exit slits. The size of the slits controls the resolution and clear-
1y high resolution is cobtained only at the expense of decreased intensity.
Energy analysis with electriec fields can be accomplished in a variety of
weys. In the eylindrical electrostatic analyzerlo3, a radial, inverse
first-power electric field is established in the annulus between two
cylindrical electrodes. In such a field, charged particles follow cir-
cular paths, If two particles with the same energy enter the analyzer
with divergent angles, they will recross the axis at a point 127° with
respect to the entrance point. A similar device is the spherical analyzer
where the electrostatic field is estzblished hetween concentric spheres, a
configuration which provides focussing in two dimensions. The spherical

analyzer,lol*’lo5

especially the 180° deflection version, has been ex~
tensively used for energy analysis of electron5106 but is only sliowly
being applied to the anslysis of ions. An electric field applied between
parallel plates can also be employed as an energy selector.lOT A beam

of charged particles can be injected at 45° through a slit in the lower
plate; the particles will follow parsboliec trajectories between the plates.
and those of a given energy will pass through exit slits some distance
down from the entrance., A large variety of devices are availsble, many
commercially, which perform velocity selection by a time-of-flight

method, 1025108

The most commonly used technique is to accelerate s
group of lons to a given energy and then observe a short pulse of these
ions as it propagates down a drift tube. IToms with different velocities
{which in this context means ions with different mass) arrive at the end

of the drift tube at different times, and a measurement of current as a

function of time will show a spectrum of velocities present in the ion
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pulse, This technique is more useful for measuring a distribution of
velocities than for selecting ions of o given velocity. Other time-of-
flight methods are used regularly for velocity selection, however, such
as radio-frequency spectrometers which can take many forms. One example

is the Bennettlog’llo

spectrometer in which two sets of fine mesh grids
normal to the axis of ionic mocticn are alternately spaced. Radio-
frequency acecelerating voltages of opposite polarity are applied to each
set of electrodes. If an ion with the proper velocity enters the system
with the proper phase with respect to the radio-frequency field it will
be accelerated during its flight between each electrode, while all other
ions will lose synchronization with the field., A retarding potential grid
placed as the last electrode can permit the passage only of those resonant
ions which have received the maximum acceleration.

There is clearly a wide variety of techniques available for veloecity
selection or analysis of high-energy ion beams. Which method is used in
a given experiment is frequently determined by intensity considerations.
High resolution magnetic mass spectrometers require long path lengths and
narrow slits and so inevitably provide low intensities. The radio-
frequency spectrometer described above has quite a short leng%h and no
slits at all, but the fact that it does not transmit those ions with the
resonant velocity whose entrance phase is wrong again results in poor
beam intensities. PYor this reason the energy enalysis is sometimes come
bined with beam detection, by using some form of mass spectrometer directly
as a beam detector.ah This is particularly attractive for experiments with
neutral beams because it permits the neutralization of the beam at a short
distance from the ion source, thereby minimizing losses in intensity due

to space—charge effects. Although this adventage is partly offset by the
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inefficiency of re~ioniza%ion in the spectrometer source, the method is
still attractive. The method essentially amounts to performing an ex-
periment in the presence of species which are unwanted or which have a
wide variety of velocities by observing only the particles of interest.
Frequently this is possible but in some cases the presence of unwanted
species affecte the interpretation of the experimernt; in such cases the
only reccurse is tc place the selector before the scattering chamber.
Finally, it might be noted that some mass spectrometers, notably the radio-

frequency quadrupole sPeCtrometers,lllslla

perform their role well but
completely destroy the beam collimation in the process of mass snalysis.
Such spectrometers are only useful as part of the detection system.

As indicated earlier, beams of neutral particles can readily be
formed by pessing the ion beam through a layer of the parent gas where
a substantial fraction of the ion beam cen be neutralized by rescnent
charge exchange.ll3 The neutralization can be made to ocecur in a dif-
ferentially-pumped chamber with beam entrance and exit slits or in a jet
of gas which crosses the ion beam. If the density of the charge-exchange
gas 1s large, the ion beam can be slmost entirely neutralized; at such
high densities , however, the neutral beam which iz formed is significantly
attenuated by sc;ttering. The usual procedure therefore is to adjust the
charge~exchange gas density until the neutral beam flux is optimized; the
density so selected is such that the neutral beam intensity is dbout half
the ion beam intensity.llh The energy exchange in resonant charge transfer
is very small, on the order of the ratic of the mass of the electron to
that of the ion, sco that velocity selection performed on the ion beanm is

essentially unchanged for the neutral beam which passes through the usual

arrangement of axial collimating slits. The charge transfer process
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alsc acts somewhat as a filter for impurities in the beam. The impurities
will in general have different ionization potentials than the charge
exchange gas; in that case, the non-resonant charge exchange cross sec-—
ticns are not only small, but the energy defect requires that the neutral
particle in a non-resonant collision be deflected. It has been experi-
mentally verified that passing an ion beam through a non-resonant medium
results in low intensities and if the energy difference is large enough
(for example, Ar' into He) no axial neutral beam is produced even though a
substantial part of the lon beam is neutralized.llh Another experimental
verification of this phenomenon was obtained when a beam of helium ions,
mass analyzed to show several impurity peaks, was neutralized in helium
gas, The resulting He beam was mass snalyzed and no impurity pesks wers

found.115

2. Detection.

The detection of fast ion beams is straightforward and usually
provides no problems. Either the ion current is measured in a Faraday
cup assembly or the ions are counted. The latter procedure has become
more common recently &s the elaborate electronic equipment developed in
nuclear physics has become available. Direct measurement of ion currents
is usually made only when the current levels are relatively high. Noise
levels in electrometers are higher than in multipliers, and the elec-
trometer time constant is longer so that it is difficult to follow
transient phenomens. If either method is used it is necessary to assure
that secondary electrons emitted at the collector electrode are not per-
mitted to escape since this would result in a false measurement. The

collecting electrode can be made long and deep, or fitted with internal
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fins to assure that the secondary electrons do not escape, or a grid sys-

tem can be placed in front of the collector to repel the secondaries back

into the collt—:c:t‘.or.g5

The detection of neutral particles is more difficult but a number of
techniques have been developed over the years. One powerful technique is
the calorimetric measurement of the total beam energy.21 Thus if the
energy of the individual particles is known, the flux can be calculated.
Calorimetric detectors have taken many forms: they usually consist of a
mask, slightly larger than the beam, which is attached to a thermocouple,
thermopile, or bolometer. In order to have high sensitivity they are con-
structed with very fine wires and are therefore rather fragile and tend
to have long time constants. At least two types of thermal detector which
are mechanically sturdy but still have reasonably high responsivity and
short time constant have been reported. The Harris thermopilell6 has the
disadvantage, for some experiments, that the detector sensitivity is not
mniform over its surface. The thermistor bolome‘l:erll'T can be built with
a time constant of only a few milliseconds, and is customarily operated-in
an AC mode by modulating the beam with a chopper wheel. This is done
primarily to take advantage of the simplification of AC electronics rather
than to distinguish the beam from the background gas. One of the greatest
advantages of calorimetric detectors is that they automatically discriminate
against the background gas. Interfering signals due to the presence of
background gas are usually negligible because, although the background gas
is present in concentrations much greater than that of the beam, the
detector does not respond to it because its energy is so much lower than
the beam energy.

Calorimetric detectors are also used to detect heams of atoms which
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were formed from distomic m.olecules.118 Energies of several electron
volts are releassed at the detector surface when the atoms recombine and
this energy can be detected since its effect is to heat the detector.
Since the atomic recombination energy is known, measurement of the
detector signal can be converted into a value of the flux,

Other neutral beam detectors which have been devised provide a means
for producing a number of charged particles proﬁortional to the beam flux.
The universal detector described in connection with thermal energy beams
can be used for detection of fast beams but its efficiency decreases with
increasing’beam energy because the ionization probability is proportional
to the transit time in the ionizer. Its use for fast beams is therefore

51

rare. More common is the use of electron multipliers”™ in which secondary
electrons, released on impact of the fast beam on the cathode, are caused
to strike & series of subsequent electrodes where each impact produces
more secondary electrons. It is possible to obtain gains in such instru-
ments of l06—107; that is, that many electrons are produced at the anode
for each electron released at the cathode. The most popular instrument

119

currently in use is the Bendix magnetic multiplier which is less

sensitive than most multipliers to surface contaminants. A recent develop-
ment, also due to Bendix,lao is the channeltron which takes the form of a
narrow tube whose inner surface-is a high resistance, high secondary-
emission material, A potential is applied along the axis of the tube and
the fast beam is directed obliquely into the end of the tube. Secondary
electrons released on impact propagate down the tube making zig-zag paths
and releasing more electrons at each wall collision. This simple device

produces very high gains and can be made extremely compact. Arrays of

channeltrons can be assembled to probe the heam intensity.
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Multipliers can be operated either as current measuring devices or as
particle counters. In the current mode the multiplier can be used only
for measurements of the relative beam intensity; determination of the
absolute intensity from the measured current requires that both the over-
2ll gain and the secondary emission coefficient of the cathode be knowm,
and reither of these can be obtained with accu;;cy. Operation in the
counting mode is therefore more common because each incoming particle
generates a pulse which can be counted accurately, so long as the
secondary enission coefficient is greater than unity. Operation in
either mode is affected at high intensities by saturation effects; for
example in the current mode when the current carried by the multiplied
electrons becomes comparable to the current in the dynode strip, the
éinal stages of amplification are in effect shorted out. Discrimination
‘against background gas signal is usually done by maintaining the multiplier
in a separate, differentially pumped chamber where the pressure can be
reduced to as low as 10> torr. Mounting the multiplier in such a sepa-
rate low pressure chamber also reduces dynode contaﬁination and subsequent
gain deterioration., Discrimination against background gas can also be
achieved by the traditional method of modulating the beam and switching
the multiplier output into two scaling channels in phase with the beanm
modulation.lgl When opersting in the counting mode, background discrimina-
tion can be accomplished by pulse height analysis. The low-energy back-
ground particles in general creaste much lower pulse heights than those
associated with the faster beam particles and a discriminator can be

placed before the scaler to reject all pulses below a certasin height. It

should be pointed out that multipliers are most useful at the higher heam
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energies where they have high gains and relatively good tackground dis-
crimination.

Other secondary electron detectors have also been built which employ
a positively hiassed electrode to collect the secondary electrons.122
This detector has all the disadvantages of the multiplier without the ad-
vantage of producing high gains and so has not been widely used. Other,
similar, detectors have been devised122 in which the bheam particles, or
Secondary electrons preduced by the beam, are directed onto a phosphor

in order to release photons which are detected with a photomultiplier.

These devices have only been used to detect beams with very large energy.

3. Scattering.

The design of scattering chambers and the measurement of the pres-
sure of the scattering gas are in general simpler for fast molecular beams
than for thermal energy beams. The principal reason for this is the fact
that the scattering cross sections for fast atoms are relatively small.
Thus the gas pressure needed in typical fast beam attenuation experiments
is of the order of 10 mTorr, whereas for a thermal beam experiment it
might be a factor of a hundred or more lower., In fast beam experiments a
variety of well-understood pressure gauges are available, such as null-
diaphragm, Pirani, and McLeod gauges. At these higher pressures the
error in Mcleod gauge measurements caused by pumping of the cold trzp is
frequently negligible, MclLeod gauges are usually the standard to which
other gauges are referred, but such a calibration can in turn be checked
against an accurate expansion system so that possible errors in the mea-
surement of the pressure can be reduced to negligible levels. The smaller

scattering cross sections for fast beams also result in less beam attenua-—
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tion in the ambient gas in the appsratus, and so experiments with fast
beams present less severe constraints on the pumping system. As noted
earlier, the correction which must be applied to account for the attenu-
ation of the beam in the background gas is much simpler to calculate for
fast beams than slow heams because it can be assumed that the scattering
molecules are stationary, thereby eliminating the complex problem of

including a veloeity distribution of the target atoms.

C. Intermediate Energy Beams

Research with beams of intermediate energy, those with kinetiec energies
between about 0.5 end 25 eV, have been less fully developed than either
the high energy or the low energy beams. For the most part, this is due
to the much greater difficulty of producing beams in this energy range
which are sufficiently stable {(or reproducible), sufficiently monoenergetic
to be useful for gquentitative studies, and which in addition have adequate
intensity. In large measure, the underdevelopment of intermediate energy
beams must be attributed to the lack of interest in the past on the part
of research workers in this energy range. Many methods of producing
bezams in this energy range have been investigated but at this time the
experimental situation is far from satisfactory when compared to that for

high or low energy beams.

1. Production.

The grestest expenditure of effort has gone into the development
of nozzle beams. These beams have high intensities and can be manipulated
to produce particles with energies between about 0.1 to 10 eV. The
method substitutes for the Knudsen effusive source of thermal beams a

supersonic jet produced by hydrodynamic expansion of a gas or suitable
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gas mixture through an appropriately designed nozzle, The technical dif-
ficulties are many and great, but the prospect of producing beams of high
intensity in a hitherto inaccessible energy range has spurred a large
number of investigators to enter this field and to continue in it. OCne
group of the many avid workers in this field has been Anderson, Andres,

124,125

and Fenn, whose review articles give a very detailed picture of the

present state of the development of nozzle beams.

A recent a.pproach126’l2T

to the study of two-body collisions of heavy
particles in the energy range from a few tenths of an eV to about 100 eV
involves the simultaneous use of two fast beams traveling in the same
direction along a common axis, The technique is referred to as the use

of merging beams, superimposed beams, overtaking beams, or confluent beams,
The method has several advantages. Two fast beams, each with lsboratory
energy of the order of one or two keV and a modest energy spread, say 1.5
eV, can be merged to produce interaction energies as small as 0.25 eV,

or less, with a spread in the interaction energy of the order of 0.01 eV,
The high energy of the fast beams minimizes loss of beam intensity associ-
ated with space charge divergence of ions extracted from sources. The
detection problem is also comparatively easy since, in addition to
detectors which can be used for both slow and fest beams, cother detectors
which are uniquely suited to fast beams can also be used. These include
thermal detectors and secondary electron emission detectors with or
without partiecle multiplier features. Particle counting detection may
also be used. It is worth mentioning that if a single source is used,
only ion-neutral interactions can be studied by the merging beam technique.
This is achieved by partial charge transfer of the original ion beam to

produce a mixed ion-neutral beam and then retarding the ion beam component
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to achieve the desired difference in energy and asccordingly, the desired
small interaction energy. If two sources are used, the ions from each
source can be used to obtain neutral beams by charge transfer and, afler
removal of ions which have not been neutralized, interactions between
the two neutral beams may be investigated. A review of the rather small
amount of research completed thus far with merging beams of heavy particles
has been pu.blished.l28 That article deseribes the method, explains the
theory, indicates the itype of collision processes for which the technigue
is suitable, and cites references to published results.

Recently a new method was described for producing beams of potassium

with energies in the approximate range of 0.25 to 50 eV.129

This method,
which had alsc been independently investigated at FreiburngO, uses an ion
source such as a uno-plasmatron to focus a beam of ions, usually Ar+ or Xe+
with energies of 5 to 30 keV, on a potasgium surface., Neutral potassium
atoms are sputiered from the bombarded mass of potassium metal to form a
beam which has an approximaste cosine-squared distribution and is peaked

in a forward direction which is determined by the angle at which the ions
impinge upon the potassium surface. By use of velocity selectors, col-
limated beams of small energy spread and good intensity are obtained.

The method has reached the point where it can be used to obtain total
scattering cross sectlong which sppear to be of the right magnitude and
energy dependence. It appears, therefore, that the technique is well on
its wey to becoming a useful tool for producing beams in the intermediate
energy range. It is interesting to observe that in principle, and probably
in practice, the sputitering source can be used to produce beams of inter-

mediate energy from a wide variety of materials, conductors as well as
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non-conductors. In-the case of non-conductors the charge that would build
up as the ions impinge on the substrate (and which, if not eliminated,
would eventually repel the fast ions from the plasmatron source) could be
prevented from forming simply by having a source of electrons close to the
substrate. Although these electrons could be swept across the surface of
the non—conductgr, it appears that all that is required is that they be
close to the surface that would otherwise build up a charge., Additional
experimental details of this cathode sputtering method have been recently
pu.blished.l3l

The use of a shock tube as a high temperature thermal source for the
production of a molecular beam has been under investigstion for some time132.
Since it is possible to raise the temperature of a shocked gas to several
thousand degrees, a source of this type usually produces a2 beam with an
energy of a few tenthe of an electron wvolt, Although it is possible to
increase this energy by producing stronger shocks, this procedure intro-
duces difficulties which are associated with production of a mixed beam
whieh may contain one or more of the following species: ground state
particles; dissociated atoms or free radicals; excited a;d metastable
atoms or molecules of the original gas or its dissociation products; and
ions. However, an interesting spplication of shock tubes has been made
which produces beams with an energy or about 1 eV and minimizes the dif-

133-135 The method uses

ficulties introduced by extremely strong shocks.
a conventional shock tube scource whose shocked gas, heated only to several
thousand degrees cr less, is then hydrodynamically expanded to produce g

nozzle beam similar to that described sbove,

The use of a shock tube as a primary source or as a source for a nozzle
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beam has an inherent disadvantage in that it is a pulsed experiment. This
disadvantage not only restriects the time available for actual useful ex-
periments, but also greatly increases the difficulty of obtaining re-
producible results. Nevertheless, the inclusion in this review of the
technigue of using shock tube sources for producing molecular beans is
an interesting example of the ingenuity that has gone into the development
of sources for molecular beams in the intermediste range of energy.

It was pointed out earlier that multi-pole fields can be used for
state selection and focusing of molecules with permanent magnetic or elec-
tric moments., However, this method is applicable only for molecules in
states that gain energy with applied external field. Ancther apparatus
has been designed and built136 which is applicable to situations where
there is either a gain or loss in energy. The apparatus, which may be
regarded as & linear accelerator for neutral molecules, operates as fol-
lows.

In its present form it uses TOO stages of dipole accelerators, and
for molecules with a large dipole moment such as LiF there is a gain of
about 3 meV al each stage so that at the completion of the acceleration
a beam with a kinetic energy of about 2 eV is obtained. At one end of the
apparatus dipolar molecules drift into an electric field produced by a
pair of carefully aligned electrodes and are accelerated into the gap
between the electrodes., At this moment the field is turned off and the
dipoles drift toward the next pair of electrodes. The field is then
turned on again and the dipolar molecules are further accelerated. The
process is repeated until asn intermediate energy neutral beam emerges

from the last pair of electrodes., At this time the apparatus is complete
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and the difficult task of aligning the 700 pairs of electrodes, which ex-
tend over a length of more than 30 feet, is in progress. A brief descrip-
tion of the apparatus is contained in a recent review .':u:'"!::i.cii.e.'.1'3'_r

Another example of the specialized apparatus developed for the
intermediate-energy range is the scheme??orm a pulsed beam of intermediate
energy by mechanical acceleration. The procedure involves accelerating a
gas sample contained in a hollow projectile by firing it from a rifle or
light gas gun, and when it reaches the desired velocity, releasing the
gas sample which expands downstream with a velocity which is the sum of
its average thermal velocity and the projectile wveloeity. Calculationsl38
indicate that the projectile can be accelerated without substantial
heating of the gas inside, and, because the gas sample can be loaded at
a very high pressure, very large intensities can be expected. Research
performed thus far has not produced a molecular beam system, but it has
been shown that it is possible to accelerate gas-loaded projectiles to
high velocities, open them in flight, and observe the subsequent expanding
gas cloud as it moves down rangel39. The problems which remain before
this device can be developed into a useful molecular bear system are many
and diffienlt. Tt is not yet certain that it will ultimately be a usable
tool for moleculsr beam research.

It is apparent that the intermediate~energy range experiments present
difficulties primarily in the matter of formation of the beam. Procedures
for collimation, detection, and provision for scattering the beam can be
taken directly from the techniques already established in high or low
energy experiments. Because so much effort has been expended merely to

develop new methods of beam formation, only a few experiments performed

with intermediate-energy beams have been reported.
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IV. Results

Molecular beem research has been carried ocut for over fifty years.
In that time an immense number of experiments have heen performed and the
results reported. To give even a representative sampling of this work
would be such a formidable task that in this sectiog?éyfew examples are
selected to illustrate the kind of information that can be obtained from
elastic, inelastic, and reactive scattering. The elastic scattering
section will be separated, as before, into three regimes on the basis of
energy.
A. Elastic Scattering

1. High-Fnergy Scattering

The most important property of high-energy molecular beams is their

ability to probe the intermolecular potential at close distances of molecu-
lar approach, thus supplying information that is almost unatitainable by
other means. The range of beam energies is roughly 25 to 10h eV; at such
energies the scattering is very strongly peaked in the forward direction,
snd the preferred procedure is therefore to measure the integrated cross
section S(eo,e) rather than o{8,e), using z small value of 8-

Two detailed reviews of high-energy molecular scattering have ap-

peare d’.?.l,lho

which pay particular attention to the technical problems
involved in the inversion of the scattering date to obtain intermolecular
potentials. In one respect the inversion problem is simple, because
classicel mechanies furnishes an adequate description of the scattering,
and becsuse the potentials are usually satisfactorily represented as
single monotonic repulsions in the region probed by the scattering. For

such a monotonic repulsion, all scattering angles are monotonic and Eq.

(7T} can be transformed to a power series in the energy
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8{b,e) = }:n an(b)s_n . (39)

For large energies and small angles, the series in Eq. (39) can be trun-
cated after one or two terms for sufficient accuracy. If an slgebraie
form for the potential is assumed the coefficients ah(b) can be evaluated
and the series inverted to obtaln the impact parameter, and then through
Eg. (6),the cross section S(ﬂo,s) corresponding to the angular aperture
8. As an example, for the inverse power potential, V(r) = kr"°, the

first term in the series gives

2/s

s(e,,e) = n(KC/e8 ) (ko)

where

c= /i r(S+ %)/r(g-). (41)
When necessary, higher terms in Eq. (39) can be evaluated resulting in
additional terms of powers of eo in Eq. (40). BEquation (39) has also been
evaluated for the exponential and the screened coulomb potentials.llh As
indicated in the Introduction, the experimental value of S(Bo,s) repre-
sents an average over the dimensions of the beam and detector because an
gttenuation experiment involves scattering over a range of angles. Con-
siderable care is needed to take account of such instrumental effects.
When this has been done properly the potential parameters can be deduced
by comparing Eq. (40) with the experimentally determined cross sections.

21,1k0

The two reviews cover most of the work through 196k, which

emanated largely from M.I.T.; several subseguent papers have by now ap-

11h,143-1Lk

peared. Recently Ileonas and coworkers in Moscow have initiated

a similar research program,lhs"lso

and their results provide valuable cor-
roboration and extension of the M.I.T. work. Results published to date

from both M,I,T. and Moscow include the five noble gases and their ten
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possible unlike pairs, plus the systems He+(H2,D N,s CHy, CFh),

2° "2°

Ar+(H2, §,, 0,, CO, CHh), H+(He, Hy, Ny 02), N—>(N2,02), O+(N2, 02),

2* Ta2?
N2+(N . 02), H. ~+H,, and 0.0 A number of cother systems have been re-

2 2’ 2 2’
151,152 ha reviews,el but not yet pub-

ported in conference proceedings
lished in detall.

An impression of the general level of consistency and reliability of
potentials obtained from high-energy elastic scattering can be gained
from Figs, 9 and 10, where various results for He~He and Ar-Ar are com~
pared.

The He-He system is probably the single system most thoroughly in-
vestigated, both experimentally and thecretically. The results of four

11k,1%5,153,154

separate high-energy scattering investigations using four
different apparatuses are shown in Fig., 9; the consistency is quite good.
Perhaps more important is the agreement with potentials obtained by
entirely different experimental methods., Figure 9 alsc shows potentials
obtained from analysis of high-temperature thermal conductivity d&talss
and from analysis of viscosity and second virial coefficient data.156
Although these do not overlap the scattering potentials, they are close
enough to show that there is a high degree of consistency. Also shown in
the figure are the resulis of two accurste ab initio quantumymechanicaki

calculations.lST’l58

The only empirical information used in these cal-

culations are the numerical values of Planck's constant and the charge

and mass of the electron. Here the agreement is a little pcorer, but

within the estimeted uncertainties of the calculations and the experiments.
The Ar-Ar results are shown in Fig. 10. Again four different scat-

143,145,159,160

tering investigations are shown. The overall consistency

is quite good, although the Moscow results seem high at their largest
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separation distances. No accurate quantum-mechanical calculations are
available for a system with such a large number of electrons, nor are
enough accurate high-tempersture gas data available for argon Lo permit
the additional comparisons shown for helium. However, a potential valid
at small separations has been deduced for argon from the resuits of shock

compression of the liquid,l6l’l62

and this is shown in Fig. 10. The
agreement is remarkably good.

The validation of the absolute accuracy of the high-energy scattering
potentials is so important that it is worth mentioning comparisons with
the few other available accurate guantum-mechanical calculations. The
most accurate other calculation is probably the recent one on H-He by

163

Fischer and Kemmey. These are in excellent agreement with the M.I.T.

150

scattering resultslsh (but the Moscow results are inexplicably low).

Results of more difficult calculations are available for the more compli-

165 66

cated systems He--H2 and He-Ar,l and the sgreement with the experi-

ment51h2,1h3,1h5

is satisfactory.

Although a number of potentials have been determined by high-energy
scattering, the amount of direct information available seems meager indeed
in comparison with the variety and complexity of most chemical systems.

It is therefore important to see whether it is possible to prediet poten-
tials for unknown complicated systems from those for simpler known sys-
tems. Only in this way is there any hope that molecular beam results
will be of much chemical use in the near future.

The simplest type of prediction is the calculaticn of a third noble-
gas potential, from two known noble-gas potentials. An example would be

the prediction of the He-Ar potential from measured He-He and Ar-Ar

potentials., It happens that a geometric mean combination rule works
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surprisingly well,

v, = (v..v. )12, (42)

12 11V22

167 The

The basis for such a relation is discussed in a recent review.
theoretical ressons are not very strong, and the relation should be regarded
as mainly empirical. It has been tested by direct experiment a number of
times, however; the most extensive tests have been in faet for He-Ar, and
these results are shown in Fig. 11. The dashed curve shows the combination-
rule prediction based on the results for He-He and Ar-Ar shown in Figs. 9
and 10; the solid curves represent three direet scattering measure-

ntslh3,1h5,168

ne plus cne potential based on high-temperature diffusion

169 The agreement is very good.

measurements,
The prediction procedure for interatomic potentials becomes much more
complicated if free atoms having incomplete electron shells are involved.
Here one must deal not with a single potential for each pair of atoms, but
with multiple potentials corresponding to all possible molecular states
involved. For instance, two ground-state hydrogen atoms can interact in
either of two ways, depending on whether their electron spins are parallel
or antiparallel, and two ground-state nitrogen atoms can interact in four
different ways. In such cases it is necessary to invoke more elaborate
molecular guantum mechanies in order to generate combination rules. This
has been done with fair success, but the results are not of much direct
interest yet in chemical applications, where it is seldom necessary to
consider the interaction between two free valence-unsaturated atoms. At
any rate, a recent review is avail&ble.lGT

Of perhaps more chemicel interest are interactions between an atom

and a molecule, between two molecules, or between separate parts of large
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molecules. The same theoretical ideas used in the treatment of free
valence-unsaturated atoms lead to the idea that each atom can be con-
sidered a separate source of potential, and that the potential between
two molecules can be approximated as the sum of all the stom-atom poten-

tials acting between the two molecules.l67’lTO

Empirical evidence for this
idea comes from some of the beam-scattering results. For instance, the
interaction between an Ar atom and a CHh molecule was found to be better
described as the interaction of the Ar with the peripheral H atoms than as
the interaction with a single central potential.lhl Such an approximation
opens up immense possibilities, for the geometrie rule of Eq. (42) should
apply to the effective atom-atom potentials if there is no correlation
between their electron spins, as there is not if one or both of the atons
is bound as part of a molecule. Thus a few good beam measurements on
relatively simple systems would he a sufficient basis for the ecalculsation
of interactions between rather complex molecules of chemical interest.

The subJect has not yet progressed that far, but & promising begin-
ning has been made. As an illustration, the Ar—02 and Ar-Ar measurements

can be used to prediet the Ar-0, 0-0 and 0,-0, potentials, all of which

2° 2 2

have been measured independently. Details can be found elsc—:t«rhere,2]"]'1“1‘t
but the general procedure is as follows. The Ar-O2 potential, averaged
over all molecular orientations, is obtained from the scattering of a
high-energy Ar Deam in 02 gas; from this the effective Ar-0 potential is
deduced. Combination of the Ar-0 potential with the measured Ar-Ar
potential according to Eq. (42) then yields an effective Os+-0 potential
corresponding to no correlation of electron spins; this may be built up

into O-O2 and 02--02 potentials, which can be averaged over all molecular

orientations for comparison with directly-measured beam results. In Fig.
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12 the predicted.potentialslhh for Ar-0, 0-0,, and 0,-0, are compared

2’ 22
with the measuredlha’lhg’l51 ones. The agreement is fair for O-O2 and
remarkably good for Ar-Q and 02~02.

Thus the prospects at present seem good for the application of high-
energy beam potentials to problems of chemical interest. Five areas where
information on short-range potentials would have direct appliestion are
as follows:

(1) High-temperature gas properties.

(2) Vibrational relaxation.

(3) Radiation demage.

(4) Hot~atom chemistry.

{5) Conformational analysis.

A few comments on each of these areas follow.

The previous discussion suggested that a direct and cbvious appli-
cation of potential-energy information is the calculation of gas proper-
ties at high temperastures. Such properties are needed for a full under-
standing of many phenomena in upper-atmosphere physics and chemistry,

combustion, detonation, high-speed gas dynamics, and similar fields. The

first application of beam potentisls to such calculations was only in

171 172

1958. Much work has been done since then, and reviews are available.
The interchange of vibrational and translational energy requires
energetic collisions, even at room temperatures, and potentials at close

173 Such vibrational relaxation is

distances of approach are involved.
important in determining the sbsorption and dispersion of sound in gases,

as well as the fate of the energy stored in vibrationally "hot" molecules.

Radiation damage frequently causes the formation or deposition of gas
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atoms in crystal lattices., 'The rate at which these atoms can escape is

controlled in part by the short-range forces between them and the atoms

of the lattice. A similar situation arises in connection with the prob-

lem of the behavior of sclutions of gases in solids.lTh’175
Hot-atom chemistry obviously involves high-energy collisions in a

direct way.lT6’lTT

A central problem, for example, is the determination
of the energy losses of hot atoms by collisions with inert moderator gas.
The potential energies involved iIn such collisions are in the range where
molecular-beam information would be appropriate.

The geometric conformation of a complicated molecule is of funda-

178 The conforma-

mental importance to its chemical and physiceal behavior.
tion is dependent on the potential energy of interaction of nearby non-
bonded atoms, and in many cases the short range repulsions are important.
Here information from molecular beam experiments would be most helpful,
for the usual extrapolations of potentials into the short-range region
are notoriously unrelisble. The first attempt to use molecular-beam in-
formation in conformational studies was restricted to the calculation of
barriers to internal rotation and energy differences of rotational isomers

for small molecules.ng’180

For larger molecules, such as polymers, poly-
peptides, and proteins, many nonbonded interactions are involved and
computers are necessary, but the basic potential energy information is
still required. Conformation calculations have become an active research

subject in recent years,181’182

but little use has yel been made of relevant
molecular beam results.
2. Low-Energy Scattering

Thermal energy scattering experiments probe the intermolecular

potential at large distances of molecular approach, the beam energies being
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generally much less than 0.5 eV, At these distances the potential energy
has both attractive and repulsive components and is not monotonic as at
close distances of approach; instead it is attractive at long range and
repulsive at shorter range, with an attractive well in between. The
measured cross sections for such potentials do not show the smooth behavior
in energy or angle that occurs with high-energy beams, but tend to have
more structure. Such structure may also depend strongly on the fact that
the de Broglie wavelength of the relative motion.is not negligible compared
to molecular size, Of course a measured curve with structural features
contains more information than a smoothly wvarying cne, and so rather
detailed potential information is often cbtainable from thermal energy
scattering measurements.

Two excellent reviews on the determination of intermolecular poten-
tigls from thermal energy molecular beams have recently appeared,22’183
and the discussion will therefore be confined to some remarks about the
major features of the observed cross sections, the type of information on
the potential that is obiained from thoze features, and some applications
of the results,

Because the peaking of the scattered intensity in the forward direc-
tion is much less pronounced at low energies than at high, it is possible
to make measurements of the total scattering cross section S(0). It is
possible to construct an apparatus with aperture BO near enough to zero
8o that most measurements of integrated cross sections are therefore
essentially equal to total cross sections. Total cross sections probe
the outermost fringes of the potential field, and alwsys require quantum
mechanics for their interpretation. The reason is that a long range force

that nominally extends to infinity always gives an infinite S(0) in a
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classical description, for a slight deflection is produced by any en~
counter, no matter how distant. The uncertainty principle of gquantum
mechanics limits the size of an observable deflection and leads to a
finite value of S(0) when the proper guantum treatment is carried out.

A convenient criterion for dete;mining when quantum mechanics must
be used can be written in terms of the scattering angle. When this angle
1ko

is smaller than a critical angle which may be written as

9 ~ h/2uvrc (L3)

crit
the scattering must be analyzed with gquantum mechanical methods.

For a potential of the form

1)

v(r) = ~c_/z°, (Uk)

in which Cs is a constant, the total cross section is

1]

5(0) = p(s)(c /mn)?/ (1) (45)

where p(s) is a constant whose value depends on s. For meny systems the
longest range component of the potential is the London dispersion energy
corresponding to s = 6, A large number of London C6 constants have been

measured in this way; Bernstein and MuckermanlB3

give a comprehensive
tabulation. Measurements of d(8,e) at small angles also give essentially
the same information.

The total cross section iz determined by the distance r, at which a
grazing collision occurs which just produces "zero'" direction within the
meaning of the uncertainty principle. Another class of collisions also
produces zero deflection. In thesé collisions the ‘distances of closest

gpproach are less than L The trajectory is warped from a straight line

by both attractive and repulsive forces, but their effects compensate each
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other and no net deflection is suffered. Such trajectories are called

26,184 Waves

glory trajectories after an analogous optical phenomenon.
following the glory trajectories have different phase shifts than those
following the grazing trajectories; the resulting wave interference pro-
duces undulations of S(0) vs. v sbout a smooth curve. These undulations

have been analyzed in considerable detail.l83

Their spacing essentially
gives the area of the attractive well of the poterntizl, and their total
number gives the number of bound states that the well can accommeodate;
information from these glory undulations of S(0) thus complements the
information from the absolute magnitude of the average S(0). Most of the
important features of this type of scattering can be understood without
detailed mathematical analysis through the use of opticel ana,logies.185
If the beam energy is somevhat larger than the depth of the potential-
energy well, a large intensity of scattered particles will appear near

some angle er.25’26

This is called rainbow scattering by analogy with
the well-known optical phencmenon. It occurs vhenever there is a minimum
in the deflection angle as a function of impact parameter, since trajec-
tories from many different impact parameters around the minimum all emerge
at nearly the same angle. In classical terms, o{6,e) becomes infinite
whenever d8/db = 0, as Eg. (5) clearly shows, but the rainbow scattering
is always substantially modified by wave interference {quantum) effects.
These not only modify the shape of the rainbow, but cause it to bresk up
into an interference pattern consisting of the primary rainbow plus a set
of weaker pesks known as supernumerary rainbows.186 An example of rainbow

scattering is given in the next section.

The angle er at which the primary rainbow occurs depends primarily on
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the well depth and the kinetic energy, and only secondarily on the de-
tailed shape of the potential well. The spacing of the supernumerary
reinbows depends primarily on the ratio of the de Broglie wavelength to
the distance gt.which the potential well has its minimum, and only
secondarily on the shape of the well.
Other interference phenomena alsc occur in thermal energy scattering,

and are discussed in various reviews.22’26’28’167’183

The important point
is that thermal-energy beam scattering gives information on the part of
the potential around the attractive well, and outwards. In some ways

this 1s less useful information from a chemical point of view than infor-
mation on the short-range potential, for most of the interesting chemistry
involves rather energetic collisions., Direct spplications would probebly
inelude only gas properties and conformational analysis. Nevertheless,
much of ocur chemical intuition about molecular interactions is based to
some extent on what we know about the potential energy near the attractive
well, so the indirect contribution is not to be slighted, even though

much of this knowledge in the past came from studies of bulk properties,

before the emergence of thermal-beam scattering as a research tool.

3. Intermediate-Energy Scaltering

The energy range from sbout 0.5 to 25 eV involves extreme experi-
mental difficulty, and what little knowledge we have comes mainly from
interpolation between high energy and thermal energy results. This is
most unfortunate from a chemical point of view, for much interesting
chemistry occurs in this energy range. Most of the experimental effort
to date has gone into the development -of nozzle beams, merging beams, or
sputtered beams, all of which are discussed in the section on Experi-

mental Methods. So far almost no results of chemical interest have
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emerged, for the experimental technigues are still under development. No
great theoretical surprises are anticipated even if the techniques are
eventually successful, and the major contribution is expected to be in

the form of quantitative information.

B, TInelastic Scattering

The performence and interpretation of inelastic scattering measure-
ments are more difficult and less highly develcoped than in the case of
elastic scattering. This is unfortunate, although understandable, be-
cause inelastic collisions would be expected to be more characteristic
of chemical reactions than of elastic collisjons. Ab present only a few
comments will be offered on the available studies of rotational, vibra-
tional, and electronic excitation by molecular beasms. The nature of the
discussion will be different than that for elastic scattering because
there is no particular aspect of inelasftic scattering that is generally
applicable to all experiments. Furthermore, there has not as yet been
any significant effort to extend the results to chemical problems.

Experimentally, the inelastic process which is most readily detected

is ionization. Although ionization of neutrals by neutrals has been
studied over a long period, the center-of-mass energy in such studies has
generally been in the kilovolt range. The result of these high energy
ionization experiments has been reviewed in a nunmber of articles and

booksllS,lST

. A few years ago, however, some careful measurements were
repoyted in which parallel plste collectors were used for slow charge

collection, which showed that neutral beams of N2 or O2 could ionize NQ
or 02 at center-of-mass energies not far removed from their ionization

186,189

energies. In fact, extrapolation of these measurements indiecates

that the threshold for the ionizabtion process is the same as that for
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ionization of these molecules by electrons. A similar result has been
obtained more recently for the Ar-Ar system by using a cylindrical ion
collector with appropriate grids for suppressing secondary electron
emiss:i.on.}g0 In this case the measurements indicate a threshold, in
center-of-mass energy units, of about 15 eV which is very close to the
ionization potential of argon. Similar results have been cited for other
systems in recent conference reports and in private communications.

Inelastic scattering which produces changes in rotational and vibra-
tional energy has also been reported recently. The use of an inhomecgenecus
electric or magnetic field for selecting and focusing polar molecules has
been used to measure cross sections associated with changes in the (j,m)

states of LiF.191

By using time-of-flight analysis to determine energy
losses of velocity selected beams of K atoms, the rotational de-excitation
of ortho deuterium according to

X + o—D2(j=2) + K + o-D2(3=o)
has been observed.192 Larger changes in rotational energy have also been
reported193 wherein a K—CO2 crossed-beam system was used and rotational
excitation was detected corresponding to J changes between 8 and 2k.
These experiments also confirmed the presence of intermediate complexes

19k

produced by "sticky" collisions, as reported earlier on the basis of a
difference between the cbserved angular distribution of K atoms and that
which would be expected for purely elastic scattering. By proper choice
of the projectile and target and the range of energy, it was found pos-

195 For example, Ar+ ions

sible to execite either rotation or vibration.
scattered in H2 produced only rotational excitation: ot ions in 02, only

vibrational excitation., The excitation was detected by careful retardation
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measurements of the primary ions.

Observation of vibrational execitation in H2, without evidence for
rotational excitation, has also been observed in scattering experiments

with Ii* ions having energies between 10 and 50 ev. 9%

Time-of-flight
techniques were used to determine energy loss and excitation of several
vibrational levels of H2 was observed. BSimilar time-of-flight techniques

197,198

are currently being used +

in the scattering of beams of Kf, Na
and Cs+ into several different target gases, H2, DQ, Heh, and He3 at
center-of-mass energies as high as 35 eV. When helium was used ag the
target gas, no inelastic scattering was observed, but in the case of H2
and D2 vibrational excitation, dissociation, and electronic excitation of
the dissociated atoms could be inferred from the energy-loss spectrum.

199

A rather different approach was used to obtain indireect avidence
of rotational exeitation. In a study of the scattering of beams of He
atoms with energies up to 2 keV by hydrogen isotopes, the total scat--
tering cross sections for H2 and D2 were found to be identical and in
good sgreement with elastic cross sections computed from the theoretical
He—H2 po’centia:l.lG5 The He-HD cross section was somewhat larger than ex-
pected, &nd application of perturbation theory200 showed that the enhance-
ment was consistent with rotational excitation of HD,

Finelly, a partieularly interesting example of the transfer of
internal energy in molecular collisions is found in a chemiluminescence
study.go1 Beams of potassium atoms and bromine were crossed to produce
vibrationally excited KBr* according to the reaction

K + Br2 -+ KBr+ + Br.

The vibrationally excited KBr* was then reacted with sodium in a triple-

beam arrangement to produce electronically excited K* according to the
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rearrangement reaction
KBr=i= + Ha -+ K¥ + NaBr.
As the electronically excited K* decayed to the ground state, radiation

was emitted snd detected by = photomultiplier.

C. Reactive Scattering

The results of reactive scattering need not be separated into energy
regimes because most experimenis are done at thermal energies or slightly
higher. Many reactive scattering experiments have been performed since

73

the original one of Taylor and Datz. Several review articles which

discuss such experiments are available.18’19’202’203

In general, dif-
ferential ecross sections for reactive systems can be expected to show
structure, both because a chemical reaction has occurred and because of
the effects of scattering by & non-monotonic potential. Buch structure is
indeed cbservable experimentally under the right circumstances. For
example, it was pointed out above that the discontinuity in the differ-
ential cross section at the rainbow angle as predicted on the hasis of
classical arguments is actually not a sharp discontinuity but s rather
broadened peak. In addition, it was noted thaet the rainbow angle depends
on the relative wvelocity, and therefore the effects of rainbow scattering
gre generally not discernible without velocity selection, since each
initial relative velocity is associated with a different er and the fine
structure in the differential cross section will be washed out by the
overlepping rainbow angles if the spread of initial relative velocities

is too broad., This is just a sample of the rather specialized experimental

conditions which must be met in order to obtain useful information con-

cerning reactive scattering. Almost every experiment requires its own
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specific arrangement, but such details will be mostly excluded in the
following discussion. The results of four particular crossed beam ex-—
periments are discussed, primarily in terms of the interpretation of the
measurements:; the experimental details can be obtained from the original
papers or from one of the indicated review articles. The first example
is a rather special case which illustrates many of the essential features
of interpreting reactive scattering experiments. The other three which
will be discussed are specific reactions illustrating different tyves of
nechanisms by which reactive scattering processes may occur. Although
there are semantic differences in the characterization of these three
types, there is general agreement concerning the features by which the
mechanisms can be identified. The categories used here appear elsewhere

19,204,205 o,

under either identical or closely related designations.
mechanisms will be discussed in terms of the prototype reaction
A+BC->AB+C

with appropriate specific illustrative examples.

1. Special Example.
The first example is
X + HBr - H + KBr.
This system has several of the special features previously discussed, such
as a small value of ADg and a ratio of p/u' which is much larger than
unity. The reaction was the subject of the first significant experiment
on reactive scattering with crossed thermal beams. It was originally studied

73

by Taylor and Datz and the results of these first measurements were later
reinterpreted by Datz, Herschbach, and Tqylor.h6 Collimated beams of K

effusing from an oven at temperatures between 541° and 837°K intersected
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at 90° non-collimated cones of HBr which effused from a source kept
between 373% and MOOCK. Surface ionization detectors were used to
monitor the fluxes of K and KBr in a manner that made it possible to
distinguish between them, since both K and KBr are surface ionized by
tungsten whereas platinum surface ionizes K but is essentially insensi-

tive to KBr. o (2

By taking the difference between the positive ion
currents produced by the two types of detectors, the flux of product KBr
was measured as g function of angle with respect to the K beam in the
laboratory plane, that is, the plane defined by the direction of the ¥
bean and the normal to the source from which the HBr effused., Because
g/u'>>1 and ADg is small (about 3.8 kcal/mole), the KBr product is ex-
pected to be distributed in a fairly small cone near the centroid. How~
ever, Eq. (32) shows that there will be a different centroid for each
pair of velocities in the reactant beams. Neither beam was veloeity-
selected in this experiment, so that the product KBr was actually dis-
tributed over a range of centroids. The experiment could only be
analyzed by an elaborate calculation of the distribution of KBr, which
required the use of a number of relevant experimental details as well
as an assumption about the energy dependence of the reaction cross sec—
tion, The threshold energy for reaction, Ea’ was carried as a parameter
in this calculation and the best agreement between the experimental aqd
calculated distributions of KBr was found for Ea'g 3 keal/mole.

Beck, Greene, and Boss,h8 in a reinvestigation of this reaction,
used a velocity selector to obtain a very nearly monochromatic beam of
potassium. The introduction of velocity selection has several advantages

among which is the partial elimination of the spread of centroids znd a

more precise determination of the threshold for reaction. Further, a great
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deal of additional microscopic information can be obtained that is in-
accessible when velocity selection is not performed.

The velocity selection of the X beam was such that if v, was the
maximum in a nerrow band of selected velocities, the spread in velocity
at half height was 0.0Bth. The HBr beam was not velocity selected but
effused from a2 thermal source at TB. The initial average kinetic energy
of the system was taken as € = u(;32 + ;32)/2 where ;5 = (BKTB/ﬂmB)l/E-

The distribution of the KBr product fiux was measured and from this, after
a rather involved analysis of the spatial distribution of the reactant
HBr, the total cross section for reaction SR was obtained. It was found
that the threshold energy Ea was quite low, less than 0.4 kcal/mole, and
that for values of E larger than this threshold the total cross section
for reaction SR(E) was essentially independent of the initial kinetic
energy of relative motion., The discrepancy between this low value of E&
and that reported in the earlier experiment simply reflects the improve-
ment possible with velocity selection of the beam.

In the same study, it was possible to obtain information about the
reaction probability. The reaction probability that was determined was
a special case of P(k,%,i,j,p,b,¢) first introduced in Eq. (20). In this
experiment, the probability was not completely specified since there was
no state selection, no velocity selection of the HBr beam, and the flux
was meas;red only as a function of 9. Accordingly, the reaction probability
was designated as P(E,6) and the method used to obtain it was as follows.

The differential elastic cross section G(E;B) was neasured as & func-
tion of 8. Measurements were alseo made of U(E}B) as a Tunction of © for

the non-reactive analog of K + HBr, namely, K + Kr.206 The experimental
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determination of o{E,8) as a function of angle for a given value of the
initial average kinetic energy of relative motion is streightforward. It
reguires measurement of the initial axial intensity of the beams of X
atoms and the scattered flux of XK atoms at selected laboratory angles as-
sociated with corresponding values of 8. The ratio of the off-axis flux
to the axial intensity is the differential cdross section for a given value
of E and 8, For K + Kr the results for three different values of E are
shown in Fig, 13 and the results for K + HBr for five different wvalues of
E are shown in Fig. 14, Although the ordinates in both figures are in
arbitrary wnits, it is apparent that the scattering patterns of the two
systems show qualitative similarities in that each curve shows a sharp
decrease at very small sngles, and a well-defined pesk. The peak is that
due to rainbow scattering as discussed previously. It was pointed out earlier
that structure in the differential cross section is generally not ob-
servable without wvelocity selection. That it is so clearly observable
in these two systems in which only the potassium beam was velocity
selected is in part the result of suppressing the spread in the initial
relative velocity. This was accomplished by having the Kr and HBr,both
of which are heavier than K, effuse from sources which were lower in
temperature than the K source. Thus the value of Fé for Kr or HBr was
lower than the rather well-defined selected velocity vy for K. Further-
more, an intersection angle of 90° as opposed to a larger angle further
reduced the spread in v, although this effecet was of secondary importance.
The influence of the angle of intersection on the spread in the initisal
relative velocity has been analyzed by Pauly and Toennies.22

It can be assumed in analyzing the results shown in the figures that
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the molecular interactions were a combination of central Ffinite repulsive
and attractive forces for which the two dimensional trajectory could be
represented as shown in Fig. 5. The potential energy function associated
with the tralectory was the so-called exp-6 potential which can be

written as

£

V(r/ry) = 2o {-jf; exp [a(1 - r/r)] - (rm/r)6} (46)
Wwhere Ty ig the position of the potential minimum snd En the magnitude of
its depth. Inversion procedures have been developed which permit the
parameters ¢ and r  in Eq. (46) to be evaluated (at least for the non-
reactive system). The procedures utilize the position of 6. and the
negative slope of U(E,e)sine vs 6; details have been described by a
nurber of investigators.22’202’207’208

The two most striking qualitative features sbout the differential
cross section for the reactive system in Fig. 1b are the similarity to
the non-reactive system at angles smaller than er, and the distinet 4if-
ference at large 6 where o(E,8)s5ine is seen to decrease much more rapidly
than for K - Kr. The latter behavior ecan be attributed to the chemical.
resction. In general scattering near the relatively smell angles near Br
is not affected by chemical reaction. Accordingly, potential parameters
can be obtained from the differential cross secticns in the region near Br
by the same inversion procedure used for the non-reactive system., (The
significance of the shift of the rainbow scattering to larger angles for
the case of K - HBr only means that the potential well for this system is
deeper than that for K ~ Kr.) The potential so determined can be used to

calculate hypotheticsl elastic differential cross sections at larger

angles where, in reality, reactive scattering has a large effect on the
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scattered flux of K. Thus if [é(ﬁ;ei]el is the elastic differential
cross section calculated on the assumption that no reaction has occurred,
o(E,8) will be smaller than [é(ﬁ;ei]el since some of the K beam atoms are
lost due to chemical reaction. The reaction probability P(E;B) for a
given value of E is therefore defined as
I:U(E,B}] el ” o(E,6)

[c(_ﬁ,e)] ol

P(E,8) = . (47)
Beck, Greene and Rc;ssh8 have shown that it is possible to extrapolate
these reaction probsbilities to cobtain a value of the threshold energy,
that is, the value of E for which P(E,8) is zero. Their procedure involves
extrapolation with respect to E at a fixed value of the potential which
corresponds to & constant value of the distance of closest{ approach T,
Their extrapolation method yielded a value of 0.15 keal/mole for Ea' As
previously indicated, their direct measurements based on detecting the
cnset of an appearance of a XKBr signal gave an upper limit ;f 0.k keal/
mole,

For a given value of E, a threshold angle, Gt, can be determined by
noting the angle where Eq. (47) indicates that P(E,6) is zero. Although
&, is found to vary with E; the threshold impact parameter, bt’ associated

t

with 9t is essentially inva.riant.ha Thus the total reaction cross section

for & given value of E is simply given by the snalog of the general rela-

tion in Eq. {23), namely,
b
t
SR("E) = 21rf P(E,b) b db . (48)

(o]

The values of SR(E) calculated as described sgbove were in reascnable agree-

202,209

ment with those obtained by direct measurement. Another independent
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calculation of SR(E) has been reported,ElO in vhich a potential surface
is constructed and formal scattering theory is applied to the calcula-
tion of SR(E). Again, reasonable agreement is obtained with the experi-
mental value of SR(E).

The use of elastic scattering in reactive systems involves approxi-
mations and assumptions. Yet the procedure is of special interest since
in principle, and to a iarge extent in practice, it provides a nearly in-

dependent method for obtaining S (E) with very little recourse to direct

R
measurement of the yield of reaction product.

In concluding the discussion of the reaction of K and HBr, it is
appropriate to show the type of microscopic information that can be ob-
tained by selecting a suitable type of system, using both elastic and
reactive scattering results, and including velocity selection. The most
significant results are summarized in Table I which is taken from the
paper of Beck, Greene, and ‘E{oss.l’tB In making their calculations they
used a value of -4.2 kcal/mole for ADg instead of the more recent value
of ~3.8 kcal/mole. This difference in ADg will produce no important
changes in the entries in the table, particularly in view of the assump-
tions znd approximations which were involved. For the sake of eclarity
and for emphasis of the\sPecial features of the reaction of K and HBr
these assumptions and approximations are repeated.

The rotational angular momentum 3£ of HBr is so small that it way
be neglected in comparison with the initial orbital angular momentum f?
of the system. The final orbital angular momentum L' of the system is

also very small compared to L. Thig follows from the fact that p' is

very much less than u, that ¥' is not likely to be very much different
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Table I. Distribution of Energy in the Products of
the Reaction K + HBr

E, kcal/mole

Angular momentum of HBr,
J =2, g co“/mole sec

Rotational energy of HBr,
J =2, keal/mole

Potential at distance of
closest approach,
keal/mole

o
Impact parameter b, A

uv b, nearly equal to
angular momentum of
KBr, g cm®/mole sec

Rotational energy of KBr,
kcal/mole

Rotational quantum number

Sum of final relative
kinetic energy and
vibrational energy of
KBr, kecal/mole

Maximum vibrational state
of XBr

1.k9

0.00155

0.15
0.15 : 0.6
3.72 | 2.92

0.068| 0.053

2.52 | 1.55
10k

3.17 | h.1b

1.2

1.67

0.030

0.51

5.18

0.15

3.81|>

0.121

8.07
186

0.59

L, k9

0.00155

0.15

0.6 1.2
3.53 | 3.21

0.1i1 J 0.101
6.83 |5.65
1.83 |2.k2
3 L
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than $'because of the small wvalue of ADg, and that »' and b would be ex-

18,48

pected to have approximately the same megnitudes. Thus, since
f3>3'and ﬁ;>f“, the total angular momentum conservation condition given
by Eq. (38) reduces to
Tz (49)

The rotational angular momentum of the KBr is therefore very nearly equal
to the initial orbital angular momentum of the system. 1In arriving at
the entries in Table I, HBr and KBr were treated as rigid rotors and
harmonie oscillators. The main conclusions to be drawn from the rather
detailed discussion of the reaction of K and HBr are that in this par-
ticular type of reaction the products that are formed will be in highly
exeited internal states, generelly rotational states, and that the labora-
tory scattering angles at which the products would be expected to appear
may be closely predicted without detailed knowledge of the dynamics of
the collision.®’

The special case of K + HBr was discussed in detail because that
system contains so ma;y interesting features, In the next sections, three
reaction mechanisms which have been investigated with molecular beam tech-
nique are discussed. The treatment will be less detailed than the present

section and is intended to show the kinds of general conclusions which

can be reached in chemical reaction studies with beams.

2, Rebound Reactions.
These reactions typically have relatively small total reaction
cross sections, about 503? or less, and in the center-of-maess sygtem.have
quite anisotropic angular distributions of products. Figure 15 is a

schematic representation of the collision trajectories for rebound reactions
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in the laboratory and in the center-of-mass systems for beams of A and BC
which intersect at 90° as indicated in Fig. 15a. In the laboratory system
AB should sppear at an angle close to 90° with respect to the direction
of the beam of A atoms, As shown in Fig. 15b an observer traveling with
the center of mass would see the A and BC beams approaching from his left
and right to collide at his point of cobservation. After the collision he
would observe thaf the AB product would return roughly in the direction
from which the A atoms sapproached.
A typical example of this type of reaction is
K+ CH3I + KL + CH

3

which was first investigated by Herschbach and coworkers.hT’ell

Although
velocity selection was not used in their experiments, it was observed that
the distribution of KI product was strongly peaked at an angle of 83° as
measured from the direction of the beam of K atoms. The experimental
data are shown in Fig, 16. It was originally concluded that the total
reaction cross section was smell, of the order of 103? and that most of
the liberated energy, sbout 90 percent, appeared in the internal degrees
of freedom of the products rather than in their average kinetic energy

of relative motion. In a re-—analysis of the experimental results it was
later shown that the average kinetic energy of relative motion of thé
products was considerably larger than originally estimated and that the
internel energy af the products was correspondingly smaller.212 The re-
action was leter re-investigated by Ross and coworkersgl3 with velocity
selected beams of K and the total reaction cross section, although still
rather small, was found to be about 3032. Other recent investigations of

this reaction using state selection of the CH3I have shown that there is

a small but definite steric factor associated with the spatial crientation



~89-
of the K ztom relstive to the CH3I molecule as they approach -each other
prior to reaction.36-38 It was possible to eff;ct partial spatial orien-
tation of the CH3I molecules with strong inhomecgeneous fields with several
different multipole electrode arrangements. Both velocity selected and
non-velocity selected beams of K atoms were crossed with oriented CH3I
molecules and with non-oriented molecules. The analysis of the results
permits a comparison of the total reaction eross sections for the two
ceses where the X atoms approach the CH3I from the I end or from the CH3
erd. 'The ratioc wes about 1.5 and as might have heen anticipsted on
physical grounds, the larger cross section was found for the approach of
K toward the I end of the CH_I. The experimental results are in accord

3
with a theoretical study of this steric effect.38

3. Stripping Reactions
Typically these reactions have large total reaction cross sections,

of the order of 200&2. As in the case of the rebound reactions the angular
distribution of products is anisotropic. However, in stripping reactions,
instead of a backward peaking of the molecular product in the center-of-
mass system, there is strong forward peaking. This is shown in the
schematic trajectories in Fig. 1T for 90° intersection of beams of A atoms
and BC molecules. It can be seen that in bhoth the laboratory =and center-
of-mass systems the product AB continues to travel in much the sanme diféc-
tion as the original A stoms.

Stripping reactions are often referred to as proceeding by a "har-
pooning” mechanism, a description first sugegested by M. Polanyi2lh in

connection with his classic studies of reactions between alkali stoms

and halogen molecules in dilute flames, Harpooning was pictured in terms
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of an atom of A "tossing out its valence electron to hook atom B which
it hauls in with the coulomb force of attraction". The spectrum of
stripping reactions is guite broad and is a function of the initial
kinetic energy of relative motion of the reactants and the magnitude of
the total reaction cross section. A somewhat extreme type is referred to
as spectator-stripping which may occur when the kinetic energy of the
relative motion of the reactants is high. TIn this case there is little
interaction during the impulsive collision between A and the atom C in
the BC molecule. Thus C plays the role of a "spectator” to the inter-
action of A and B, a situation which is likely to occur only if the
impact parameter associated with the reaction is large. The products in
this type of stripping reaction separate in a time so short that there
is no time for transfer of much momentum to C.

The application of the concept of stripping in two body collisions

© .215-217

resulting in chemical reaction was first applied as a result of

mass spectrometric studies of ion molecule reactions. The first experi-
mental studies of stripping reactions in neutral systems were reported

simultaneously by two independent groups, one of which used a velocity

selected Cs beam which reacted with Br ,218 the other a non-velocity

2
. . 219
selected beam of K atoms also reacting with Br2.

For the present discussion the exsmple chosen to illustate stripping
reactions will be

K + Br2 -+ KBr + Br.

The results of the first study of this reaction219

are shown in Fig, 18
vhere the spatial distribution, in laboratory coordinates, of KBr product

is shown, This was determined as usual with two detectors and the points
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shown in the figure were obtained by subtraction. It was clear immediate-
1y that the KBr distribution showed a strong maximum near 0° with respect
to the direction of the beam of X atoms and that the reaction did indeed
correspend to the scheme shown in Fig. 17. A total reaction cross section
of about 2OOK2 was deduced. In a subsequent stu¢y220 under more refined
experimental conditions the first results were confirmed and it was con~
cluded from the angular distribution of the products that most of the
energy available from the reaction appeared as internal excitation of KBr.
These conclusiocns had also been reached in similar experiments involving
velocity selected K atom beams.221 An important and interesting refine-
ment was added to the reaction by direct examination of the KBr to deter-
mine the extent to which it was rich in internal energy. In one arrange-
mentoor velocity analysis of the KBr showed that most of the 46 kcal/mole
of energy available to the products appeared in the form of internal ex-
citation of the KBr. Another arrangement employed deflection asnalysis of
the KBr meclecules as they traversed a strong inhomogeneous electric

field.223

It was found that of the total angular momentum available to
the products, spproximately equal amounts were distributed hetween the
rotational angular momentum of the KBr and the orbital angular momentum
associated with the relative motion of the products KBr and Br.

Although rebound and stripping mechanisms have been illustrated by
examples which have been chosen to best illustrate the special characteris-
ties of these mechanisms , there exists a group of reactions whose features
represent a transition between the two types of mechanisms. In general
these reactions will have moderate total reaction cross sections, of the

order of 100.8.2 or less, and the distribution of molecular product in the

center-of-mass system will be in angular regions between the backward and
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forward directions. Among the reactions which show these transition

characteristics are K + SF6, Cs + HBr, and Na + SnClh.

4. Collision Complexes,

Both rebound and stripping reactions are characterized by having
extremely short ceollision times. This is a direct coneclusion from the
observed anisotropic peaking which implies that the incident particles
"remember" their initial direction of approach. If the impact parameter
assoclated with reaction is small, the molecular product immediately
rebounds in the center-of-mass system; if the corresponding impact
parameter is large the atomic reactant strips an atom from the reactant
molecule and the product molecule immediately continues in the forward
direction. In order that such directed motions of the product molecules
occur, the reaction must proceed in a time which is short compared to the
time of rotation of the molecular adduct formed by the reactants when
they are sufficiently close to react. If there were a rotation of Lven
half a cycle the directional selectivity of the products would not take
place., For these reactions there is therefore an upper limit of less
than lOdlE second on the reaction time and therefore the A-B-C system at
the time of collision is not in any sense a reactive complex; its life-
time is not gregter than a vibrational period.

There are, however, a group of reactions in which the reactants do
form a long-lived complex which can exist for a number of rotational and
vibrational periods before dissociating into products or, in the event
reaction does not occur, back into reactants, Those systems which do

react exhibit two interesting experimentdl features. First, two maxima,

in the laboratory angle system, appear in the measured intensity of
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molecular product. Of the two peaks one, the smaller, is observed near 0°,
near the direction of the beam atoms while the other is found near 90°
¢lose to the direction of the reactant BC beam. In the center-of-mass sys-
tem these product distribubtions correspond to approximately equal distribu-
tions near 0° and 180°. Secondly, the total reaction cross sections are
quite large, of the order of 20032.

For this discussion the reaction

Cs + EbCl + CsCl + Rb

will be used., It was investigated along with others of the same type by
Herschbach and coworkers.22h A collimeted, but non~velocity selected beam
of Cs atoms from a source at LT3°K intersected at 909 a similar but
higher intensity beam of RbCl from a source at 950°K. In this experiment
a Pt-W alloy which has been pretreated with oxygen serves as a surface
ionization detector which ionizes both Cs and CsCl with almost 100% effi-
ciency. After pretreaztment of the same alloy with methane the detector
ionizes essentially none of the incident alkali halide molecules. The
detection system was therefore capeble of the same kind of discrimination
as that involved in the use of pure tungsten and platinum detectors in the
investigation of the reaction of K and HBr.

The experimentally observed angular distribution of CsCl as a function

of the lsboratory angle 6. is shown in Fig. 19. The two maxima, one near

L

0°, the other near 90° stand out clearly. In the center-of-mass coordinate

system, the two maxima are of equal magnitude. As expected, the total re-
. . 2 2

action cross section was large, between 1508° and 20087,

There is a specific reason which determines whether a reaction will

proceed by direct or impulsive mechanisms or by mechanisms which involve
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long-lived complexes. With the exception of RbCl the molecular reactants
AB in all the reactions discussed above have covalent bonds. RbCl and

225 so that the

the other alksali halide meclecules, however, are ion pairs
schematic equation for reactions which proceed through long-lived com-
plexes is more informative if written as showing the ion pairs present
during the reaction

A+ B¢ »a'E 4,
The fact that the bond strengths of B_C+ and A+B- are nearly equal and
that diatomic alkali molecule ions are relatively stable make it probable

+ -
that a complex {AC) B will be formed.226’22T

The likelihood of the ex-
istence of such complexes is alsc sirengthened by an electronic structure
cgleulation for the K-Na-Cl system?as which shows a basin in the potential
energy surface whose depth is about 13.5 kecal/mole lower than the energy
of the products. .

The symmetrical distribution of molecular proéucts in angular regions
in the center of mass which are concentrated close to 0° and 180° may be
visualized in terms of Fig. 8 in the section on Dyanmics of Collisions.
The main features of the explanation have been mentioned above but are
repeated here. The total initial anguler momentum will consist for the
most part of orbital angular momentum f'particularky since the large total
reaction cross sections imply that these reactions involve initial impact
parameters that are quite large. If a long-lived complex is formed this
orbital angular momentum will be converted into rotational angular momentum
of the three atom complex which is likely to be approximately linear.

When, after random intervals, decomposition of the complex occurs, the

—r
products will f1y off in directions perpendicular to L as illustrated in
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Fig. 8(b}. Each vector L can thus be associated with a plane containing
these vectors v uniformly distributed over 2m radians. Sinece the impact
parameters are uniformly distributed gbout directions which are parallel
to the initial relative velocity, a1l directions of Tinea plane normal
to ?'are possible and a plane of the vectors v' can be associated with
each direction of f; Thus the overall spatial distribution of ¥' can be
visunalized by rotating the disk containing the ;“ for a given direction
of T around ¥. In the sphere generated in this way, vectors of v'owill
be concentrated in both directions along the i-axis. This concentration
is precisely the 0° and 180° peaking which is characteristic of reactions
which proceed by mechanisms involving long-lived complexes. A more
detailed description of tﬂe dynamical features of reactions which proeceed
through leong-lived complexes can be found in the original psper of
Herschbach and coworkers221l and in the review article of Toennies.lg
The existence of long-lived complexes may also be observed in non-

229

reactive systems. Kinsey and coworkers have given a preliminary report

of a number of such systems which were studied by using velocity selected
beams of K with 802, 002, and NO, and velocity selected beams of Cs with
802, 002, and N02. The angular distributions of K and Cs in the lsboratory
system showed definite evidence of lcng-lived complexes which, except in
the case of N02, decomposed back into reactants. The authors concluded

that the croés section for the formation of the complex was very small for

NQ, intermediate for 002 and large, in excess of 10032, for 802 and NO
230

o
A comprehensive paper has also been written.
5. Ion-Molecule Reactions

Molecular beam techniques have also been used to investigate bi-

molecular reactions in which one of the reactants is a charged particle,
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a positive or a negative ion. These reactions fall into the same two

broad experimental classes as those discussed earlier; attenuaiion231-233

20,234 ] . . .
»23 The ion sources used are similar in

and crossed beam experiments.
many cases to mass spectrometer sources, and indeed many ion-molecule ex-
periments have been performed in suitably modified commercial mass spec-
trometers. More recently, special apparatus types have been constructed
which employ appropriate focussing and decelerating electrodes to produce
reasonably large intensities of ionic reactants in the approximate energy
range of 1 -~ 100 eV.EO

As a class, ion-molecule reactions which are exothermic have no ap-
preciable barrier to reaction. It is usually assumed that this is the
result of the charge-induced dipole attraction which accelerstes the ion
and neutral reactants toward each other. This energy, -ue2/2rh, where o
is the polarizability of the neutral reactant, e, the electronic charge,
and r the internuclear separation of the reactants, in the absence of
repulsion due to electron cloud overlap, may be sufficient to overcome a
barrier of several keal/mole. There are several excellent review articles
and a monograph in which the dynamics and detailed mechanisms of ion~
molecule reactions are discussed at length and in which extensive bib-~
liographies are included.187’23s_239

The general characteristies of ibn-molecule reactions are similar to
those of neutral-neutral reactions. Many of the reactions proceed by
direct or impulsive collisions, indicating that the ion and the neutral
particle are within the reaction distance for a very short period, of the

order of a vibrational period, and accordingly the reactions show rebound,

stripping, and spectator stripping features discussed previocusly. Of par-
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ticular interest is the fact that in a number of reactions the actual
mechanism is a function of the kinetic energy of relative motion of the
reactants. An example is the reaction of Ar+ and D2 where at sufficiently
high energies the nature of the products changes. This particular reaction
will be used to illustrate the salient features of ion-molecule reactions
which proceed,by impulsive collisions. At relatively low energies the

reaction may be written as

Ar+ + D2 +-ArD+ + D,

In the limit of very low energy, if the reactants start essentially at rest
they will accelerate toward each other as the result of the attractive ion-
induced dipole forces and will tend to collide in a head-on eollision. The
products will then rebound and the ArD+ will go back in the direction from
which the Ar+ came. Under these conditions the reaction will have the
characteristics associated with a rebownd mechanism. As the initial
kinetic energy of relative motion is increased somewhat and becomes com-
parsble or slightly less than the interaction energy, the reactants will
have a tendency to spiral with respect to each other and the products may
come off in several directions depending on the angle of spiralling. As
the energy continues to increase the spiralling will decrease and the
products will acquire a tendency to appear in a narrow, forwardly directed
cone as in spectator reactions., At still higher energies, the attractive
ion-induced dipcle interaction is unimportant and the mechanism becomes
for the most part that of spectator stripping as originally proposed by

Henglein and ccworkers.23l

It has been shown that even in this high
energy region there is also an important component of rebound reaction

which may result from those Ar-D-D collisions which are essentially head on.
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As the energy incresses still further the total reaction cross section for
ArD’ formstion becomes extremely small and as the internal energy in ArD*
tends to exceed the dissociation limit fragmentation results so that a

different set of products is observed.232 according to

Ar++D2->Ar"'+2D

or

Ar++D2+Ar+D++D.

This brief description of the reaction between Ar+ + D2 is a summary of =a
comprehensive account given by Wolfgang and coworkers.eho
The discussion of the reacticn of Ar+ + D2 shows that the features of
direct, impulsive neutral-neutral bimolecular reactions may also be seen
in ion-molecule resctions. Although long-live§ collision complexes in
-1on-molecule reactions have actually been detected in mass spectrometric
studies,eul complexes which exist for only a few rotational periods
{about 10710 second) are not detectable by this method. However, the
techniques which have shown the existence of short-lived complexes in
neutral-neutral reactions, have also shown that they may be present in
ion-molecule systems. The most recent, and probably the best documented
2k2

reaction is

+ +
0, + D, ~ DO, + D.

The authors concluded that the long-lived collision complex mechanism is
dominant at lower kinetic energies of relative motion, but that the
mechanism changes to one of direct, impulsive interaction as this energy
increases. They conclude that there are two significant reasons why the
reaction proceeds through the long-lived collision complex mechanism at

the lower energies. First, the reaction is endothermic by 1.9 eV.
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Second, the D202+ intermediate lies in a potential well whose depth, ex-
cluding activation barriers, is 2.6 eV lower than that of the reactants.
Since the threshold for dissoeciation from the complex into products is
therefore 4.5 eV, the lifetime of the complex, at least for low values
of the initial kinetic energy of relative motion, would be expected to

be reasonably long.

6. Charge Transfer.

A type of rearrangement collision which is ususlly of more interest
to physicists than to chemists involves a process known as charge transfer.
It is convenient to distinguish between systems of like atoms which undergo
symmetric resonant charge transfer according to

At +a=4+2a"

and systems of unlike atoms which undergo asymmetric non-resonant charge
transfer according to

At +B=4+3B" + R
The quantity AE is referred to as the energy defect and when all particles
are in their ground states AE is the difference in ionization potentials
of A and B. When AE is small or zerc the process is referred to as being
near-resonant. Charge transfer was mentioned earlier in this chapter as
a method for producing fast neutral beams, usually by symmetric resonant
charge transfer of fast positive ions in neutral atoms of their own
species. An example of this type of charge exchange is

He+ + He = He + He+.
When used to produce a fast neutral beam, the incident He+ was a fast ion,
the target He, 2 slow atom. After charge transfer the He was a fast

+
neutral and the He a slow ion. As an example of non-resonant charge
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transfer which involves only atoms or atomic ions one might use
+ +
He + Ar + He + Ar + B.825 eV
where 8.825 eV is the difference between the first ionization potentials
of He and Ar, both in their ground states.

Since most of the detailed experimental and theoretical features of
charge transfer are not within the scope of this chapter, only the most
general features will be presented. TFor symmetrical resonant charge
transfer the cross sections are large at low kinetic energies of relative
motion and decrease with increasing energy. The cross sections for non-
resonant charge transfer, on the other hand, increase with incressing
initial kinetic energy of relative motion and usually have relatively
small values at lower energies, particularly if AE is of the order of
several eV or higher. A comprehensive discussion of both experimental
and theoretical aspects of charge transfer may be found in a pumber of
excellent reviewsll3’2h3.

Other classes of charge transfer reactions which are of interest
are those in vwhich the transfer is accompenied by dissociation as in

At+sc=a+2"+c.
Specific instances of dissociative charge transfer have been studied
. . . a2kl . 2k5
by many investigators among them Lindholm  , Gustafson and Lindholm™ -,

. . 26 . .

and Giese and Maier who have investigasted the system
X +c0=x+c" +0
+ . + + + R
where X vrepresents either He , Ne , or Ar . This type of charge transfer
may be regarded as a special category of ion-molecule resctions.
. 247,248
Finally, & useful type of charge transfer has been reported,

which uses highly polyastomic molecules such as butane or benzene as

charge transfer gases. The existence of a very large number of internal
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electronic stales makes it highly probsble that the positive ion will
find an energy level in the molecule which will permit efficient charge
transfer under near-resonant conditions. This may be referred to as
accidental resonance. This type of charge transfer, which is freguently
accompanied by dissociation of the target molecule, has been used to
neutralize positive ions under conditions where symmetrical resonant charge

transfer would be dii‘ficult.21+T

V. Conclusién

In this chapter an attempt has been made to relate the broad field
of molecular beam research to chemical problems. Although the treatment
has been highly selective, topics have been treated in which the con-~
tributions or interest of chemists have been particularly significant.

Since there is no doubt that the contributions and interest will
continue, it would seem relevant to try to predict the direction in which
such molecular beam research will go. Advances over a broad front are
expected. Potential energies for complex molecular systems will be
determined and the anisotropies in such potentials will be studied in
much more detail than at present. More studies of inelastic scattering
can be expected, particularly rotational and vibrational excitation. These
studies in which extensive use will be made of state selection should nro-~
vide valusble information for a clearer understanding of the mieroscopic
features of reactive scattering. In the area of reactive scattering,
future studies will be less confined to reactions involving alkali atoms
and will therefore probe reactions with threshold energies considerably
larger than those encountered in the past. Finally it wounld appesar that

the relatively small amcunt of ion-molecule research by molecular beam
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methods will be greatly increased.

If these predictions are reasonable, this chapter will require fre-

quent revision.
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Figure Captions
Schematic apparatus for production of a molecular beamn.
Schematic crossed beam experiment.
Schematic attenuation experiment.

Detail of scattering region and detector geometry. The scatier-
ing gas is confined between two planes which establish the scat-
tering region.

Classical collision trajectory. All particles incident on the
ring of area 2mbdb appear after scattering on the ring of area
2nsinbde.

{(a) Variation of potential for repelling hard spheres which
react when the energy of relative motion reaches a threshold
value of ea.

(b) Energy level diagram showing the definition of E, and ADg.
Vector diagram of initial and final velocities of a collision.

(a) Orientation of initial sngular momentum vectors.

(b) Distribution of recoil vectors.

Helium-helium potentizl energy determined from four different
high energy scattering experiments, from high temperature
thermal conductivity, from viscosity and virial coefficients,
and from two gb initio quantum mechanical ecaleulations.

Argon-argon potential energy determined from four different
high energy scattering experiments, and from shock compression
measurements on liquid argon. The dashed curve is a single
exponential representation of the three M.I.T. resulis shown.

Helium-argon potential energy predicted from the scattering
potentials for He-He and Ar-Ar (Figs. 9 and 10) by geometric-
mean conbination rule, compared with direct measurements.

Comparison of derived Ar-0, 0-Op, and 0o-Op potential energies
with direct measurements.

Elastic scattering of the system K + Kr.

The differential cross section, in arbitrary units, multiplied
by sinB wvs. the relative scatbering angle 0 for the system

K + HBr at five different values of the kinetic energy of rela-
tive motion.
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Idealized trajectories of reactants and products for a rebound
mechanism {a) Laborsatory system (b) Center-of-mass system.

The scattering of K + CH3Il. The curves show the intensity
measurements from two detectors. The s0lid circles indicate

the intensity of K, and the open circles the intensity of K + KI.
The main K beam, shown at angle 0%, is attenuated about seven
percent by the CH3I crossed beam.

Idealized trajectories of reactants and products for a stripping
mechanism. (a} Laboratory system (b) Center-of-mass system.

The scattering of K + Brp. The curve shows the distribution of
KBr product in the laboratory system.

The seattering of Cs + RbCl. The curve shows the distribution
of CsCl in the laboratory system.
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