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I. Introduction

Although the important role played by metastable noble gas atoms

_in the ionization process was recognized as long as half a century ago,

investigations of microscopic précesses involving metastable nob1¢

gas atoms have only recently become one of thé more ac;ive réséarch areas.
| In 1927 Fréns Michél Penning (1894-1953) at Philips Laboratories

discovered that breakdown voltages énd the ionization coefficients of

neon and argon ﬁere mafkedly influéncéd by the a&dition of minute

impurities; and concludéd from é series of experiments that the impurities

were ionized by energy transfer from metastable neon or argon atoms that

were present in discharges.l In addition to Peﬁning ionization, oﬁe

other typé of ioqization pfocess involving electronically excited"

atoms was alsb observed in the 1920's and 1930's. It was found that

‘the vapors of cesium and rubidium can be photoionized by light in

the discrete absorptioﬁ region of the atomic spectra with energy less
than the atomié ionization energy.z‘_5 The proper explanation of this
ionization process was given by Franck6 in 1928, as>asséciati§e
ionizatidﬁ to form diatomié molécule ions in .two body collisions
betweeﬁ an excited atom and a groundvstate'atom; this was Qerified
by Mohler and Boéckner in théir quantitative étudy of the formafion>of-
Cs; in 1930.7

It waS'twenty years before the important microscopic precesses
involved in early findings-were "re—discovered".in sevefal studies. In
1951, Hornbeck and Molnar8 carried out the first thorough examination
of the formation of molecule ions from electrénically exéited_noble
gases in a mass spectrometer. The preseﬁce.of moleculé‘iénsiwas
shown to be due fo associative ionization, and this process is now

often referred to as the Hornbeck-Molnar process in recognition of

their work. In 1949, Jesse9 discovered in his étudies of high energy



ionizing radiations, such as alpha and beta particles, that the absorbed

energy per ion pair produced in helium gas was extremely seﬁsitive to

the preseﬁce of minute amounts of,élmpst ahy impurity;lo' This sensitivity

isvcalled the Jesse effect in the fiel& of radiation research. Although

the Penning and Jesse.effects describe different.macroscopic pheﬁomeﬁa,

the:micrdscopic processes which produce these effects, mainly Pehning

and associative ionization, are undoubtedlyvthe same. | _
Substantial‘advances in the understanding of microscopic processes

of electronically excited atoms began only in the 1960'3, wﬁen improve-

ments in experiﬁental me;hods aﬁd available technology allowed scientists

to obtain'quantitative midroscopié information under well aéfined

conditions. This is especially true for metastable noble gas atpms.

Because the lifetimes of metastable noble gas atoms are much longer

‘than the transit.time of atoms in a typical high;vacuum apparatus,

" 10_3 sec, it becamevpossible to perform experiments under»the‘single

collision conditions of the mole¢ﬁlar beam. The measurements of

ionization cross sections via total ion collection by Sholette and

Muschlitzgi the velocity depéndence of.thé total scattéring cross

sectioné»by Rothe, Neynaber and TrujillolO and the studies ofvenérgy

distributions of electrons from Penning ionization. by Cerﬁékll mark the

beginning of a rapid growth in the amount of information related to the

dynamiés of microscopic processes involving metastable noble gas atoms; !
Many of fhe chemical and dynaﬁical properties of mefastable noble

gas atoms can be easily appreciated by noting that their excitation

energies are higher than the ionization potentials of many'diatomic

and polyatomic molecules, and their polarizabilitieé and ionizatibn

potentiéls aré quite-élosg to those of‘alkali atoms. Iﬁ addition,

fhe loﬁg 1ife£ime, which prevents.fadiative decéy ffom compefing with

the efficient conversion of étdred‘energy in collisional processes,

makes it possible to use energy transfer from metastable noble gas atoms



as pumping processes for gas lasers. Table I lists some important
properties of metastable noble gas atoms, and Figure 1 illustrates them.

The interactions between metastable noble gas atoms and ground
“state noble gas atoms are relatively simple and have been investigated
quite extensively. If the excitation energy is lower than the ionization
potential of the collision partner, the only important inelastic process
is the transfer of excitation energy..l2 The excitation transfer is
usually very efficient when the process is near resonant. The process

. . . . 1
which is responsible for the operation of the He-Ne laser,
x 1 * _ , . :

He (27S) + Ne - He + Ne (3s) Excitation Transfer
is one such example. The other type of excitation transfer is the
formation of excimers. For example, in the process

* : % : .

Xe + Xe Xe2 > 2Xe + hv Excimer Formation
the delocalization of excitation energy from one atom to two causes
a drastic decrease in the radiative lifetime. The excitation energy
is then transformed into a photon and the kinetic energy between two

: . . 14-16

ground state atoms. The excimer laser’is based on this process. If
the ground state atom has a lower ionization potential than the
excitation energy of the metastable atom, energy transfer collisions

7,18 For example,

'will mainly take the form of ionization,processes.l
the reaction
* .1 3 + . .
He (2°S, 27S) + Ar » He + Ar +e Penning ionization
' + A . . .

> HeAr + e . Associative ionization
produces both atomic and molecular ions through Penning and associative
ionization processes. There is no mechanistic difference between ,
Penning and associative ionization with regard to electronic energy transfer.
Whether a specific two body collision will produce.an atomic or molecular

ion depends entirely on whether the electron ejected will remove

- + SV '
sufficient energy to leave He-Ar in a bound negative energy state.



Since the electronic motion is only weakly coupled to‘the motion»of

the nuclei; the kinetic energy of the'elecﬁrbn.ejected is approkimafely.
the difference between the pdtential eﬁergies of the ionic state and fhe
excited state at an internuclear distance where ﬁhe transition fakes

place. Consequently, if the gain in potential energy dufing the tfanéiﬁion
is lérger'than thé kinetic energy, a molecular ion will be fdrmed.v 10}
éourée, the transition pfobability as a function of.intefnuclear distance
" not only depends on the coupling between the excited state and the ionic
staté, but also on.the kinematic conditions suéh as relative kinetic
energy and orbital angular momentum.

In the interactions.between metastable atoms and diatomic and
polyatomic molecules, excitation transfer and-ionizétion processes may
proceed initially with mechanisms similar to those with.ground state
nhoble gas atoms, but the outcome 6f the process is often more complicated.12
After excitation transfer, the newly formed electronically excited
molecules sometimes dissociate before fhe'excitation energy is removed
b& radiative decay; while after ionization,.in addition to possible
dissociation of excited ﬁoleculé ions, iqn—moleéule rearrangements may
aléo occur. HoweVe;, there is a type of intefaction of metastable noble
gés atqms‘with moiecules which is fundamentally different from the
intéraction with noble gas atoms. Since the ionization potentials.of

metastable noble gas atoms are comparable to those of the corresponding L)

Ty

~alkali atoms, the interactions with molecules with appreciable electron
affinities, such as diatomic halogen molecules or certain halogen-
containing polyatomic molecules, may proceed initially with electron
transfer from the metastable atom to the molecule. This is followed by
the formation of an electronically excited rare gas halide molecule in
a reaction similar to the formation of an alkali halide by the
o PR . 19 ) 2

harpooning’ mechanism. For example,

* 4+ *
Xe +~F2 -+ [Xe F2] > XeF + F



AR

+

This alkali-like behavior of metastable noble gas atoms effectively
transforms the excitation energy of the metastable noble gas atom into
electronic energy of a rare gas halide molecule with large reaction
cross section. Because the electronically excited noble gas halides
have short radiative lifetimes and the ground state noble gas halides
are not strongly bound, the process of formation of electronically
excited noble gas halides from metastable noble gas atoms has been shown
to be ideal for the operation of the electronic transition laser, and has
been successfully used in high efficiency rare gas halide lasers in
21-23 | '
recent years.
Accompanying the recent improvements in the microscopic experiments

exploring the dynamics of elementary processes involving metastable

- . , 24-25
noble gas atoms, there also have been substantial advances in the theory,
especially for the ionization processes involving metastable noble gas

and ground .state atoms or simple diatomic molecules. For simple systems,

* ' *
such as He + H and He + H

29 it has become possible to calculate the

interaction potentials in the excited state and the ionic state and the

coupling strength between the resonance and continuum states from first

26,27

principles. The collision prbcess can now be described either by

" semiclassical or quantum mechanical treatments in terms of interaction

potentials of excited states and ionic states and the coupling strength
between them.27—29 Indeed, if one knows these quantities, direct o
calculations of such observables as Penﬁing electron energy spectra,
velocity dependence’of the ionizafion\cross section,lthe branching
ratio_betweén Penning and associative ionization, and total and differential
elastic scattering cross sections are reasonably straightforwéra.‘ On

the other hand, accurate results of microscopic experiments will enable

us to understand theldetails of reaction dynamics by finding, in terms

30,31

of an optical potedtial model, the real and imaginary parts of



of the interactien potentials between metastable noble gas atoms and
ground state atome, and the interaction potentials of ionic states. The
advancement in‘this direction ie best exemplified in the pioneering
experiments of Niehaus and coworkers in Penning electron en& ion

17,18,32 and differential elastic scattering cross section

_spectroscopy,
measurements which will be discussed in this chapter. But the derivation

of these quantities from microscopic expefiments is by no means simple, -
because three quantities must be determined as a’fﬁnction of internuclear
distance, end the observetions might only reflect certain relations

between these quantities.. For example, Penning electron speetra are

sensitive to the difference'betﬁeen the potentials of the excited state

and the ionic state and its relation to the imaginery part ofAthe ﬁotential.
Consequently, only.if one knows the real part of the potential of the

excited state or the potential of the ionic state accurately, will it

become possible to derive the'imaginary'part of the_potential and the

other interaction potential by measuring Penning electron speetra,

.preferably at more than one collision energy. Total ionization croes

sections as a function of coliision energy provide a range of combinations

of real and imaginary parts of the potential which gives a satisfactory
description'offexperimental results; the determination of these quantities
from such measurements alone is not considered unique.3-3 For a given real and
imaginary part of the excited potential, it is possible to derive the potential
of the ionic state by combining measurements of the branching ratio between
Penning and associative ionization a;d of the total ionization cross section
as a function bfvcolliéion energy. It is clear that the precise_determination
of these potentials requifes more than one type of precise microscopic
experiments, and it is also importanfvto include the type of microscopic

experiment which is particularly sensitive to one or two of the potential

. 33 R . ; :
functions. Consequently, the measurements of elastic differential



cross sections of the metastable noBle gas atoms. not only supplement
Penning electron spectra and total ionization cross sections as a
function of collision energy, but also.contribute significantly to the
understanding of the dynamicsvof'the collisions of metastable noble gas
atoms.

it is well known that one of the most direct and reliable methods
of obtaining detéiled information on interac;ién potentials of atomic
systems is the measurement of elastic scattering cross sect‘ions.34 In
the past decade, precise interéction potentiais fof alkali-mercury,
alkali-noble gas and noble gas-noble gas systems have been derived
mainly from high resolution crossed molecular beams measurements of
scattering intensities as a function of scattering angle at several
collision energies. Well resolved structures in the differential elastic
scattering cross sections, such as rainbows, supernumerary rainbows and
fast oscillations, as well as measurements covering a wide angular
range, are necessary for the precise determination of interaction potentials.
It has also been shown in studies of reactive systems, such as alkali
atoms with diatomic halogen molecules or halogen containing polyatomic

molecules, that it is possible to derive some information on the reaction

_p:obabiiity as a function of the impact parameter from depletion of the

eléstic scattering cross section due to chemical reaction.35

Croésed molecular beam studies of differential scattering of ﬁetastable
noble gas atoms with ground stafe noble gas atoms or simple molecules is
the majdr topic of this chapter. These studies have been carried out
recently at several laboratories with the same purpose of finding both
real and imaginary partsbof the interagtion potentials in order to
further our understanding of the dynamics of collision processes involving
metastable noble gas atoms.

Experimentally, the scattering studies of metastable noble gas



atoms enjoy an advantage similar to that of alkali atom experiments in

the ease of detection of metastable atoms. The ﬁigh specificity of the

detection of metastable ndble gas atoﬁs by Auger elecﬁron emission;36

similaf in some sense to the detection of alkali atoms by a hot wire

detector, is immune to the presence of backgfound gas, whose collision P
raté with the detector surface is usually many orders of magnitude
higher than that of the scattered metastable atoms. This is part of the
reason why so much information has been obtained with relatively modest
egperimental a:rangemenés in a rather short period of time. Of course,
the development of the high intensity, monoenergetic free jet molecular

37,38
‘beam source

in the past decade has also_cdntributed significanfly
to the pbssibility éf carrying out differential scattering cross section
measurementslefficiéntly and with reasohably'high resolution, so as to
provide reliable information on interaction potentials. . . The first
preci§e differential scattering cross section measurements of metastable
rare gas atoms by Chen, Haberland and-Lee,39 and by Winicur and collaboratorsl"0
és well as more extensive Studies of Haberland and Siska and their
coworkers are allvcarfied out with a free jet beam soﬁrce.

In this chapter, we will summarize the currentvstatus of the low
energy scattering of noble gas metastable atoms in molecular beams. A
‘brief summary of potential scattering theory which is relevant to the.
understanding of collision dynamics, as well as a description of the
experimen;al method, will precede the presentation of experimental -
findings. The experimental resulﬁs which will be presented are mainly’
from the authors' laboratories.

As will Be seen here énd in other related chapters in this volume,
the'field éf collision dynamics of mefastable noble gas atoms had made
some significant advances in recent years. These advances undoubtedly

will give some insight into many macroscopic phenomena involving
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metastable noble gas atoms. The recent development of several potentially
useful lasers involving noble gas atoms makes the understanding of the
collision dynamics of.elementary-processes involving metastable noble

gas atoms even more important. Wevhope this chapter wiil serve as a

useful guide to the kind and quality of information obtainable on metastable

noble gas atom interactions from beam scattering methods.
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IT. Brief Summary of Potential ScétteringﬁTheory

Two—body collision theory for a centfal potential cén be applied
~with a rigor limited maihly by the Born—dppénheimer approximation to a
large and'inﬁeresting class of metastable noble gas collisiohs, viz.,
bthose with other atomic species. In the atom—atoﬁ>cases, even wheﬂ
electronically inelastic chahnels are open, the opticél model méy often ' y
be applied td describe the effect on the elastic scattering. If 6nly a
few channels are important), a close-coupling treétmenﬁ is feasible
Because of the absence of rotational and vibrational degrees of freedom
~and the coﬁsequent'reduétion in cbmputational effort.  Penning ionization
is an excellent case for the application of the optiéél model, since‘the
rapid departure of the ?enning electron makes the process irreversible.
Excitation.transfer in system§ such as Ar* + Kr or He* +_Ne promises to
be analyzable in a close-coupling frameWork with only'a few stateé
Finclﬁded; énd énalysis of the elastic scattering using a—simple optical
mo&el may be adequatg if the coupling is weak. Analysis of product
angular distributions; of cqﬁrse; requireé a comﬁlete close~coupling
déscription. | N

Céllisions with diatomic and polyatomic molecules are as usual dif-
ficult to.describe due to the internal degrees of freedom, as weli as to
the anisotropy in the potential function. vFor many target molecules : ¥
involved in Penning ionization, however, nearly vertical ionization
occurs as indicated by Franck-Condon vibrational popﬁlations, thus
inviting treatmentvneglectiﬁg the internal degrees of freedom. Particularly
at the level of Penning ion product angular distributions, small molecules

often give results very similar to the atomic cases. Effects of vibrational

~
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and rotational inelasticity and potential aﬁisotropy prevent the ex—
traction of truly quantitative informafion from nonreactive scattering

~with molecules, but analysis of these data using two-body mechanics can
still be of wvalue.

Many books and reviéws give exémplary treatments of two-body col-
iision theory, especially for our purposes those treating molecular
vcollisionsv.al“45 We shall therefore confine ourselves to brief discussion
and statément of . results essential to understanding the differential

scattering, giving where possible both quantum and classical mechanical

formulae.

IT.A. Elastic Differential Scattering in Nonreactive Systems

In the absence of inelastic processes, and assuming a single
potential curve, the butcoﬁe of a collision, specified by the relative
enérgy E, collisional reduced mass u, and impact parameter b or angular.
momentum quantﬁm number £, is described classically by the deflection
angle x(b,E) or quantally by the phase shift nR(E), both asymptotic

quantities. In the semiclassical (large 2) limit, we may identify
. ) v /2 o

9 + l—: kb; k the wavenumber (2uE)

5 /A, and ¥ = 2 8n2/8£. In terms of

"these, the differential cross section is given by

66(8,E) = Ib /(sing|ox(b,E)/b], )5 Ix (b,B) =0 (D
_ i i mod T

classically, and

59 (0>E) = |£(8,E) | 2 (2)

quantally, with the scattering amplitude

ZinR(E)

£(6,E) = (2ik)™T  Z(2041) (e ~1)P, (cos8) . (3)

L

x may be obtained from the potential V(r) by a simple quadratﬁre,
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dr

rz[l—V(r)/E - b2/
ro(b,E)‘

X(b,E) = n= 2b foo 2]1/2 E (4)
r

ro(b,E)'the outermost turning point, while n results from integration of

the radial Schr8dinger equation,

- . |
a°G, (r) \
e R e LG (5)
- dy k™r '

into the asymptotic region, where the solution becomes
Gl(r)% kr [81nn£3£(kr) —'cosnznz(kr)], _ ‘ (6)

jl,ni'the spherical bessel and neumann functions reépectively. Semi-

classically, x = 28n£/82 may be employed to give the JWKB expression,

. . 1,2
: © . (,Q/+—) _1_
= T —dkag k[ (- YR L 2T 1, ()
rO k'r '

which yields very accurate molecular cross sections when substituted in

Eq. (3).

We nbte that, forﬁally, the scattering angle 6 bears no necessary
relation to the angular momentum % in quanfum mechanics [Eq. (3)], while
¢1assically a given b leads uniquely . to a1deflection angle y through-a
claséiéal ﬁrajectory.. In the limit of large %, however, stationary
phase regions of the summand in Eq. (3) lead to different groups of -
values each cohtfibuting mainly to a small range of angles. Thus, for
molecular collisions, whefe the‘sum in Eq. (3) generally extends to .

L '\4102—104

, a close connection persists between the results of quantum
calculations and the classical picture. Interference features in the

differential cross section, such as rainbow structure and the rapid
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oscillatory pattern often observed superimposed on it, can usually be
interpreted as a superposition of two or more interfering classical
trajectories.

v : % % '
The noble gas metastable atoms Ne through Xe are 3 atoms, so

, are 2,0
that more than one potential energy curve govefns the scattering even
with S-state cpllision partners. Because spin-orbit interactions are
large while weak van,def Waals.interactions imply oniy weak c0upliﬂg to
the internucléar axis, Hund's case (c¢) is prqbably the most appropriate

coupling to use, with the projection © of the total electronic angular

. . . 3
momentum on the internuclear axis being conserved. P, metastables

2
scattering from lS0 partners thus gives Q = 2, 1, 07, while 3PO yields Q =
0 only. At the detector, 3P . atoms scattered on the various curves are

2

indistinguishable because @ no longer has meaning. The differential

cross section is thus
| _ 2 /2 A 02
oQ(e) = |¢§.f2(e) + /5 £.(8) + /5 fO—(e)[ (8)

for 3P2 scattering, while only one amplitude contributes for 3PO

Metastable helium (ZlS, 23S) séatters from other S-state atoms on a single

scattering.

potential curve. For non-S-state collision partners, the formula (8) is

- easily generalized to a sum over allowed values of the ''good" electronic -

quantum pumber. If the coupling between the electronic angular momentﬁmA
and nuclear rotation is strong, [e.g., Hund's case (d)], formulas like

(8) cannot be used, as the individual angular momenta need not be conserved.
A theory which éccounts for intermultiplet transitiong must then be in-
voked. On the other hand, it is possible that thé 2 quantum numbervdoes not
affect the.electronic énergy in the case of van der Waals interactions,

so that only the possible values of J, the total electronic angular momentum;
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need be considered. Then‘3P + IS' results ‘in only one state or potential

2 0

energy curve labelled by J = 2, and the problem for collisions with
nonfS—state partners ig correspondingly simplified. The superposition
of amplitudes in (8) may produce an interference pattern in the angular

distribution, but thus far only the Ar ~Kr system has shown any wide-

angle structure'(see béloW), and this is likely due to other effects.



1

IT.B.  Elastic Scattering in Inelastic Systems .

Molecular nonreactive scattering angular distributions in systems

~ with nonelastic channels open have been traditionally analyzed in terms

of the opfical model, a tool borrowed from nuclear scattering. Micha31

has recently reviewed the use of the optical model in molecular collisions.
In the quantal version qf the model, the inelastic processes are viewed as
removing or "absorbing" flux f;om each elastic partiai wave\(a view

whiéh is quite rigorous). Since the ratio of actual to collisionless

outgoing partial wave amplitudes is given by the elastic S-matrix,

5, = ezlnz, _ ' (9)

attenuation bf an outgoing wave can be represented by allowing the phase

shift n, to take on complex'values,

2

n, =8, + 1k, Qo)

with the condition 52 > 0 assuring that the square modulus of Sg’

= e 2, | _(11)

is no greater than unity. It may be shown rigorously, and is easily seen

by inspecting the Born approximation for n that a complex potential,-:

Q/’
V() = V() - 5 I, (12)
with T'(r) > 0 gives rise tb a complex phase shift, Eq. (10). I'/A may be.

interpreted as the absorption rate at internuclear distance r. The quantal

differential cross section formulas, Eqs. (2) and (3), remain unchanged.
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cross section is then

0inel
C

= 27 ,fo P(b)bdb, ' - (21)
a.formula analogous to Eq. (17). A semiclassical.extensionvof the cléssical
result (19) to include attenuatibn of the rainbow structure has.been-givén‘
. by Harrié and Wilson.48 .

The classical fheory makes especially clear the inherent.ambiguity of
data analyéis wiéh the optical‘model, and this ambiguity carries err into
the quantum.modél. If one wishes to uéelexperiméntal differential cross.
sectioné to gain information:about VO(?) and P(b) or I'(r), he.mﬁét aésume
a reasonable pérametric form for Vo(f) that determines the shape of tﬁe
cross sectioh "in the absence of reaction".' P(b) is then determined (or
I'(r) chosen) by what is'in essence an extfapolation of.this parametric
form. In thevélassical picture? a Vo(r) witﬂ a lgss steep répulsive'wall
yields a 1owef réaction probability from the same experimental cross
segtion data. The paif of functioné Vo(r); P(b) §rFV0(r); T(r) is thug
underdetermined. Thelambiguity may be relieved sdmwhat (to what extent
is not yet‘known) by fitting several sets of data at different collision
energies, and, especially, byvfitting other types of data such as total

elastic and/or reactive cross sections simultaneously.

IT.B.1. Optical model in Penning systems

As mentioned in Section IIA, the Penning ionization (PI) process is

ideal for the application of the optical model. This is clear in the

24,25

classical and semiclassical PI theory, for which opacity and cross section

formulas are completely equivalent to those given above. The quantél

~y



»

optical model is also rigorously related to the elastic cbmponent of
the quantal PI theory. Miller49 has shown that F(r);~identified in PI
as the autoionization width of the excited electronic state,. may be
accurately obtained by a standard Born—Oppenhgimer electronic structure

calculation as
r(r) = 2mp |<o_[B-E|¢,>|? S (22)

where |¢0> is‘the initial (discrete) electronic state, |¢€> the final
(continuum) electfonic étate degenerate with it, H and E the electronic
Hamiltonian and energy, respectively, and p tﬁe density of final
continuumAétates.. The He*(23S)—H(lZS) PI width and potential curves

were the first to be_calculafed with some accuracy.27 The meeting

ground between ab initio PI theory and differential scattering experiments

* v
is currently in the He —szsystem (see Sec. III).

II.B.2, Optical Model in Excitation Transfer Systems

In the projection operator formalism which leads to a rigorous basis

19.

for the optical potential, the absorptive imaginary part is associated with

transitions out of the elastic channel from which no retﬁrn occuré. While
PI transitions are in this category, éxcitation transfer (ET) transitions
are not, since return ("virtual excitétion") can occur during the ET
collision. In the event that a localized avoided cﬁrve;crossing with

one other state dominates the inelastic process (expected for many
endoergic transfers), the total absorption prbbability (opacity) can

still be defined,
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¢

where Pgq is the probability of making a diabatié‘transition (hopping
between adiabatic potential curves), and the crbssing point:is outside

and not too near the turning point. may- be calculated by, e.g.,

Po1
Landau-Zener-Stlickelberg (LZS) theofy.50—52The_probability of purely

‘elastic scattering on an adiabatic incoming potential VO(r) is then

o : )
| PO(b) = (1—p01) (24)

and the probability of making two diabatic transitions (return) is

- o,
RATIORS W e

Naturally P0 + POl +'P010 =1, In order to‘apply a conventional optical

model ‘analysis to elastic differential scattering in an ET system, we

must have P << 1, i.e. the probability of return must be small. If

010
not, the "recrossing'" trajectories will at least alter the relative
intensities of small and wide-angle scattering, and perhaps produce new
interfetence patterns in the anguiar distribution. Such effects cénnot
be accounted for inffitting a local absorptive optical potential tb.

experiment, since T'(r) accounts only for P i.e., absorption, and

o1’

Vo(r) cannot reproducé the recrossing dynamics. If V_ is chosen as

0
a diabatic‘curve, the same argument ensues with Po_ahd POlo interchanged,
The LZS form for Py 1s
Doy = eVo1'v r, <r ‘ (26)
01 ? 0 X o

=0 » Ty > T

with
_ 2 dvg dvi. oy
Vo1 = 2o (F Al (G - )]rx (27)

where VO(r) and Vl(r) are diabatic potential curves intersecting at ro

Lo

o
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VOl(r)vis the nonadiabatic coupliﬁg potential, and the veldcity

V. (r ) 2 .,
-1 X b_z]l/?‘

E T (28) -
x

b

The overall LZS opacity (23) may be improved for the region T, VT,
by properly_cbnsidering_the interference between incoming and outgoing
transitions.52 -This produces oscillations in POl(b) which may appear

in the differential scattering. For n open inelastic channels accessible

by pairwise curve-crossing from state 0, Eq. (23) can be generalized

to give POj(b) for the 0»j transition, j < n.53 The total opacity for the
elastic channel is then
. n ’
P(b) = I PO.(b) : (29)
. j=1 J .

The sum over states is likely to damp out any oscillations in P(b). .

For exoergic chaﬁnels it often happens that there is no accessible
avoided crbssing,.in which case the trajectory assuﬁptidns ﬁnderlying the
‘LZS theory are vibiated. The nonadiabatic éoupling'region maykextend over
a considerable raﬁge of internuclear distance, and semiclassical methods using
exact classical trajectories represent the minimal necessary improvement over

LZS.

I1.B.3. Close-coupling treatment in excitation transfer systems.

Assumptions limiting the usefulness‘of LZS theory and its exténsions
may be removed only at the expense‘of losiﬁg the clOsed—form'solution.
vThebcoupling of LZS to an optical model analysis introduces further
limitations. The optical model may be applied without recourse to the
LZS interpretation of P(b), but when done rigordusly it is aé.difficult
as a two-state close-coupled calculation. _Singe excellent computatiénal

algorithms now exist for solving coupled sets of Schr8dinger equations for
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many—chapnel scattering‘dn‘tbday's high-speed computers, this approach has
become a feasible alternative,'especially if only a few channels are
involved. In addition, the case of no near approach of the channel potentials
can be treated on aﬁ equal footing with the familiar diabatic curve-crossing

-case, For two-body nonadiabatic collisions, the coupled equations are

a%6d (o)

v, (r) . . n .
—t— k?[l - A 20y 2l 1oy, el (o) ¥
dr” iooKr I gy

i=0,1,00., 10

where X is a potential matrix, chosen in most cases to be in.the diabatic

representation, and -

Ey = Ej - vj-(eo>._ (Vg (=)=0) - ' (31»)\

1%k, %/2u

is the.finai kinetic energy for éhannel j. The equations uﬂcouple
'asympfofically, énd'the S—maFrix is obtained formaily as the ratio of
amplitudes of the ou£goingvspherical'partial wave in thé jth channel to

the colliéionless'outgoing wave. Various numerical algorithms are available
'forvevaluating the é—matrix from'close-cbupled solution of.the equations (30).54

The‘similérity between the resonant two-state equations and the optical ..

model equations (14) is notable.
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‘II.C. Scattering in symmetric systems with one atom excited.

When the collision partner is the ground state of the samé atom

"as the excited one, special resonance effects come into'play. Classically

one may speak of "direct" and "resonant exchange" collisions, but
quantally these are inextricably intertwined in brinciple, due to the
indistinguishability of A* + A from A + A%, Proper symmetrization of the

electronic wavefunction with respect to these two arrangements leads to

a gerade and an ungerade electronic state for each value of the electronic

angular momentum pfojection Q. The,identity of the atoms allows a stroﬁg
"chemical" (as opposed to oﬁly van der Waals) exchéﬁge interaction with
bond eneréies of 1 eV or more for the favorable (for the noble gasés, u)
overlap of the atomic wavefunctions.

The cross section may be computed from the scattering amplitudes for

- the g and u potentials using

5(0) %[fg(e) + £ (1-0) + £ (0) - £ (-0)[* - (32)

for spinless nuclei (4He, 20Ne, 4OAr, 84Kr, 132Xe). The isotopes with

nonzero spin require the admixture of a term similar tofthe RHS of Eq. (32)

with the signs of the 7-6 amplitudes reversed. - When various projections

/

Q are possibie, each g, u amplitude must be calculated‘as a weighted sﬁm of
projéctiqn'amplitudes,-as in Eq. (8). The expected coherent interference
between £(6) and f(w—a) is similar in nature to that for symmetric_ground—
state Scattering,‘as in He-He. This.inﬁerferénce may be discussed in terms
of deflection functions for the g,u potentialé. A detailed discussion

*
specialized to the case of He (215,238) + He will be given in Section ITI.C.
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I1.D. Inelastic Events

IT1.D.1. Penning ionization heavy—particle angular distributions
- In a classical picture of Penning ionization,24 the molecules approach
.along a trajectory on the initial A* + B (real) potential‘VO(r).v Ioniza_
tion occurs at a specified (but random) value of the internuclear distance,
L and the products';hen complete their trajectories on ;n ion-molecule
potential V+(r) for A +‘B+. Neglecting the moﬁentum of the ejected
electron, deflection functions can be computed according to whether the

ionization occurs on the igpoming or outgoing part of the Vo(r) trajectory.

" These are

|
Xin(PsE-E ) = x, (b',E') - Ax (b',E") + A%y (b5E) -

| (33)
Xour BrEsE') = xg(b,E) = 8xg(b,E) + ax, (b',E")
with
' ® dr .
X (b,E) = '""Zb I R
0, _ r, r2[l—VO(r)/E—b2/r2]l/2 A
U ' : (34)
‘ = . dr
bxg(b,E) = -b { rz[1‘—V0(r)/E-b2/r2]1/2
i

 where E"is the recoil energy of the products and r, is the turning point on.

VVO" xl and Axl are given by expressions identical to Egqs. (34) with b = b',
E->E', r

and V,, - V+. Conservation of orbital angular momentum re-

+ 0

0
quires b' = b(E/E')l/z. A vertical (Franck principle) transition from V0

> T

to V+ is assumed, wherein the local kinetic energy of the nuclei at r = r, is

conserved. This determines E' through

E' = B -V (x,) + v+(rij (35)
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with the potentials both referred to zero energy at r = ». The energy

of the ionized electron is then

¢ =E-E'+ € _ (36)

='eo + Vo(ri)—V+(ri)

with €9 the ionization exoergicity at r = «, given by the difference

*
between the excitation energy of A and the ionization potential of

B, and the second equality obtained from Eq. (35). The impact parameter

The_classical differential

. b must be small enough to make r, > max (rO,_r+).

cross section is then

P.(b, E,r.)b
i v i’ v
siny.9yx./9ob. -

Toto, o, /5,

AP CII NS SN2

' =
OR(e’EfE_) L modmw

j=in,out v
The sum over v is analogous to the sum over i in Eq. (1); the values of
b contributing will depend on j. Pj(b,E,ri) is the probability of ioniza-

tion at ri, given by

P(ri)
Pin(b9E"ri) = ﬁ_v—b_(_;i) exp [_ZAg(b,E)] (38)
I(r,) . _ _
PO t(b’E’rl) = ,ﬁvb(r ) exp ['4g(b,E) + ZAE_,(b,E)]
where v
_1 T'(r)dr
AE(bE) = 5 fv, (D)
Ty (39)
_1 [ TI(r)dr
e(b,E) = 3 fro-ﬁvb(r)
and _ .
v, (£) = v [1V (x)/E - v2/e212, (40)
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£E(b,E) may be identified as the classical limit expression for the
imaginary part of the phase shift, Eq. (15), and vb(r) is the local

velocity. The total reaction cross section is

op(E) = 2r [ bdb [  dr [P, +P
o 0 _ I,

out]’ (41)
which reduces to thé_optical model expression, Eq. (21), upon inte-
grating over r analyticaliy.

Miller24 gives the quantum mechanical S-matrix as

5,(®,E) = —2i2uD)? @D e i, +0D1 ()

x [ drle, (01 YE -E;0)E] ()
0

where Ul and n, are phase shifts in Vo(r) - %-F(r) at E and V+(r) at

2
+

3 are the corresponding radial wavefunctions,

E' respectively, and GK and G
normalized to unit amplitude sine functions asymptotically.onE'-E;r)

is an electronic discrete-continuum matrix element given by
Of (E'-E;r) = <¢_|B-E|9,> (43)

as in Eq. (22), with e, the energy of the ionized electron, given by
e =gy~ E' + E. It is noted that
IVI‘(r) = 2mp FZ/(E'—E;r)Iz; - E'-E = Vo(r)-V+(r) (44)
by comparing Eqs. (43) and (22). The scattering amplitude for the heavy

particles is then

£,(8,E,E") = (2ik) 1 £ (2041) S (E,E') P (cos®)  (45)
' . a atees

Miller'shows24 that stationary phase evaluation:of the integral in‘Eq. (42)
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using WKB wavefunctions leads to a semiclassical theory, in which the
classical Franck condition (Eq. (35)) holds and SR(E,E') is given iﬁ

the classical limit by

/2
P, (%,E,r.) .
S,(E,E') = L a&-.——L e10in(ry)
' Ef[vo(r)_v+(r)]r=r.
(46)
‘ 1/2 . ,
Pout(z’E’ri) el¢out(ri)

+

d
Ef[vo(r)_v+(r)]r=r.
where the sum is over r, satisfying Eq. (35), the P's are given in Eq. (38),

and the phases are
(r.) = 20t = an + an? - (47)
¢in_' ri = T‘lg nl n,Q,’ v ] »

_ v _ 4.0 0 +
¢out(ri) = 2n, = Ang + Ang -,

with ng, n; JWKB phase shifts in Vo(r) at E and V+(r) at E' as in Eq. (7),
and

and = k[, IVo@/E - @+ D2 P e
i
+

o 38 above for yx, with k»k'. Thus in the classical

with transcriptions for An

limit a real trajectory is specified on V_ and V+ by imposing the classical

0
Franck condition. The probability moduli in Eq. (46) will possess
singularities at extrema in the po;ential difference as well as when-ri = I,
Ihese can only Be removed by redoing the stationary phasé intégration in é
"uniform" manner. Hickman aﬁd Morgner30 have uéed a model which removes these

singularities while still employing a local TI'(r). They approximate the 40’

matrix by

Ve -550) = GEH2 (49)
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while performing. the radial integral in Eq. (42) numerically. This
essentially féplaces the classical Franck (statioﬁary phase) apﬁro#imation
by a,Franck—Condon;like approximation; and treats all fhé éingﬁlafities
aﬁd interferences uniformly. The theory was used to caiculéte the

. * ' : . v
Penning ionization angular distribution for He (238) + Ar (see Section III.D.1.b).

II.D.2. Excitation transfer differential cross sections

Just as calculation of the Penning ion angular distributions re-

quires V., V, and T, the angular distribution of products of electronic

0> '+

and V., where V

"energy transfer in a two-state approximation demands VO 1 1

is the product potential, along with the transition probability, contained

in the off-diagonal coupling V It is usually convenient (see above)

01’
to work in the ‘diabatic representation, and we will assume that V0 and"
Vl aré diabatic potentials which may quSSvat some real value of r. The
classical formulation [Eqs. (33), (34) and (36)] ensues nearly exactly
as givén above if one specifiesva transition radius r, in place of the

ionization radius r,. In this case the product kinetic energy E' is

determined by asymptotic energies only:
' x_ *
E'=E+e(A) -e(B) (50)

where the e's are bound-state electronic energies, taken relative to the
ground state of each atom or molecule. Thus the classical Franck con- ¢
dition (35) holds only if the transition occurs at a crossing point, L .

of V., and V

0 For r, = L evaluation of the transition probabilities

1° t

-appearing in Eq. (36) can be done using the LZS theory (which empioys

classicél trajectories). The total transfer cross section in the LZS

approximation may be evaluated as a one-dimensional quadrature if

straight-line trajectories are used.55
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Quantally this prbblem is in the usual close-coupled equations
category. For analysis:of product angular distributioné it seems
reasonable that a two-state analysis might suffice, provided thatlthe
different product channels are not strongly coupléd themsel§e§, and

the absorption into channels other than the one considered is weak.

29.
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ITI. Experimental differential cross section measurements and interpretation

ITTI.A. Special techniques for excited state scattering studies

Scattering studies with'ﬁétastablé ‘atoms are in many cases_eésier
(and less expensive) than experimeﬁts with,grbund state atoms. .Thg
diScussibﬁ'below will be mainly conCérned with helium, as most of the
information is available for this atom.. Fig. 2' show a skeletal setup
of the experimént. A helium beam from a supersonic nozzle source is
excited by electron impact to itsvtwo metastable states. The singiet
state can be quenched by the 2pu-radiation from a ﬁe—gas discharge lamp:

He(21S) + hv(2u) ; He(21P) - He(llS) + hv (584 2),
| | +—He(ZlS) + hv(2p).

The branching ratio is 1 : lOOO‘in favor of the ground state. The beam
is scattered from a second supersonic beam and the electronically excited
atoms are detected. As excitation transfer cén occur during the
collisidn (e.g., He* + Né'+ He + Ne*) a second quench lamp is.sometimes
installed in front of the detecﬁor, in order to be able to study the

energy transfer process separately.

IITI.A.1. The detector

The detectof_used is very simple. ' It consists of an open multiplier
or channeitro;,,usuallf operated in the pulse_countiﬁg mode. The high
electronic excitation of the particle causes electron emission on the
first dynode or entrance coﬁe. The probability for electron emission has
been measured absolutely by Stebbings et al.56 and by Borst.57 'If depends
“on the maﬁerigl of the detector, its gas coverage and.its past history.

It is_universaliy assumed that the emission probability is independent

of the kinetic energy of the excited atom. But oniy recently _Brutschy58
has-shown that this is true for kinetic energies in the range from 17 to
86 meV, at least for He* on a dirty (10_6 Torr) sgrface. The differeﬁtial
cross section for scattering of He(21S) from He-was measured twice at.tﬁe‘_

same center of mass energy (E = 42 meV),. but under different LAB
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conditions. One of the two beams was alternately cooled to liquid
nitrogen temperatﬁre, the other one left at room temperéture.
Fig. 3 .shows the two Newton diagrams for the two runs. . The velocity of
the He* impinging on a surface changes by a factor of 2;2. The largest
energy (E = 86 meV) is obtained for 6 = 45°. Fig. 4 shows the experimental
Iresults. They differ by up to a factor of 4 at some angles, because of the
Jacobian transformation factor.* After converting the two differential
cross sections to the center of mass system, they should be identical,
save for the velocity dépendence of the detection probability. Fig. 5
shows the c.m. distributions. They are identical within experimental error.
This implies that the emissidn probability is independent of the kinetic
energy in the 17‘to 86 meV range. The group at Saclay (Manus, Watel
and coworkers) is planning to measure the velocity dependence of the
emission coefficient absolutely with.a 1aser.technique.59

It is generally not necessary to differentially pump the detector.
An electric fiéld perpendicular to the detector axis is used to prevent
any charged partiCIés from reaching the detector. The background count
rate, Qith the He* beém turned off and the quench lamp(s) burning, should
not excee& 5 to 10 counts per second. The large angle fall-off of thé
He* beam profile is also much better than in ground state scattering.  For
sufficiently collimated beams the large angle (8 > 30°) beam profile is
mainly determined by scattering of the He* beam from the background gas.
For a‘lO-6 Torr vacuum a valqe of '10_9 is typically attained between the
intensities at 6 = 0° and 6 = 90°. This low background is 2 to 3 orders
of magnitude lower than that for the best detectors fdr ground-state par-
ticles, which use electron impéct ionization and UHV-techniques. Because
of the extreme simplicity of the detector, a stationary monitor detector
can be installed easily? whose count rate can be used to compensate for

shifts and. fluctuations in the beams and quenchlamps, though not for gain
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shifts in the two detectofs.

The intensity at,smail scattering angles is very higﬁ, which can
lead to count rate dependent gain variations and a rapid deterioration
of the detector. Copper-beryllium multipliers can be rejuvenated
easily by heating them first with a hét air gﬁn to 100-120°C, and then

" rinsing the hot multiplier in cold methanol.
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ITTI.A.2, The quench lamp

Gas discharge lamps are used to optically pump the metastable helium
atoms into a higher excited electrqnic.state, which has a dipolevallowed
transition to the ground state. Only He*(ZlS) can be pumped selectively,
thereby PrOducing’pure He(23S) beams. For the heavier.rare gaées
both.metastable states.are equally pumped by gas discharge lamps.

The use of cut—bff filters to selectively pump one state is not adequate'
because of the temperature dependence of the filter transmission énd the
low f numbers of ﬁhe pﬁmping_transition. Metastable Ne can be selectively
pumped by a cw dye l_aser,60 whiie Ar*, Kr* and Xe* have so far only |
been selectively pumped by pulsed dye 1asers.61

A detailed investigation of the 2y output of capillary He gas
discharges has shown the features collected in Table II to be optimal.58
Four td five turns of a 3.mm inner diameter pyrex tube is wound helically
around a 35 mm mandrel. The anode is a small (1 mm diameter) tungsten

pin. The hollow cathode is made from aluminum 20-30 mm diameter, 50 mm

‘high. A slow, continuous stream of gas flows from anode to cathode. The

lamp has to be cooled effectively for smooth operation. The following

-procedure has proved to be very satisfactory. All outer parts of the lamp

are éoated by a thin (1-2 mm) 1ayer of a silicone rubber62 and pﬁt into

a splittable aluminum housing. The space between the housing and the

laﬁp is then filled with the same silicone rubber, which gives good thermal
contact and electrical isolation. The lamp housing is clamped on a
preciéion machined water cooled rod. The total length of the lamp and
housing is 40 mm. For a He* beam above a kinetic energy of about.lOO meV
one needs. a larger lamp for adequate (> 997) quenching'power{ It is more
convenient to work with two short‘lampsAinstead of a longer one. For many
experimenté the lamps have to be switched on and off periodically. The
maximal usable frequency is around 10 kHz; above this limit the pulse

shape deteriorates because of the long-lived afterglowQ58
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III.A.3. Description of a scattering apparatus

- Fig. 6 shows that central part of the Freiburg scattering apparatus,

- for which the best resolution has been obtained so far. The helium gas is

expanded from a very high bressure (20-100 bar) through a small nozzle
hole (12-100 um)vinto the first differential pumping chamber. The

temperature of the gas before the expansion can be varied between

T = 80 K and 1600 K. Figure 6 shows beam squrcés_which are used at and

below 300 K. The final kinetic energy of an atomic nozzle beam is given
by E = % kT ( %—kT from the random motion, 1 kT from the work gained‘in
the expansion), so thaﬁ the beam energy can be varied between 16.5 and

" 350 meV. The central part of the beam passes through a Campargue-type
skimmer63 into the excitation chamber. It traverses a hole in the
indirectly heated cathode, which has a spherical electr§n emiﬁting surface.
The eiegtrons are aqcelerated by a concentric.grid to typically 150—200 eV
kinetic energy. The two beams interact over a distance of 4 cm in the
eléctromagnet, whose field compensates the diverging effect of the space

charge of the electrons. After the excitation region the singlet metastables

can be de-excited by the quench lamp. Charged particles and helium atoms

in very high Rydberg states are removed from the beam by the quench

~condenser. The last defining slit collimates the beam to 0.4°. A

second quench_lamp in from of the detgctor is used for kinetic energies
abo&é 100 meV, when one lamp is not sufficient for an adequate (> 99%)
quenching efficiency, or to Quench metastable Ne atoms, which have been
produded by e%citation transfer (see Sec. III.D.2). A more detailed

description has been given elsewhere.64

IITI.A.4. Velocity distributions

The excitation of an atomic beam by electron impact is surprisingly
intricate, although little more than momentum and energy conservation is

needed for a basic discussion. The kinematics of the excitation process
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has been discussed in detail and will not be ;epeated here.64 It turns
out that the narrow velocity distriButibn of the groundvsfate béamjis
best preserved by directing the electrén beam barallei or antiparallel
to the gas beam. The detailed shape of the vélocity distribution depends
on a number of parameters: electron energy aﬁd cufrent, compénsating
ﬁagnetic.fiela, angle of diﬁergence Qf‘the‘electron beam, background and
.gas pressure etc. In the apparatus of Fig. 6 the velocity distributions
of the He* beam can be ébserved during the measurement of an angular
distribution by.the‘timé—of—flight (TOF) method. The beam is mechanically
chopped and the TOF spectra are recorded byva fast multiscaler.  Figure
7 shows some TOF distribﬁtions. The‘overall experimental resolution is
t =»lO us for a flight path of 121 cm.. A detailed analysis of the
surprising bimodal structure clearly visible in figure 6 for flighp‘
times greater than 0.5 ms has been given elsewh'ere'.64 bnly the results
are quoted here . Thebpeak at smaller flight times is due to'He* atbms
from the primary excitation process:
A | - % -

He + e > He + e .
The second peak, at lafger flight times;vwhich ﬁas exactly.the velocity
of the unexcited helium beam, is due‘to a éubsequént resonant energy
transfer:

He* + He - He + He*.
The différence in flight time befween the two peaks is capsed by the
momentum fransfer of the elecfron.to the'helium atom during the excitatioﬁ
process. The cross sec;ion for the resonant energy tfansfer process
is to a firét approximation proportional to the g-u splitting of the two
correspon&ing excited—staté potential curves of the He2 molecule.6-5 The
van der Waals constants for the singlet state differ by 157%, while they

are equal for the triplet state.66 This leads to a larger splitting

and therefore an increased rate;of_energy transfer and a better velacity
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resolution of the singlet He* beams. The exchange peaks at 1énger flight
times are in general larger theﬁ the direct excitation peak. This meéns
that most He* atoms will have experienced more than one eicitation trahsfer
collision in the beam. A simple calculation showsbthat >98%;of the
excitation trapsfers occur before the atomé re;ch the scattering center,
so that the measured velbcity distributions are the appropriate ones.
At higher stagnatian temperatures the velocity distribution from nozzle
beams deteriorates. The relative momentum transfer frqm the electron
also becomes smaller for increased He* velocities so that the two peaks
finally coalesce.

The TOF distribution for E = 540 meV has been obtained in a
completely different’way. The He plasma of a high current arc dischargé
has beep expandedbthrough a small nozzle hole, giving directly a

supersonic He(23S) beam of higher kinetic energy (see Section III. A. 6).

III.A.S. Intensities

The intensity of the He* beam of the apparatus of Fig. 5 collimated
to 0.4° FwﬁM is typically lOlO singlets/sec (or 3-1014 atoms/sec+sr) and
l.—S'lO9 triplets/sec for beam energies between'66'and 350 meV and about
one.fifth Qf this value at 16.5 meV (liquid-nifrogen—cooled nozzle). The
ffiplet inteﬁsity can be increased at the expense‘of a poorer velocity
resolution by a lower electron acceleration voltage.

h Theré is roughly a seven orders of magnitude difference in the
intensity of the‘ground state helium beam compared‘to the metastable
helium beam. - This'large ratio may appear unfavorable but it cannot
be impfoved easily without unfavofable effects on the velocity and
angular resolution. The electron beam excites N 10f3 of the ground state
beam to the metastable state, a fractiop whiéh connot be increased very

. N =4 . v *
easily under beam conditions. But only ~ 10 ~ of the excited He
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atoms remain in the final beam. All others have too large scattering angles and
hit some collimating diaphragms and are therefore removed from the He* Beam‘beforé
it can enter the collision chamber. A comparison of beam intensities for

different designs has been given.

III.A.6. Other ﬁe*‘sources

The ﬁighest kinetic eﬁergies available from a nozzle source are limited by
the melting point.aﬁd tensile'strength of the nozzle materials to energies below
v 400 meV. .Béams energies above v 10 eV can be obtained by charge exchange.in Cs
vapor.93’94 To‘obtain He# beams between these two extremes, two different gas
" discharge devices have beeﬁ tried.
| Searcy68 operated a iow current, high voltage (0.1 mA, 8 KV) discharge between
a positively charged needleAthrough a nozzle hole onto a skimmer. The He* atom
beam has an energy of 4.6 eV and an intensity of\lO10 atoms/sr-sec. One
scattering eﬁperiment has been repdrted using this sourée.6

Séhmidt70 has tried a low voltage, high cﬁrrent'arc discharge (30 V, 40 A). .
Thé_hot He plasma expands thfough a relatively large nozzle (v 0.1 - 0.3 mm). A
éufficient number of He* atoms, more than 98% in the triplet state, are producéd
directly by'this plaéma jet. The beam intensity is roughly a féctor of 5 less
intense, compare& to électron impact excitation, but nearly four orders of"
magnitude.mdre intense than that from Seafcy'é design. By varying tﬁe eléctriéal
power, gas pressure, and nozzle diameter the kinetic energy can be varied ﬁp‘to
.8 eV forvHe* and 1.6 eV for Ar*. The beam intensity and energy is (sometimes)
stable enough for several hours that angular distributions can be measured (see
Figs. 18 and 30). Higher energies could not be obtained, because of the very
low momentum tfénsfer cross section Between electrons and helium atoms.(Ramsauer
minimum) and due to cooling of the beam at the.water cooled nozzlé hole. Because
of the large power density in fhe discharge region (2 - 5 kW/cm3), efficient water
70,71

cooling was necessary. A modified version of Maecker's cascade piate design

was used for confining the arc.
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There are always some photons from the He resonance transition (2°P - 178,

For ground state He beams, Knuth's gfoﬁp7 373 has obtained energies

up to 5 eV with a different arc source. llargé‘noizle holes (v 2 mm) and

-very high pumping speeds were used in the first chamber. It would be

surprising if this design could not also be made to yiéldvhigher'energy
metastables.. Théblarger nozzle hole might drastically reduce the cooling

of the hot He plasma.

III.A.7. The influence of photons on the differential cross sections

Two cases are‘known where the experimental differential cross sections
are strongly perturbed o&ér é narrow angular rahge by uv photons. Both
cases will be discussed in detail to make the identificatioﬂ of similar
effects easier‘in future work.

For the scattering of He(23S) + He Haberland 25_21,74 observed é very
narrow spike- at GLAB = 90°.in the angular distribution as shown in.Fig.a .
The ratio of the iétensity at 6 = 90° to that at some other angle was
indépéndent of nearly every experimental parametef (beam intensity, electron

current and voltage, magnet current, background and secondary beam pressure)

so that it was thought that the 90°-spike was not an experimental artifact.

"Only after it was impossible to produce a similar spike in a theoretical

computation, a second detailed investigation revealed the following cause.

1

E ; 21.21 eV) in the beam. Because of the extremely large cross seqtions
for resonance absorption, they can be effectively trépped in a strong beam.
Some of_those photons will be absorbed by helium atoms ffom the secondary
beam in theiscattering center., Most of them will décay back to ﬁhe ground
state, but a fraction of lO_3 will make a trénsition to the metastable

218 state, and these atoms will be detected on the multiplier. The shape
of the 90° peak is given exactly by.the convolution of angular profiles

of the detector and secondary beam, as the momentum transfer by the photon

is negligible in this case.
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A similar peak at eiAB = 90°Lwas bbserved_by Martin gglgl.75,and
by Haberland EEHEL°76 in scattering studies of He* + Ne. An interpretaﬁion
siﬁilar to that for He* - He was givén fifsf by the latter authors, bu;
_pr§Ved not to be correct.75 The following two step process.is presently
- thought to be.the most likely cause.’’  An excitation transfer occurs
from He*les) to'Ne*(3sz) in the scattering center. Thé 352—state has a
lifetime of only ~ iO—s sec, so that most of thé atoms will radiaté when ; e
thé two atoms have separated but are still in the SCatterihg_center. More
'tﬁan 50%'of the excited Ne atoms will make a transition to the ground
state. The emitted UV phofoh can be reabsorbed by any Ne atom nearby.
The str&ngest abéorption will occur from atoms in the inténse (10_4 T)
secondary beam, if phese decay to the metéstable stateé they are .
detected at 6. ,. = 90°.

LAB

In summary any sharp peak at eLA =»90° is very valuable for testing'

B

the resolution of the apparatus but should be regarded with suspicion.
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III.B; Pure Elastic Scattering

As outlined in Section II.B, optiéal mo&el analysis of elastic

‘scattering, even in the Penning systems, may be ambiguous-because of the

interplay between the real and imaginary parts of the optical potential.
It was therefore desirable to examine systems for which the absorption
or inelasticity would be vanishingly small. While this is difficuit for
L . . . . 78-80
electronically excited atoms, evidence from static afterglow experiments
attests to fairly slow quenching of metastables in pure noble gas dis-
charges (although very rapid reSonantvénergy exchange). For Ne through

Xe, quenching by the bath gas occurs mainly by intermultiplet mixing, ’

e.g.,

L% 3 3 .1
Ne (P ) + Ne- > Ne (P, P_.) + Ne > Ne + Ne + hv,
72,07 1 1 :

and the measured rates.corﬁéspond to fhermal cross sections of A5 x 10_3 22
or less. If ﬁhe ground state noble gas partner is lighter, e.g. Ne*(3P2’O) +
He, intermultiplet mixing is the only possible inelastic process at thermal
energy. Such systems are therefore likely to. behave nearly elastically,

and- one can safely use a real two-body potential to analyze the angular
dispributions.

Experimentally it is not feasible to detect the scattered ground

~state atom because of the enormous background of gfound state atoms in

the excited beam (see Section III.A). Although detection of the heavier‘
scattered atoﬁ is kinematically unfavorable because its recoil velocity

is smaller than the velocity of the ceﬁter—of—mass,Aanalysis of differential
scattering can still be carried out, since the c.m. - LAB transformation

is uﬁambiguous."In additién, it becomes pos$ible to observe backward

scattering in the normal range of LAB angles. 1In the fitting procedure,
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a parametric potential functioﬁ is assuméd, a center-of-mass angular'
distfibution calculated (usually by numerical integration of Eq. (5))
and transformed to the LAB systemlﬁith‘appropriate resolution_averaging‘
for comparison with experiment. Parameter valueé are adjusted by the .
Marquardt nonlinear least squares method8l to give a best fit. , : T
Fig. 9 shoﬁs scattéring data for Ne# + He and Ar* + He82 from
the Pittsburgh labpratory. The wide-angle maxima aré kinematic artifacts
("Jacobian rainbows'') owing to the infinite deﬁsity of c.m. scattering
angles contributing at the edgé of the recoil velocity shell for the
heavier atom;A If the beams were monochromatic and angular resdlution
perfect, no scattering would be observed outside the Jacobian rainbow
angle. The observed scattering intensity thus drops off.rapidly, and
is a measure mainiy of the velocity resolution. The calculated curves
are fits from assumed poténtial functions. The absence of interference
features éttests fo the repulsive character of the‘interactions as well
aé to the lack of significant splitting of the potential curves for dif-
ferent Q. ‘A sufficiently fine—grained oscillatory pattern would nqt
be resolved, however. Because the Jacobian rainbows are very sensitive
to.apparatus resolution, their angular region was excluded in the fitting
procédufe. |
Potential functions used8.2 were an exp-6 function with two free . ‘ -
repulsive paraﬁéters, and a modified exp-6 with ;hree repulsive parameters;
The modification’ was introduced as a screened ion-induced-dipole attraction, “
‘which softens the repulsion at small r. The fitted potentials are showﬂ
in Fig. 10. The dashed curves in Fig. 9 show the fi;svobtained with

the simple exponential repulsion and the solid curves with the modified

.
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repulsion. The bend in the potentials at r = 3 A is clearly required for

a good fit to thg higher energy.‘ The part of the repulsion probea at
each energy is indicated in Fig. 10. Fitting of He* scattefing has
also required modification of the low-energy repulsion (see below).
Further expgrimental work on these and other systems of the heévy

metastable-light atom variety is in progress.

41.
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I1I.C. Symmetric Noble Gas Systems

III.C.l; Symmetry Eprerties of poﬁentialé and scattering amplifudes
We begin by‘specializing the discussion of Section Ii.C to the He*-ﬁe
case. If a metastable helium atom collides with a ground state helium
atom, one has the interaction of two identical atoms iﬁ different elecﬁronic
stétes. 'This'simpievfact has a strong influence on the scattering.patterns.
Asymptotically one prepares oné beam to carry elecﬁronically excited
atoms (A) and the other ground state atoms (B), and consequently the
wavefunction can be written as
61 (A) -+ ¢,(B)
where ¢1(A) means that atom A is in the excited state and ¢O(B) that B
is in the ground state. As the Hamiltonian is invariant with respect
‘to interchange of afom A and B |
ENOIRENCS
is also a possible wavefuﬁction; A linear conbination will then give the

‘correct asymptotic eigenfunction

XE*B(re) v §1(A) 0y (B) + 6y (B) 4, (A)

where g_(gerade) cofresponds to the plus sign apd u (ungerade) to the

‘hihué signf The'ésymptotically prepared state is not an eigenstate of the
Hamilfonian when the atoms are close together, leading to a rapid eichange
of the excitation energy between the two atoms.. The electronic wavefunctions
.xuand xg are brtﬁogonal for all internuclear distances r; in addition, all
coupling terms vanish fof_identical isotopes. Within the Born—Oppenheimer
approximation the total interaction is averaged over the electronic
wavefunctions for fixed r. As one averages over different electronic
wavefunctions one obtains different interaction potentials Vg and Vu.

These are shown for the lowest electronic states of He, in Fig. 11,

2

and are discussed below. Within the Born-Oppenheimer approximation the

potential does not depend on the mass of the heavy particles; the



potentials for 4He4He, 4HeBHe, and 3HeBHe are therefore identical.
The scattering amplitudes on the other hand depend strongly on‘the
combination of isotopes. The total scattering amplitude for
L v

distinguishable particles, e.g. He + 3He becomes

£(8) = 3 [£,(6) + £,(0)];

for indistinguishable particles this has to be symmetrized appropriately. -

The 4He nucleus is a boson, and therefore the total wavefunction does not
cﬂange sign when iﬁterchanging the nuclei. One obtains for the;properly
symmetrized scattering amplitude

£(8) = FLE(8) + £ (1-0) + £ (8) - £ (m-0)]
The amplitude fu is antisymmetric with respect to interchange of the
nuclei, which is a direct reflection of the symmetry property of the

corresponding electronic wave function. .This implies that the cross
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section need not be symmetric about ecm ="90°. One can define a scattering

amplitude fd(e) for direct scattering
-1
fd(e) = z[fg(e) + fu(e)J,
and for exchange scattering,
PR
féx(e) = 2[fg(n—e) - fu(w—e)].
The total scattering amplitude becomes

f(e) = fd(e) + fex(e).

The corresponding scattering process can be visualized as shown in Fig. 11.

The direct and exchanged excited particles come from different beams. But

the detector in principlé cannot distinguish between them; thus, the.
amplitudes add cqherentl&. If the overlap between direct and exchange
amplitudes is small, the exchange contribution can be isolated.65 For
noble gas exchange scattering at thermai energies, however, the overlap
is substantial. - (But see Section III.C.5 below).

Other exchange processes may be described similarly, e.g., spin

exchange, charge exchange, or at much higher kinetic energies neutron- or

ﬂ-—exchange.83
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III.C.2. General features of the noble gas excimer states

The potential energy curves of the noble gas diatomic molecules are

65,84,85

rather unusual. The ground state of the He, molecule is purely

2
repulsive save for a weak van der Waals minimum (well depth v~ 1 meV), which
might not support a bound state. The next four excited states correlate
asymptotically with He(ZlS) and He(23S), respectively. As can be seen

=]
from Fig. 11 these states have deep chemical wells at v 1 A and

o
intermediate maxima at 2 - 3 A.
| 1+ |
The He2 A Zu state has nearly the same dissociation energy as the

+ . .
He2 (ZZu) ion. This supports the idea that the excited He, configurations

2

can be described at small interatomic disténces as an inner He; core
"with an outer Rydberg orbital. This description is less quantitétive for
the heavier rare gas pairs. The_Unusuél maxima reéult either from curve
crossing, e.g. C lz;, or as for the A lZZ state by a changeover in the
dominant.exchange energy. At large r the electron clouds overlap only
Weakiy, and one'haé thé uéual répulsion frpm the Pauli principle. At
smaller r the attractiVe.He; iénic core is fbrméd. An.extensive discussion
of the He2 éotentials has been given by Guberman and Goddard_.84

Transitions from the A12: potential Bécome optically allowed for
small-internucléar distances and give rise to.the well known Hopfield
continuum and the 600 Z emission and‘absorption bands.86 From the
"analysis of the optical spectrum, the inner attractive parts of the
potentials have been determined quite accurately. Information on the
long range parts, however,“has been only semi-quantitative at best.

For the heavier noble gases the core multiplicity of the metastable
states gives rise to eight pbtential curves (six for 3P2, two for 2PO).
The Ne2 potentials héve been calculatea by Schneider and Cohen,87 who |

have also performed scattering calculations for this system; For Ar2

theoretical and experimental data exist,88 whereas for Kr2 and<Xe2
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only qualitative estimates of the potentials are available. These excited

states play a promineﬁt role in the rare gas excimer lasers.sg’90

III.C.3. Experimental results and potentials

Figs. 13, 16, 18 and 19 show the experimental resuits for He*—He
scattering in the LAB system. The intensity in arbitréry units is plotted
agaiﬁst the LAB scattefing angle. For two particles of equal mass - as is
the case here - the c.m. scattering angle is obtained by ﬁultiplying.the
LAB angle by a factor of two. For the thérmal energy resﬁlts the potential
parameters were determined by trial and error. Pieceﬁise'analytiéal
functions, coupled by Spline interpolation pglynomials, were uéed to
represent the shape of the potential, The phase shiftsvwere calculated
numerically by the Numerov procedure. The calculated cross section was
then trahsformed into the LAB system and averaged over experimental
resolution. The broadening of the data due to the limited velqcity
resolution was taken into account by increasing the breadth of the angular
resolution appropriately, so és to conserve computer time. The free
potential pafameters are determined by the Marquardt non-linear leasf

squares routine.81 The analytical form of the potential is rather

- complicated, but not too much effort was made to keep the number of free

~ parametérs small, because of the complicated shapes of the potentials.

Due to the extensive interference patterns the potential parameters had
to be close to their final values to allow convergence of the Marquardt
routine. A rather large amount of manual adjustment of the potential

parameters.was therefore necessary.

LI S
'III.C.3.a. ‘He (27S) + He

N -
The angular distributions for He (215) + He are shown in Fig. 13

for six different kinetic energies. That part of the potential which

can be derived from the data is giveh in Fig. 14, (Note the change in energy

scale above -~50 meV.) The horizontdl arrows give the collision ehergies
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used in the experiments. The potential is given in Table III ‘(energies

are in electron volts and distances in Angstroms). A Morse type potential

Vl has been obtained by Sando86 for the ihner part (r < 1.7 A) of the A lZI

péteﬁtial from the analysis of optical data. He also gives some numerical
vvalues for larger r,‘which were fitted by subtracting a sine function frbm

‘ Vl(r), giving Vz(r).' The'small'r side of the potential maximum was represented
by a parabola (V4) thch was smoothly jo&ned at both ends by cubic spline
iﬁterpolation (Vé,VS).‘ The long range part was found.to be well repreéented
by a modified exponential function (V6). The léng range part of. the clz;
curve could also be represented by a modified exponential (Vg). Only the

parametérs of V V, and Vg were varied by the Marquardt routine. V., and V

4’ 6 1

have been determined by Sando, and V

2
V, are spline interpolations.

3’ 4
: . L ' . 58,91
The potential minima of the van der Waals attraction

are at
r>6 Z, where they have only a negligible influence on the differential
cfoss section, 'They,were thérefore neglected in the calculation. At
 r =6 Z the well depth would be smaller than 1 meV. The 157% difference
'in‘the van der Waals constants for the two potentials thus affects the

109 But this difference has a

differential cross sections only indirectly.
significant inflqenée on the form of‘the»velocity distribution of the He*
be_am,'64 where the relative kinetic energies are much lower (10_2 to 10_5v¢V).
The fit to the data is quite good, especially at lowervengrgies, but
could still be improved.

For one particular energy a much better fit could usuélly be
obtained; but then the fits at the other epergies détefiorate rapidly. The
x’-values for the fits are 8.4, 13.6, 108, 63, 57, 131 from the lowest
to the highest energy. These values are relatively large becausé oﬁ the
very small error bars of the experimentél results. A ﬁore flexible
potential and proper treatment of the velocity averaging'couid probably
yield much smaller Xz;values,
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Buckingham and Dalgarn092 were the first to calculate the interaction
% ' o
bewteen He (21S) and He. Recently Guberman and Goddard84 performed a

generalized valence bond (GVB) calculation for mahy excited He, states.

2
Their results are given by the dashed lines in Fig. 13.  The calculated

2 meV at 3.14 + 0.05 A

barfier height is 60.7 meV at 3.09 A compared to 47 + 1

from the analysis of the differential cross section. A GVB calculation
always gives an'upper limit to the exact resultsa, and in fact the
theoretical results are 5 to 20 meV higher everywhere.-

Fig. 15 shows the difference between the experimental and calculated
potentials. Becaﬁse the splitting is very small for R > 3 Z, this difference
is nearly independent of the g-u syﬁmetry, reflecting mainly differences in
the mean potential. Guberman and Goddard propose a 10 to ZOZ reduction of
their results, to aécount for the neglected part of the correlation energy,
bﬁt this reduction is sufficient only bgtween 3.2 and 4.0 Z. Assuming the
aCCuracy'of the potentials derived from differentiai scattering, Fig. 15
represents, for large r, the remaining correlation energy.

| vElectronic tiansitions are optically forbidden only for large
internuclear dist;nces Y. For finite r dipole transitions to the‘X 1Z+
ground state are possible. They give rise to the well-known Hopfield

86

. . o B
continuum and 600 A emission and absorption bands. Only those collision

partners which surmount the barrier of the ungeradé potential are likely
to radiate. The cross section for light emission65 is typically 1'()_4 A2,

which is much too small to have a noticeable influetice on the differential-

cross sections and was therefore neglected.

III.C.3.b. He(235) + He

The thermal energy results are shown in Fig. 16. The déta are
noisier as the triplet intensity is a factor 5 to 7 smaller than the
singlet intensity. The ovgrall structure of the data is similar to that
for singlét scattering. The solid line gives again the differential

cross-section from the potential shown in Table IV and Fig. 17. The



maximum in the interaction potential is at a smaller distance and roughly
10 meV higher than in the singlet case. |

Tﬁe potential maximum could not be fitted,by a parabola as in the
singlet_case; a r4 functional dependence was found to be more adequate;

. o _
The deep chemical well at 1.045 A was represented by a Morse function,

which reproduced Ginter's'spectroscopic results.16O

The long range part of the potential has been calculated by Das161 in

a multiconfiguration S.C.F. computation. He obtains a van der Waals
. ° '
minimum at ~ 7 A with a well depth of 0.16 meV, which is consistent with

out results. The dottedliines have been detérmined by Hickman and Lanel.62

from thermal diffusion and exchange measurements. The agreement is satisfactory

below 40 meV. The data they analyzed were limited to this energy range.

Earlier attempts to obtain the triplet potentials from bulb experiments

. 163

have been reviewed by Fugol.
Fig. 18 shows differential cross sections measured using the He plasma

jet described in Section III.A.6. It is surprising that so much structure

'is still resolved, although the velocity resolution of the beam is only

30%. No fit has so far been attempted for these data.
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He(23S) atoms can also be produced by the charge exchange of He+ ions
in Cé—vapor.93 This technique has beep used extensively by the Stanford
Research Institute group to measure differential cross sections at higher
energies (5 to 10 eV). Some of the datagé in reduced‘unitS'afe shown in
Fig. 19. The kinetic energy is high‘enough that endoergic inelastic
processes subs;antially affect the scattering. Analysis of these data

requires a multichannel' treatment.

III.C.4. The heavier noble'gas symmetric systems

Ne* + Ne, Ar* + Ar, and Kr* + Kr scattering has been measured by
different gréups at thermal energies, but no data and potentials have
been published so fér, as the.analysis is quite involved. First, it is.A
impossible to quench one of the two metastable states without an expensive
laser, so‘thét one is generally forced to wqu_with mixtures; and second,
6 potentials contribﬁte goherently for the dominant 3P2 species. fhe Cross

sections for fine structure changing collisions are sma11178_80 and can

48.

_ _ * *
therefore be neglected. At higher kinetic energies the Ne + Ne and Ar + Ar

scattering has been studied by the SRI group.93

- ITI.C.5.. Total Cross-Sections - S -

The total cross sections calculated from the-pdténtials in Table.III
and IV arevshown in Fig. 20 and 21. fhe solid liné is for identical
particies, while the dotted line has been calculated assuming distingpishab
particles; For He(ZBS) + He the experiﬁental”data of Trujillo95 are
inciuded in Fig. 21. The totél cross section for'He*(ZIS) is roughly

o . . -
40 A2 larger than that for He (238). For energies below the barrier

le
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heighté the cross sections for distinguishable:particles.can be well .
approximated by

Cq=a- B, | |
with A = 503, B = 0.14 for ne* (21s) and A = 529, B = 0.18 for He' (275),
and v in m sfl. The oscillations below ~ 50 meV must be Symmeffy oscillatiéns
~ as they vanish for distinguishable particles. Théx result from the
interference of collisions with large impact parameters, which ére
nearly forward scattered (8 py 0), with energy‘trénsfer collisions at
small impact parameters and 6 r om. The relative difference between the
two cross sections is given by the curve I (arbitrary écale). The

position of the different maxima is nearly entirely given by the energy

dependence pf the S-wave phase shift, as discussei‘i’elsewhere'.58
The sharp strpctures above 50 meV are due to ofbiting resonances

from the deep attractive wéll of'Vu. All particles can tunnel through

the maximum in Vu' Thebamplitude for finding a particle inside the

maximum will be resonantly'enhanced if the kinetic energy'matches the

energy of a quasibound state of Vu. .For energies much bglow the barrier

height, the tunneling‘probability and thefefore-also the width of the

resonance will be small, and could therefére only accidentaliy be detected

with the gfid used in. calculating the curves for the total cross section.

if the kinetic energy is only a bit smaller than the barrier height, the

width of the resonaﬁce’will become larger. These orbiting or shape

resonances play a large fole in the calculation of the 600 Z band emitted

by He(ZlS) particles crbssing the barrier. This spectrum and the

resonances have been calculated By Sand086‘using his potential (Vl of

Table III). 'The resonancés can be classified according to their vibrational

(v) and rotational (J) quantum number, which can be deduced from

inspection of the calculated wave functions.
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III.C.6. Excitation transfer cross section
In principle there is no way to measure the exchange process directly
bk 4 s T ,
for He + 'He scattering, as the particles are indistinguishable. But
the cross section for metastability exchange can of course be calculated

from the determined potentials assuming distinguishable particles.65 The

expression for the total excitation transfer cross section is

- © . 2,8 u
Orrans - ﬂz Z (2% + 1)sin (nl nl)
k™ 2=0 . '
where nl’u are the %-th phaseshift calculated from Vg . The transfer

cross section is mainly determined by the difference potential. The

3He is showﬁ

caléulated excitation transfer cross section for 3He(23S) +
in Fig. 22 as a function of the kinetic energy. Because of the increasing
splitting of the two potentials for smaller r, the cross section rises with
kinetiﬁ energy. It starts to'osciilate when the energy becomes larger

than the barrier in ﬁhe ungerade potential. The rate of excitation transfer

[

Ocrans relative velocity, averaged over a Maxwellian distribution] is

compared to experimental results in Fig. 23. These rates have been measured
. : . . 3 96,97
in two remarkable optical pumping experiments in “He.

The 3He nucleus has spin 1/2, so that the hyperfine state can be
different before and after a collision. This leads to a loss of
coherence and a broader linewidth in the optical pumping experiments. The
linewidth is measured as a function of temperature and the rate of

97,98 The

excitation transfer is obtained after an involved analysis.
agreemént with the higher temperature data of Colegrove 95‘35,96 is very
\ good if the correction factor of %-is applied to their data, as shown

by Dupont—Roc gg;gl.98 The agreement is not as good with the lower
temperature reéults of Rosner and Pipkin shown in the insert. This

may be due to the neglect of the van der Waals attraction, which has

a negligible influence on the'differential cross sections.
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ITII.C.7. Discussion of the interference structure

The interference structure in the differential cross sections is
quite complicatéd,>first because two potentials of unusual shape contribute
coherently, and second because of the idéntical ﬁuclei.‘ The effect of'the
latter is easily studied by calculating thé differential cross section
assuming diStinguishable particleé. This is shown in Fig. 24 for

He(ZlS) + He using for the total scattering amplitude £(8) = %—[fg(e) +

'fu(e)] as discussed above. The régular oscillations at lower energies

are completely absent; théy must therefore be.due_to nuclear symmetry.

For the higher energies the peak at 90° is much smaller bﬁt still present,
and the intensity at large angles is markedly decreased, because of the loss
of the exchange contributién. This is indicated by the hatched area of

the 139 meV curve in Fig. 24. At low kinetic energies, only the long

range part of the potentials is probed, where the splitting of the potentials

is réther small; i.e., Vg'% Vu' TTherefore the scattering amplitddesvwill
also be similar; fg Y fu' Inserting this into the properly éymmetrized
scattering amplitude for identical particies, one obtains the result that
the symmétrized and unsymmetrized scattgripg amplitﬁdes are identical for
Vg ;"V;.i As”thi; is a very good:approximétioﬁlfor He(lej + He at large
r,:the syﬁmetry oscillations are washed out at the twoAlowest energies
(see also Fig. 24).

The discussion of interferences in ground state atom-atom scattering
relies heavily on the classical deflection functibn, Wﬁich can be
calcglated from Eq. (4) if the potential is known. For He*—He scattefing
one has phasé shifts calculated quantally only for integer 2. If has proved
very convenient to defiﬁe a "quantal deflection funcition"99 by anaiogy
with semiclassical'equivalenée as

1
x(X +5) =2, -n)
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The phése shifts are calculated only modulo 2ﬁ,vbut the variation from

one £ to the next is.rarely larger than 2w, so that deflection functions
~are easily construqtéd._ Fig. 25 shows the (quantal) deflection function

for the 42 meV measurement. It shows the behaﬁior expected for the
scattering from a purely repulsive wall. The classical deflection function
would give x(2 = 0) =1 and it is éurpfisingvhow closely this vglue-is-
“attained. fig. 26 shows the defleétion functions for the higher kinetic
energies. For the gerade potentiais one still gets the same monotonic
behavior as at lower energies, but dramatic differences can be seen for

the deflection functions for the ungerade potential xu. The véry sharp
minima result from orbiting in the deep inner well, while the structure on
the rainbow maxiﬁa‘ig due to orbiting resonances (see above). The classiéal
- differential cross éection can be calculated from the deflection fﬁnction
using Eﬁ. (1). TIf sin® vanishes (x =-nm, n = 0,1,2...) one has glory
scéttering; if ax/ab is zero, rainbow scattering occurs. The raiﬁbOW~
peaks are veryvsmall in_this.case; They are indicated by vertical arrows

in Fig. 27, which compares the differential cross section calculated from the
ungerade potential only [£(8) = fu(e)] with the expe?imental result.

The other oscillations can be understood with the help of Fig. 28,
vwhiéh'shows schematically a typical deflecﬁion function including the effect
" of nuclear symmetry. TheAdashed linéS‘correspond to the exchange contributions.
The large angle oscillations of Fig. 15 result from interference of £ with L

1 3’

.the g-u oscillation from interference of %1, 13 with £,. This qualitative

. . . : 8 ‘
discussion can be made quantitative, as shown elsewhere.5 The wavelengths

2

of the oscillations [AO = 2w/i£i b le],réad off from the deflection function

agree with a remarkable pfecision with the experimental results.
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-Penning ionizes the heavier noble gases and all known molecules; at

II1.D. Asymmetric Noble Gas Systems

IIT.D.1. Scattering in Penning Systems

III.D.l.a. Elastic Scattering

As outlined in Section III,A; recent advances in expériﬁental
technique have made possible a new series of measurements on the He
Penning systems with'sufficient resolution to expose quantum interference
structure at small angles in the differential cross section. 'ThiS'alldws
a much better determination of the‘loné—raﬁge part of the potential,
where I'(r) is small and the scattering is determined by Vo(r) only.

These experiments have Been carried on mainly in Freiburg by Haberland
100-104

and collaborators with the Penning target species Ar, Kr, D2, N2 and

CO over a wide energy range. With one exception, earlier published

105 106,39,33 and

measurements by Grosser and Haberland, by Lee et al.
* -
by Winicur and Fraites-40 on He Penning scattering showed at most hints
of the elusive undulatory structure. Somewhat better resolved structure
| . 107 * £ 1
was reported by Bentley, Fraites and Winicur on He + Kr, but He (278)
% : _ : ‘ ‘
and He (238) were not separated by optical quenching, and the measurements
were restricted to small scattering angles. Jordan, Martin and Siska
have recently reported He (218) + Ar, Kr and Xe scattering data of

, * '
comparable resolution to those of Haberland et al. Ne (3P2 0) also

present there is only a limited amount of scattering data available
which will be reviewed later in this section. Much of the work to be
presented in this section is only recently published, in press or in-
preparation, making this description as much a progress report as a
review.
. * .1 3 .
The well-studied systems He (27S,27S) + Ar comprise a natural

and interesting prototype for excited-state intermolecular forces and

53.

108,109

40,109,110
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Penning ibnization;-in several ways these systems are unique, however,
as will be seen. One is struck at the outset by the experimental ob-
servation of quite different angular distributions for singlet.and
tripleg; this is illustratéd in Fié. 29109_102 for a collision energy of
66 meV. The singlet scattering shows épronounced maximum at GLAB =
30°, while the triplet curve is.monotonic with only subtle changes in
slope; The quahtum sﬁructure at small angles is also much better re-
solved for the singlet, while the wide aﬁgle integsity is much lower
relative to small angles than for triplet. The 30° maximum in He%(le)
+ Ar;FWhich shifts with éollision energy in much the same way‘as a

rainbow maximum, as shown in Fig. 30,101"102

has been the subject of
some interesting qualitative speculation and quantitative interpretation.
First observed as a shoulder by Lee and coworkers,39_it was analyzed as
a quantum reflection from a steeply rising opacity function. Later,

107 ' ' . ' .
Bentley et al. speculated that the hump might be electronically
excited Ar formed by direct excitation transfer from He . More recently,

02 have presented a complete optical analysis of

Haberladﬁ and Schmidtl
-their singlet data in which they interpreted the hump,vnow a well resolved
ﬁaximum, as a rainbow arising from a local maximum embedded in the low-
_enérgy repﬁlsidﬁ of the real part of the optical potential. Fig. 30

shows their eiperimental results, §Ver a range of energy, and the fit

they obtainedf. The existence of a barrier in the singlet potential had

earlier been postulatedlll’112

on the bésis of Penning ion angular
distribution dgta (see Section III.D.l.b). Jordan 55 §;.108 have demonstrated
by time—of-flight meésure@ents that the hump is almost certainly purely
elastic, ruling out excitation transfer as a possibility. They also

showed that the rainbow maximum in the cross section can be reproduced

by a real part of the optical potential having a slope maximum in the



repulsive part, without.an actual barrier. Fig. 31 shows the data and fit

obtained at Pittsburgh.109 The real parts of.the\potentials of Haberland

108’109 are compared in Fig. 32.

and Schmidtloz‘and of Jordan EE.QL’
Since the data from the two groups compare very Qell at 21 and 66 (63) ﬁeV,
the potentials are obtained on the same basis. The optimum potential has -
not yét been chosen; tﬁis may require further refinements, and perhaps
further experiménts. The results for large r are in excellent agreement,
while those at small r, at aﬁd inside the repulsive structure, disagree
mainly because of the different T(r) functionsvused (see belowj. One

may fairly conclude that the potential is not well-determined at small r
in detail, though its gross feafures, e.g., the repulsive structure, are
nearly beyond question.

In contrast, the lack of an intensity maximum in He*(23S) + Ar
scattering shown in Fig. 33, again over a wide energy range,100 augurs
against such structure in the triplet potential. The fit derived by
Brutschy ggugl;,loo also shown in Fig. 33, produced a much smoother,
though still structured potential function given in Fig. 34, with two
unusual bends in the repulsive part. (These features only become
apparent on a semilogarithmic plot.) The béndvét>loﬁef éﬁérgy, where
. the siope of the potentiél decreases markedly, is needed to describe the
"flattening out" of the angular distributions at wide angles for the
higher céllision energies, while the high energy bend results from‘
joining the fitted pbtential to the He+—Ar ion-atom repulsion of Smith
g£_§l¥113’114 and is not determined by experiment. The unusual nature
of the’repuisioh_in both the singlet and triplet systems is discussed
in Section III,D.1.d.

The widths derived are also of interest, since it has long been

believed that they should be at least approximately éxponential. Haberland

and Schmidtlo2 adopted an exponential-plus-floating gaussian form-for

55.
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He*(zls) + Ar, obtaining a width with a shoulder (arising from the
gaussian) approximately at 'the position of the minimum inside their
barrier maximum.115 This enhancement of fhe width, which enabléd a good
fit to the data (Fig, 30), prevented some of the interferencé structure

®

which would have been caused by the barrier from appearing in the cal-

108,109

~culated cross section. Jordan et al. on the other hand, used a simple

exponential width in deriving their potential, since the slope maximum



109

. _ v x v
does not produce an extensive interference pattern. . The He (23S) +

Ar scattering100 was fit satisfactbrily_with an exponential TI'.. The widths are

compared in Fig, 35.

103’104 and Pittsburgh108,109 laboratbries

Current work in the Freiburg
. . ) . *
gives evidence that the type of repulsive structure inferred for the He

+ Ar potentials is probably a general phenomenon for noble gas partners

as well as D,. 1In a recent communication, Altpeter 35_31.103 compared the

2
100 02

*
He + Ar potentials of Brutschy et al. and Haberland and Schmidtl

% o .
to He + Kr and D, potentials obtained from scattering data to be published.

2

: *
108,109 have also given data and potentials for He (le) + Kr

Jordan et al.
and Xe, These.potentials are presented.iﬁ Figs. 36 and 37. While the
potentials from the two groups differ in certain detaiié, and arise from
two quite different parametric potential functiohs, several conclusions
may be drawn: (1) The van der Waals well depth ¢ increases monotonically
as thé polarizability éf the grouﬁd state partner increases, while the
location of the.well, rm,'remains roughly constant at N6R. This is ex-
pected by analogy with the well-known alkali-noble gas'pofl;ent:J'.al\:-;,116_119
though the rm's are larger than for thevalkg;iicasg, as shown in Table V.

(2) The potential energy VS at which the repulsive structure for He (218)

occurs decreases honotonically as the polarizability of the ground state

04

partner increasés, (3) The position, ré, of the repulsive structure increases

for heavier partners. This point is less certain since, as usual for

rainbow scattering, the experimental maxima correlate strongly with the energy

of the structure in the potential, only weakly with its range. (4) At

internuclear distances outside the repulsive structure, the triplet repulsive
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103
~energy lies lower than the singlet, for Ar, Kr and D2 partners, as well as

for He (see Section III.C).
* ' ‘
The He + D, system is of particular interest, since ab initio

2
calculations by two groups26,120,121

have now appeared. , Cohen and Lane's
calculationlzo_showed a substantial difference between singlet and
triplet potentialé, but very similar, nearly exponential widths.

While both interactions were found to be only weakly anisotropic, the
épherically symmetric part of the interaction showéd a shallow

slope maximum in the repulsion for the singlet, but smoother behavior for
" the tfiplet. These potentials'are compared with experimental ones

in Fig.'36. The:experimental potentials were derived assumiﬁg zero

26,121 while

anisotropy. On the other hand, Hickman, Isaacson and Miller
also obtaining markedly different singlet and triplet interactionms,
found a highly anisotropic singlet potential surface, with a pronounced
shoulder in the repulsion for CZV geometry, and a relatively smooth curve
. for Cmv. There is generally good agreement between both theoretical
potentials and the spherically symmetric experimental potential for
triplet as shown in Fig. 36, but for singlet the three diverge substantially.

. . ' : ' 121
If the large singlet anisotropy found by Isaacson et al. proves to be
valid, then the scattering analysis becomes much more complicated due to
rotationally inelastic collisions, and the experimental potential is

: 122 s .

probably not correct. Preston and Cohen have initiated classical
trajectory-surface-leaking (TSL) dynamics calculétions on this system,

. o120 . o .
but on potential surfaces with only weak anisotropy.

Predictions of total ionization cross-sections and quenching rate

constants from these potentials are compared with experiment in Section
III.D.l.c, and the structure in the potentials is discussed qualitatively in

Section III.D.l.d.



Published work on Ne* + Kr scatteringl'0 from the Notre Dame lab-
oratory has been interpreted through the use of the potential function
- derived by Buck and Pauly116 fof.the alkali-rare gas systems. This is a
two-piece Lénnard—Jones (L) botential, with the region r < ro described
by a LJ (11,4) function, r > rm by a LJ (14,6). It was tacitiy assumed
that the four potential.curves resulting from the various electronic
angular momentum states are identical. The measurements give no evidence
to the contrary. The geﬁeral conclusion is thét the van der Waals well
depth and position are nearly identical to those of Na + Kr.116 The
data, however, did not extend to widé scattering éngles (maximum angle
reported was 22° LAB), and the cross section from fitted potential
actually fell below the data at the widest angles, making an optical
model analyéié impossible: Fig. 38 shows c.m. cross sections extending
to wide.scattering-angles; from unpublished work at Pittsburgh, for
Ne% + Ar, Kr and Xe. The absence of structure in the wide-angle intensity
is in marked contrast to the He*(ZIS) case, with optical model analysis
requiring recourse to other types of data, e.g., total ionization cross
sections (see SectionVII;.C.¥fp).r An immediate conclusion is.that the
van der Waals répulsionvin these systems does not bear the same relation

.to the attraction as for the alkalis, though the différence is not as

% .
great as for He interactions versus those of Li.

58.
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III.D.1.b. Product aggﬁlar'distributions

Leu and Siskalll’112

have communicated measurements of Penning ion
angular distributions for He* + Ar, H2’ N2, CO and O2 atvseveral |
collision energies. Unpublished work froﬁ the Pittsburgh laboratory
iqclqdes He* + CQZ, CH4, C2H6, and CZHA’ and Ne* + Ar, with measurements on
all observable.fragment ions in the polyatomic systems. These experi-
ments are performed with beam sources similar to those described in

Section III.A (though witﬁisomewhat lower Mach numbers, 20 for éach beam).
The open electron multiplier detector is replaced by a quadrupole mass
filter and scintillation ion counter of the type described by Lee 95.311123
Care waé taken to eliﬁinate stray electric fields near the collision volume;
this was accomplished by enclosing the volume in a sfainless steel plate-
and—mesﬁ cage whose inner surfaces were coated thinly with aquadag.

Aftér 4 cm free flight, the ions were acceleratgd and focussed into the
quadrupole filter. A small ionizer and retarding.field energy analyzer
placed in front of the ion lens system allowed calibration of the mass filter
and enefgy analysis of ionic collision products. Since the scintillation

> counter was an off-axis type, elésficallyvscattérea metasiables and product
‘photons Were not detectéd, and the background was due only to the darkj
counting rate of the ion counter, always less than 5 cps. Signal counting
rates typically ranged from 5 to 1000 cps. Product ions with energies

as low_as 100 meV were successfully detected. Many of the experiments were
run with thg crossed beam seeded in 85-997% Hé or He. This assured efficient -
collection of ioms due to the resulting high centroid yelocity and
laboratory energy of the product ions. With unseeded beams, a likely

wide spread in laboratory energy of products enhances undesirable dis-

crimination against the lower energy ions. However, the kinematics

* : .
and dynamics of the He systems often favor a narrow laboratory distri-
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bution, enabling reasonably low-energy measurements. A singlet quenching:
lamp (Section III.A) had not yet been installed for these exﬁériments.

At the 250 eV electron energy used, the He*.beam consists of NSS% singlets,
so that the measurements are representative of the singlet ionizatioﬁ'
prqéess. |

‘Fig..39'showé angular distributioﬁs of Ar+ and.HeAr+ for He*(21S) +
Ar over a range of céllision energies._ The recoil momentum of the Penning
electron may be neglected for all but the sméllest.heavy—particle.c.m..
recoil energies. The HeAr+ ion is then constrained to travel with the
center of mass. The measured HéAr+ angular distributions agree weli with
calculated centroid distributions averaged over the acceptance angle (3°)
of the detector; this indicates that stray fields near the collision volume
or flight path do-not.exceed a few mV/cm. The Ar+ ions are pitched sharply
forward at each enérgy, the shérpness of the peaks limited mainly by the
angular resolution.. The narrow angular range implies recoil energies com-
parable tp'the initial energy, as expected from Penning electron spectra.
An appréximate transforﬁation to the c.m. system using the fixed recoil
veldcity approximation124 yields Q = E' - E for each energy, as given in
Fig. 39. The reaction is translationally endoergic at all energies studied,
with Q appfoximately'conétant at =25 + 5 meV at the higher energies. This
feature is nicely explained by the repulsive structure in the He*(ZIS) + Ar
potential found from the elastic scattering (see above). For impact |
paraméters allowing passage over the structuré, the local velocity near
the turning point is reduced, and the ionization probability, F(r)/hvb(r),-
thereby enhancgd; In addition, the difference function Vo(r)—V+(r) may
have an extremum there, which produces a strong peak (classically
infinite) in the energy distribution. If V+(r) is very weak, as expected

for the Ar+—He interaction, the peak translational endoergicity Q should



61.

be very nearly equal to the potential energy VS at which fhe structure

in Vo(r) occurs. Reasonably close agreement between Q and VS is evident

. by inspection of Fig. 32.

The derived c.m. angular distributions, shown in Fig. 40, are not
quantitativé owing to the approximations in the LAB+c.ﬁ. transformation,
but their form is highly suggestive of rainbow scattering, non-forward
peaking at lower energies shifting to forward at higher energies. This also
can be plausibly attributed to the repulsive étruéturé, following reasoning
similar to tﬁat used for the elastic angular diétribution. Quantitafive
calculationé of doubly differential cross sections GPI(S,E;E‘) using
theory outlined in Séction I1.D.1 are‘currently in progress at Pittsburgh.
Experiments emplpying ion energy analysis have begn carriedvout for |
He* + Ar at E = 154 meV which'suppbrt the kinematicvanalysis results,v
bu; which are of insﬁffiéient resolution to allow construction'éf a contour
map bf the cross section. Time—of—flight experiments should improve this
situation.

Hickman and Morgner30 have used a quantum mechanical Franck-Condon
model (gee Sectiqn II.D) to calculate a c.m._angular‘distribution for

* : .
He (23S) + Ar. While the singlet and triplet systems are governed by

different excited-state potentials, the calculation shows strong forward

scattering, in qualitative agreement with the experiments, which pertain
to He*(ZIS). The créss section is actually differential in the
recoil enefgy E'valso; so the the calculation (for whicﬁ E' wasvaveraged
over) cannot be compared in a more quantitative way with experiment.
For cénonical examples of diatomic'molecuies, we select Hzland 02.
Fig. 41 shows measured angular distributions112 for Penning ionization of these
molecules by He*(ZlS). The strongly forward scaftéring with E' < E for
H2 is quite similar to thé sitqation for Ar. Again the.Q value is very

close to Vs as found in the nonreactive scattering analysis (see Fig. 36).
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Similar results (not shown) obtain for N

2 and CO targets;112 the non~

reactive results for these syétemslo4 are in preparation for publication.
Reliable distributions for production of HeH+-through rearrangement
ionization have not yet been obtained, though abgndant HeH+_product

"has been observed in a totai'ion'cbllection que. Merged beam results

of Néynaber_gg_gl.lzs Stronély,support forward scattering of HeH+‘at higher -
relative energies; ‘these data pertain to a singlet-triplet mixture (n12:1

3S to lS). Further discussion of the merged beam experimentsiis given
‘ below and in Section III.D.l.c., The observation.of a nearly.Franck-'

+ . ; . :
18 is consistent with the relatively

Condon vibrational population in H,
large internuclear distances for ionization required by the potential

surface, as well as with the similarity between the H, and Ar angular

2
distributions.

Penning ionization of O2 ;pparently proceeds through qualitatively
differeﬁt'interactions than that of closed—éhell atoms and molecules. The
angu}ar distributions are much broader, with considefable energy released
iﬁto translation, as indicated in Fig. 41. It is plausible that the
lowest 3A" potential surface (CS symmetry) is highly attractive due to a
covalent-ionic avoided crossing with another ;A" state (crossing radius

N4 Z);'ionizing traﬁsitions occurring over a deeﬁ potential well will
give enhanced product translation in a two-body approximation. The
attractive surface also is likely to cross lower-lying repulsive surfaces

correlating with dissociating O, states, thus giving rise to competition

2

between Penning ionization and dissociative excitation. Observation of

atomic O emission in flowing a‘fterglow'spectroscopy126 by collision of O2

with triplet HE has been Similarly interpreted. The form of the angular
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‘distributions, with a bump occurring near the usual closed-shell peak

i . .
position and overlying a broader, flatter curve, suggests that both the

usual weakly repulsive (in this case diabatic) and the. attractive
(adiabatic) mechanisms are at play. Product energy analysis will be
highly informative on this point. Other support for the attractive mechanism

comes from the observation of "sticky collision bumps" in the angular dis-

tribution of K + 0 .l27 The nonFFranck—Condon vibrational distributions in

2
+ ‘ ' o .. 3 126 . . .
O2 states formed from reaction with S He is also consistent with an

attractive surface, since harder collisions at smaller distances would

strongly perturb O, during the ionizing transition. Reaction to form

2

* ' :
HeO on the ionic surface is not energetically possible for 02, but can be

expected for more weakly bound O atoms on the basis of similar reactions
* 128

~seen with Ar
%, 1 : ‘
Measurements on He (2°S) Penning ionization of closed-shell poly-
atomic molecules129 give results very similar to Ar and the closed-shell

diatomic systems. Fig. 42 displays C02+ and CH4+ angular distributions

from ionization of the parent molecules. While Q < O for CHA’ Q = 0 for

co suggesting a somewhat less repulsive interaction in this case. As

2!
in the diatomic systems, relatively large amounts of electronic and
vibrational energy (usually several eV) are generally deposited in the
Penning molecular ion, and in the polyatomic systems especially this
produces'fragmentation of the parent ion similar to that found in mass
| ‘ . e 129
spectrometry. Measurements of the fragment ion angular distributions
show peaking at the same laboratory angle as the parent, with broadening

due to recoil imparted by the neutral fragment. Fig. 43 gives the

' + * 1
results for CH, from He (2°S) + CH

3 compared to a prediction from the

49
. 1 et ' 130 s
quasi-equilibrium theory (QET) of mass spectra. The energy deposition

function for CH4+ is taken from the He I photoelectron spectrum, and the

analysis assumes a two-step. sequence of Penning ionization followed by

fragmentation.
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Penning ionization iﬁvthe Ne* + Ar system aléo yields sharp forward
scattering, as shown in Fig. 44. Here.thé_pfodugt distributions may be
much more important to the determination of'the incoming potential,
since the elastic scattering (Fig. 38) is structurelessvat.wide angles,
and the kinematics of the broduct angular distributions are more favorable

' x Lok ‘ :
than for He . The Ne experimental work is still in progress at Pittsburgh.

125,131-135

Neynaber and Magnuson have carried out merged-beam experiments

Lk : *
on a number of the Penning systems, including He + H,, H, and D, and Ne

29
+ Ar, Kf. Although the contributions of singlet and triplet He‘cannot‘be
‘sepérated experimentally, statistical arguﬁents were used to deduce that
the composition of the He* beam, formed by charge exchange with Cs vapor,
is 238/218 = 12. While the merged-beams technique cannot yield éngular
,aistributions of'the producf ions, disblacemént of the measured product
energy distributions with respect to the.center—of—mass indicates the pre-
ferred hémisphere (forward or backward) for.prbduct scattering. Penning

ionization of H, was not reported, but, as mentioned above, HeH was found

134

2

predominantly in the forward hémisphere.125 Penning ionization of D,
while beset by experimental difficulties, géVe sharp forward scattering

at high energies (E > 1 eV), and a distriButionvsyﬁmetric about the Qenter;
of4masé at.100~ﬁeV. The symmetric distribution suggests that mosf of the

D+ is formed by tunnelling tHrough the centrifugal barfier in the HeD+_
effective potential. This phenomenon may'also be responsible for the small
but significant amount of backward scattering in the He*(21S)’+ Ar distribu-
tions. Ar+ ander+ energy distributions from Ne* Penning ionizationl33’135

also indicated mainly forward scattering, in agreement with the crossed

beam results cited above.



I1II.D.1l.c. Total and Ionization cross sections

The total cross sections can easily be calculated once the potenfial
has been determined. As the magnitude 6f the total cross section is
mainly determined by the lohg range van der Waals attractibn, the width
of the potential has only a negligible influence. The velocity dependénce
of the.totalvelasﬁic croés section calculated from the potential fof
He(23s) +vAr (see Fig. 34 ) is shown in Fig. 45. For'energies above 10 meV
the cross section shows ﬁhe well-known glory oscillations. At lower
energies the effect of the orbiting resonances is clearly noticeable. The
total cross seqtion, ife. the sum of the elastic and inelastic cross
sectioﬁs, has.been measured by Rothe gg_gl.lo and by Trujillo.136 As
the inelastic cross section is negligible cémpared with the elastic one,
the data are_directly compared with .the calculation in the figure. The
average cross section calculated from the Schiff-Landau-Lifshitz (SLL)
apprbximation42 is given by the.straigh; line. The absolute size of the
total cross section averaged over the glory oscillations in determined
only by the van der Waals constant, and should be given quite accurately
by the SLL formula. Both experimental results lie below ﬁhe predicted
curve. -Trujillo Stétes'an'abéoldte'uncértéingy-6f 5%.foriﬁi; récentb
data, which are "40% below our calculation at the glory maximum 1.4

km s—l. The van der Waals constant, C, has an estimated error of less

o 1 . . o . s
than 157%, 37_wh1ch introduces a 67% error in the calculated cross section

2/5

o since g « C Therefore the magnitudes of the experimental and

theoretical curves areée outside their stated uncertainties, although the
positions of the glory maxima agree well.

The calculated total elastic cross section for He(21S) + Ar is given

elsewhere.102 There are currently no data for comparison. Trujillo has

also measured cross sections for He(23S)v+ Ne and Kr.136 Using

65.
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essentially the same apparatus Harper ahd A. C. H. Smithl38 have

extended the cross section measurements to He(ZBS) + H co, 0,, N

2? 2> 72

and Ne" + He, Ne, Ar, Kr, Hy, CO, N,, 0,.
Assuming that Penning and associative ionization represent'the

only quenching channel, total quenching cross sections caléﬁléted from

Eq. (17) using an'optical potential fitted to the differential scattering

data may be compared‘directly-to measured total ionization cross sections.

Fig. 46 shows.a comparison between the total ionization crﬁss section

energy dependence predicted from the potential of Fig. 34 and experimental

results. Experimental data frém three different grdups are included.

139 ind Pesnelle EE_QL.IAO have measured the

1llenberger and Niehaus
velocity dependence of the. total ionization cross section. Their relative
data have been normalized‘to the absolute flowing afterglow rate constants
L 141 | '
of Lindinger et al. _ Within the quoted accuracy of <307% for the
absolute value, all the data are in very good agreement. . On a relétive
scale the data of Illeﬁberger and Niehaus coincide with.the calculation -
within experimental error, while the data of Pesnelle et al. disagree
somewhat at higher coliision energies. The one data point from Riola
_95_3;;142 is an absoiute determination in a crossed-beam expefiﬁent. The
relative Velocity was not measured at the same time as the total cross
section, but was determined in_a later experiment. As the He* beam
source was‘modified between the two experiments, it is believed that thé
velocity was changed by this modification.

The pbint at which the kinetic energy equals the well depth is
indiéated by € in Figf 46. At lower energies éne observes the expected
increase,invthe ionization cross section. The sharp peaks superimpbsgd
on the gradual rise are due to orbiting or shape resonances. They are

caused by partial waves with high orbital angular momentum quantum

numbers J, as indicated in Fig. 46, which can no longer overcome the



centrifugal barrier, but must tunnel through it. If the kinetic

energy coincides with that of a quasibound, prediésociating étate, the
probability for finding the particle inside the barrier Becomes large.
'As these resonances are very narrow, the particle staysvfor a long time
in a fegion where the width I'(r) is non—negligible and is strqngly
absorbed.

The vibrational quantum number Q for a resonance was obtained by
counting the nodes in the wavéfunction; the_J value can be obtainéd |
directly by.inspecting the caléulated opacities. For v = O there should
also be resonances below J = 16, but they are so narrow that they have |
not been found, althoﬁgh the cross sectibn has beeﬁ calculated at 75
energies below €. For the v = 1, J = 10 resonance the cross section
reaches a value of 131 22, which is:off the scale in Fig. 46. For the
higher partiél waves the resonénces become broader and quickly blend
into the smooth background. These rgéonances are very sensitive to the
exact form of the attractive part of the potential. Sb far, they have
not been observed experimentally. Their observation will Ee very difficult
bécause they are so‘narrow and their energy lies below 1 meV.

It is generally assumed that the close-collision approximation,

-1/3 6

which gives an inelastic cross section proportional to E for a r

potential, should be valid at low collision energies. The chain curve, .
- - R | -1/3
marked cc (for close collision), in Fig. 46 has an E dependence, and
it can be seen that the average cross section rises faster and does not
show any simple power.law. The close-collision approximation assumes
that all particles which can overcome the centrifugal barrier are equally
absorbed independent of the angular momentum. By inspecting the
calculated opacities one sees that this approximation does not hold.

For He(ZlS) + Ar the shape of the total ionization cross section is

substantially different. It is shown in Fig. 47 . The solid curve has

67.
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~been calculated from the pbtentialndetermined in‘Freiburg, while the
dashed curve gives the Pittsburgh result. They both agree reasonably
well with the experimental data, which have been measured by Iilenberger

140 ‘Their relative datanhave again

and Nieheusl39 and by Pesnelle gg_ék.
;been normalized to the absolute reﬁe conseanﬁs measured by Lindinger
et al. On a relative seale the agreement is very good, except at low
velocities where the fesolution breadening of the experiment ie_largest.
The absolute value.df‘the ratehconstent is known to within 307 so that the
agreementvis also satisfactory on.an absolute ecale. The total cross
section has also been measured by Riola.gglgl.l42 in a beam experiment.
.Their veiue is given by the ene data point at 60lmeV. Good.agreement is
obtained within experimental error. |
The temperatufe dependence of the quenching rate constant k(T) as
measuren by Lindinger g£!§l3141 can be obtained by a thermal average

over the velocity dependence of the cross section. Good agreement is

obtained, both fnr He(21S) and He(ZSS) + Ar, es shown in Fig. 48.
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S : *
ITI.D.1.d. Qualitative Interpretation of Structure in He Potentials.

In seeking to rationalize the repulsive structure found. in the

- | / _ v
He (215) + Ar, Kr, Xe and D, interactions, we will examine the model

108,109,112

2
for noble gas partners proposed by Siska et al. and the rationale pre-

%
121 for He (ZlS) +D

function of Siska EE_ilf,;08,109

sented by Isaacson et 4l. In the model potential

9
the low-energy repulsion is represented by a
switchover from alkali-like--closed shell repulsive behavior to ion core

+
(He )~-closed shell Rydberg-like behavior with decreasing internuclear

'distahce, i.e.,
Volr) = (1ff(r)]v¥(r) + £(r)V,(r), (51)

with V, (r) the alkali-like potential, representing the dispersion
' *

attraction and overlap repulsion involving the 2s electron on He ,
V+(r) the ion—molecule interaction (He+—X), ihcluding the attréctive
part, and f(r) a switchover function, £ - (0, 1) as r » (0, «). Jordan

108,109

* ' . . .
et al. were able to fit He (ZlS) scattering from Ar, Kr, and Xe varying

only V*(r) and f(r), while leaving V+(r) fixed as determined by the ion-

113,114 and_.Weise'and'Mittmann.144

atom scattering experiments of Smith et al.

This potential model appears to favor the substantial anisotropy found by'
121 * 1 ' ' + . .

Isaacson et al. for He (27S) + H,, since the core He -H, interaction V_

isblikely to resemble strongly the Li+—H interaction, which is known

2
. - _
from ab initio calculations and from experiment to be highly anisotropic.
The model does not provide a way of rationalizing the marked dissimilarity
between singlet and triplet interactions, but the ab initio calculations

offer a reasonable explanation. Examination of the electronic wave

function reveals that in the region of the repulsive structure for
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* 1
He (27S) + HZ’

i.e., it is hybridized. This enables the outer electron to remove

the 2s orbitai has acquired appreciable 2p character,

itself largely to'the‘far side §f He, since its e#change interaction
with the partner'svclosed‘shell is repulsive. The Hef core is thus
partially bared to the par;ner, and the ion-atom interaction becomes
.impértant. The Hyﬁridization is enhanced by the small energy gap (0.602
eV) between the 1525215 and lsZleP states of He. For triplet He*,‘
the 23S—23P gap is neérly twice as large.(1.144_¢V) and hybridization
becomes less favorable enefgetically§ hence the ioﬁ—atdm core interaction
is more effectively shielded by the 2s electron. The triplet repulsion is
thus expected to increase more smoéthly in the low-energy regime, nicely
illuminating the experimental finding of‘a much subtler structure in the
repulsion for'He*(ZSS) + Ar.lOO

This description appears_to‘bear some relation to the avoided
crossiﬁg'between théZscg and 2p0g stétes in'thevkindred He*(ZlS) + He
System.84. This avoided crossing produces a clzg potential curve with a
Earrier maximum‘(217 neV, 2.06‘2) and aldeep inner minimum. While the
cofresponding states in He*(ZlS) + Ar are not expected to approach each
ofher closely, some intéraction between them seems plausible. Such an

interaction would be weaker for the triplet system, again because of the

larger asymptotic splitting.



III.D.2. Scattering in Excitation Transfer Systems

I1I1.D.2.a. Elastic Scattering

As a general rule, when Penning ionization is energetically possible,

- it is overwhelmingly preferred to other electronically inelastic channels.

Thus,'He* efficiently Penning ionizes every collision partner except He
and Ne at thermal enérgies. He*(ZlS, 238) + Ne is therefore a Prototype
system for electronic exéitafion transfer at thermal energies, both
because of its relatively unique accessibility to ab initio as well as
experimental methods, and because it lends itself to model calculations
using a spherically syﬁmetric potentiél matrix.

Elastic scattéring measurements for He* + Ne have now been reported
by Chen, Haberland and Lee,39 by Haberland, Oesterlin and Schmidt,77 and by
Martin g£_§£;75 and Fukuyama ana Siska.l45 The differential cross sections
are complicated by the contributions of Ne* metastables, formed By
excitation trénsfgr and subéequent radiative cascade, and of product
uv_ photons to the scattefed intensity. The Ne* confribution was isolated
in the douBle—quenching—lamp éxperiments of Haberland et gl{,76’77
by use of a Ne quenching lamp in the detector; however, because the Ne
lampvwas_less than 100% efficient (~70-85%), quantitative elasﬁic scat-
tering data could not be extracted except at very low énergy (25 meV)
where the Ne* signal was negligibly small. These data are shown in '
Fig. 49, along with a fit for an assumed single-channel potential. Both
the Pittsburgh and Freiburg laboratories have used time-of-flight (TOF)
meésurements to separate the elastic scattering from product Ne* and
photons; these resﬁlts will be discussed below4(éee Sec. III.D.2.c).

*
In the 64 meV angular distribution for He (ZlS) + Ne of_Fukuyama

and Siska,145 shown in Fig. 50 along with a single-channel fit to small

71.



angles, a shoulder appears a§ QLAB "30-35°. This feature is similar in

lS) + Dz, and was interpreted again as a repulsive

form tq that for He*(Z
rainbow. However, from work in progress at Pittsburgh on the higher
energies,‘a second hump'appears at wider angles. This effeét may only
be interpretable in a multichannel fraﬁework, where the effective
single—channel'pbténtial‘is strongly perturbéd by avoided crossings;
Optical model and two—sfaté close-coupling analysis have béen performed

145

for the 64 meV distribution. Unpublished'data from Freiburg indicate

that the He(ZBS) + Ne potehtial has a shoulder near 90 meV.

v : = *
Other work in atom—atom systems includes Ar (31'*‘-2 0) + Kr and Xe75
b B .

*
110 The Ar + Kr angular distribution at 63 meV, given in

an& Kf* + Xe,
Fig. 51, shows, in addition to a normal rainbow expected by analogy with K
o+ Kr, an additidnal.array of bumps at wider angles centered around

= 31°. Earlief interpreted as Kr* arising from the excitatioﬁ 1:'ra_nsfer,‘146
this étfucture haé now been shown by TOF measurements75 to be elastic
’scgtteriﬁg. The bump at 90° is established as a Kr* peak. The origin

.0of the secondary features is likely related to curve crossiﬁg with the
'pfoduct chéﬁnels, specﬁlated to occurvin the‘attractive part of the

%—2 channel.l47‘ Model calculations are

interaction for the major Kr 5pl|
‘ : ' *

under way at Pittsburgh to assess this question. Ar + Kr van der Waals

parameters derived by Winicur.g£_§;3146 establish a very close similarity‘

with K + Kr. ' Results for Ar + Xe, however, indicate an appreciably

72. -
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smaller well depth75 thanvfor K +.Xe. It also seems qui;e likély that the
low-energy repulsion is not as similar to that ofvthe_alkalis as is the
attractive part of the potential. Winicur.gg'gl.l46 have carried out an
approxiﬁaﬁe opticai model analysis, but this suffers from the uncertainty

in the repulsion for fhe input channel as well as from the bésic limitations

discussed in Section II.

149-151 150

K
have also published studies of Ar + N and

Winicur et al. 9

HBr149,151

scattering. While the potential surfaces of the input channels
may be highly anisotropic, opticalvmodel analysis in these cases is 1less
likely to suffer from "recrossing" cbn;ributions,fbecause ﬁart of the
electronic enérgy must be rapidly and nearly irreversibly converted to
vibrational energy in the newly excited molecule. The Ar* + HBr cross
section aﬁd vén der Waals poténtial closel& resemble those of K + HB:;lSl
this suggests indirecfly that covalent—ionic interaction may govern the
quenching invthis system. Reaction tovform ArBr* is also enefgefically
possible,‘and is considered probable. Nonetheless, the total qﬁenching

cross section derived is nearly an order-of-magnitude smaller than that

obtained from flowing afterglow experiments. .
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ITII.D.2.b. Excitation Transfer Cross Sections

Very little_infbrmation exists on magnitudes or energyAdepenaences
of electronic energy transfer cross sections in atom-atom systéms; aside
from that inferred from classical kinetics. Some information on metastable
noble gas-molecule quenchihg cross sections from observation of molecular
emission in crossed beams is now becoming available, and is discussed
below. The usual opticai model analysis of elastic scattering employs a
' local, absorptive potential which may not be very useful in the atom-
atom systems, and the cross sectionsvtherefrom may not be reliable. For
R | : . ' ' 40 .
He (27S) + Ne, the earlier results of Chen; Haberland and Lee from -
optical model analysis of the elastic scattering at 63 meV are likely to
be less reliable because the data were not corrected for Ne contributions.
' . 145 , g . o
Fukuyama and Siska have used both optical model and close-coupling (two-
channel) methods at 64 meV on corrected data to obtain cross sections in

the range -2-3.5 A2. These compare well with the flowing afterglow work

151 who find a thermal cross section of 4.7

76,77,152 75,145

of Schmeltekopf and Féhsenfeld,

2

“and Pittsburgh

°o . ’ .
A 7. The crossed beam experiments at Freiburg

*
show, from the appearance of the Ne contribution, that the cross section rises

rapidly with collision energy. Each channel cross section appears to

\

increase quickly near threshold and then level out, producing an increase

in the total quenching as each new channel opens. Integration of transformed
* v
Ne angular distributions (see below, Section III.D.2.c) promises to

provide the first reliable energy dependencies for the various channels.

141

: * .
Flowtube results of Lindinger et al. on He (238) + Ne show a strong

positive temperature dependence from 300K to 900 K, which correlates
* :
with a marked rise in scattered Ne intensity with collision energy

observed by Oesterlin, Haberland and'Séhmidt.152
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Cross. section energy dependencies for specifié product channels in

*
the Ar + N2 system have been directly investigated by Lee and Martin,153

154,155

Muschlitz et al. ~ and Bel Bruno and‘Krenos156 through observation of N

emission from beam-gas cell or crossed beam arrangements. - Total quenching
% 3
cross sections for Ar and Kr by 02 have been reported by Gersh and
| 3

Muschlitz157 using the beam-gas method, in which the P0 and 3P2 states

were resolved through the use of an inhomogeneous magnetic deflecting
field. While the Ar*r+ NZ(X) - Ar + N;(C) cross section shows a strong,
line-of-centers energy dépendence, the Ar*, Kr* + O2 quenching cross
sections afé at most weakly energy dependent. This suggests that the N2
sygtem‘is repulsive‘in the incoming channel, the 02 attractive. An

anticipated correlation is evident then between these systems and the

Sk
corresponding He cases.

*

2.
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II1.D.2.c. Product Angular Distributions =

~As introduced inVSection III.E.Z;a,véngular éis;ribu;ion measure-
.ménts in noble gas.excitation tranéfer (non—Penniﬁg) systems have been
éhown to contain an unexpected bonus: angulaf diétributiéns for forma—‘
tion of électroﬁicallybekéited products by direct elegtronic—to—electronic
energy transfer. Althoﬁgh the new states freshiyrformed ét tﬁe collision
cehter are generally nof.metaétaﬁle; the metastable stateé can be
reachedvby one of.é seqﬁence ofvradiative_tranSitioné and will evéntually
(afte: '\110-.'7 sec or lesé)'be populated according to.the relative o&erall
eﬁission ratesufor goiﬁg to the ground aﬁd‘metastable states. Estimation
of this branching ratio is difficuit fér statesbﬁigh in the newly excifed_.

9 0) + Kr the ratio has been measured by
b .

atom's spectrum,. but-fof Af*(3P:
observation of Kr* emissidn._l58 The metastables are the only atomic remains
of the inelastic collision surviving long enoughAto reach the detector
usurface. >Farfuv photons produced by transitions to the ground state,
‘also detectable by secondary emission, only contribute appreciably to
the observed intensity when the total inelastic cross section becomes
quite large or when the transitions are highlyvenergetic, as for Ne. This
contribution is iSdtropic.

Two methods have been used for isolating the transfer angular

* _
distribution in He + Ne. By installing a quench lamp operated with Ne
al.76’77’152

have used a double-subtraction method
' 1

in the detector, Haberland et
to derivé the total Né* angular distributions; data for He*(2 S)'+ Ne are
shown in Fig. 52. State assignments were made by comparing the observed

peak positions with a Newton diagram drawn for the most probableAbeam

velocities and the known states of Ne; an example is shown in Fig. 53.

Although the assignments can be ambiguous, the distributions as a



function of energy as in Fig. 52 often help to relieve the ambiguity.

*
For He (2l

§) + Ne, strong forward scattering of the various product
states enables the 3s2,‘3s4 and 335 states of Ne to Be identified from
the Newton diagram. As mentioned earlier, the Nelquenching is not 100%
efficient, and hence is‘velocity dependent; Ne* atoms with higher lab
&elocities are less effecpiyely quenched, and subtraction yields lower
intensity for these atoms.

The second method, iﬁtroduced by Martin et 21'175 employs TOF
measurements in regions.of the angﬁlar distribution where excited atom
products appear to be present. Both the Pittsburgh and Freiburg groups

* .
are now using the TOF method on the He + Ne system. Rather than the

usual pulsing of the scattered products with a mechanical chopper in

front of the detector, the technique emplbys an electrostatically pulsed

electron beam to excite the metastable beam. The mode (TOF or angular

distribution) and TOF resolution are then selectable without modification

of the experimental hardware. While obtaining a complete product angular

, . . . - 2
distribution entails many TOF spectra (each requiring 107-10 sec to
collect), one can make unambiguous state assignments and recover the
elastic and photon components of the ihtensity at each angle. It has

‘been found that the elastic scattering is reasonably smooth at wide

* ' .
angles for He + Ne, and thus the various product angular distributions

can be recovered with the original high datum point density by interpolating

the underlying elastic distribution extracted from the TOF spectra.

* .
Fig. 54 shows assigned TOF spectra for He (218)»+ Ne at 64 meV, and Fig. 95

. E .
presents the corresponding Ne angular distribution obtained by the TOF

method at the same energy (cf. Fig. 52, 66 meV). In unpublished work at

Freiburg and Pittsburgh, the prominent peaks near the center-of-mass for

*
He (218) + Ne.at E = 89 and 113 meV in Fig. 52 are shown to originate

77.
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from a 2p$4d state, and the wide-angle bump in the  TOF angular distribution
of Fig. 55 from the42p53d,'.3sl mapifold.,

The singlet angular distributions are dominated by strong forward
scattering with éome backward intenéity as well., 1t is therefore:eésy
to assign the states of Ne by reference to-aﬁ appropriate Newton diagram.
: Thé width of the‘fbrﬁard scattering peak for fhe endoergic: states
. (382,‘2p54d) grows smaller with increasing chlision.ene;gy, in accord-:
with the increasing number Qf prbital,angular momenta which can Contri—
bute to each inélastic channel. . Fgr the exoergiq,states‘(Bsa,Bss,le) the
widths are nearly invariant.with‘energy. No triplet angular distributions
have so far been measured. The triplet beam intensity is roughly a factor
of seven lower and the cross section a factor of 20 lower than in the singlet
case. The distributions_publishedlszras a conference abstract are
therefore heavily contaminated by singlets.

145

A twofstate close~coupling analysis has been reported at-64=meV for -

'He#(ZlS) + Ne usihg 3s 'as.ﬁhe pfoduct~channel and assuming the (diabatic)

2
product potential curve crossés‘the incoming curve on its repulSive
wall. The élastic scattering was fitted to yield a state-to-state cross
section of 2.1 ZZ., The Ne* angularvdistributioﬁ calculated from the-
resultinglﬁotential matrix agreed fairly well with that -part of the
total Ne*'Scattering assigned to 352. Including a third, exoergic state
' does not -substantially perturb the two-state results for cross sections
into the.éxoergic channel as large as 0.5 ZZ. The opening of the highly

probable 2p54d chahnel at higher energies will complicate the analysis’

further.
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' ' ® * .
Martin gg_gl,75 have also reported Kr and Xe peaks in Ar -+ Kr, Xe

scattering deduced from TOF spectra; the transfer angular distributions

-are shown in Fig. 56. These two systems are of contrasting degrees of

: *
complexity, in that the spectrum of states is limited to two for Ar (3P2)

. *
>8 but at least 28 states of Xe are known to be

+ Kr: 5p[%]2 and 5p[-%]1,l
populated ffom flowing afterglow measurements.159 The angular and TOF data
again demonstrate sharp forward séattering for both exoergic and endoergic
states, and good agreement with major states found in the emission
spectroscopy work. The enefgy dependence o6f the Xe* angular distribution

is expected to be spectacular because of the myriad'new channels opening

up at higher energies. Measurements are in progress at Pittsburgh.
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IV. Future Directions

The newvlevels of experimenﬁal resolution, data quantity and quality,
and sophistication of interpretation»of‘thevdifferential,scattering results
presentéd here, combined with coqcomitant blossoming of the §2 intitio
theory, have producéd an exciting situation with few precedentg in the
field of molecular collision dynamics. Continued mutual feedback between
theoretical and experimental efforts should rapidly increase and deepen our -
knowledge of excited staté collisiOn-dynamics; This interaction wili
become even more impdrtant when we move from atom-atom systems to atom-
molecule systems in the future, and enable the. tackling of even more chal-
lenging systems in which the alkali-like chemical nature of the noble gasv‘
. metastables combetes in luminescent chemical reactions with the excitation
transfer and ionization‘channels. Experimental studies of elastic and
inelésfic scattering of metastables by halogen containing molecules are
:already underway; as well as measurements of optical emission in reactions
under béam conditions. ’With‘recently improved potential curves for both
ground state and excited states of the diatomic noble gas halides, chemi-
‘luminescenge in metastable atom~halogen reactions can now provide information
on energy partitioning in the initial prodﬁcts which is largely uhavailable

for the corresponding alkali reactions. In these investigations we can
draw on our extensive knowledge of alkali-halogen éollision dynamics

defived from beam studies of the past two decades to elucidate subtle
differences between noble gas halide excimer formation and the Eorresﬁonding
alkali reaction, as well as to clarify the role of competing processes.

Differential scattering experiments with Ne*, etc., beams state
selected with a tuneable dye laser are near réalizaéion. Differences in

the potentiél energy curves and reaction probabilities for the 332 and 3PO
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states will provide valcable insight intovthe role of the core ion on the
collison dynamics and electronic structure as well as.clarifé the relative
importance of the two states in»macroscoﬁic processes., E#periments using a
metal-atom crossed beam, also now underway at Freibcrg, promise a revealing
contrast to the weak van der Waals inceractions thus far studied.

Our hope is that, through continued expérimental scattering work and
theoretical studies on these and other systems, excited state interactions
will become as well characterized as thosc for the ground state are now.
With importént laser applications'already discovcred for systems containing‘
metastable noble gas atoms, unusually fast’"t;ansfer” of knowledge gained
on microsccpic collision dynamics in these studies to applied afeas may be
expected. However, because cf the complexity of many of these highly
energetic systems, future progress will likely entail careful investigations
of all the competing processes by tﬁe combination of various e#perimental

and theoretical methods.
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Table I. Characteristics of Some Metastable Species

L, e a . . a
Excitation Ionization

Energy Potential Lifetime Polarizability
Atoms State  (in eV) (in eV) (Sec.) - (A3)P
| 5 3 ' 3c e 5
He 2%, 19.820 4.768 4.2 x 10°.¢ - 46.86°
6.2 x 10° ¢ (24.35) B
2 1s, - 20.616 3.972 3.8 x107°%  118.9°
2.0 x 1021
1.95 x 1072 1
Ne OB, 16,619 4.946 . 24.4¥ 27.8t
3 - o 28 k £
P,  16.716 4.849 4305 (23.6%)
Ar b, 11548 4211 - L 55.9 47,9
3. 1.3 K £
P,  11.723 4.036 C44.9% . (43.4Y
ke 3P2v  9.915 4.084 . 5.1  s0.7f
| | N
b, 10.563 3.437 488 @7.35)
Xe 3P2 8.315 3.815 149,55 63.6°
OBy 9.447 2.683 .078%  (59.6%)
o2 % 10.199  3.400  1/7%
172 10-19% - 40 .
a) C.E. Moore, "Atomic Energy Levels" Vol. I, II and III (U.S. Government o

b)

c)
d)
e)
£)

Printing Office, Washington, D.C., 1949).

The values in parenthesis are those for the corresponding alkali
atoms.

H. W. Moss and R. J. Woodworth, Phys. Rev. Lett. 30, 775 (1973).
H. R. Grim, Astrophys. J. 156, L103 (1969).
G. A. Victor, A. Dalgarno, and A. J. Taylor, J. Phys. Bl, 13 (1968).

R. A. Molof, H. L. Schwartz, T. M. Miller, B. Bederson,vPhys. Rev.
Al10, 1131 (1974).
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g) A. S. Pearl. Phys. Rev. Lett. 24, 703 (1970).

‘h) R. S. Van Dyck, Jr., C. E. Johnson; and H. A. Shugart, Phys. Rev.

Lett. 25, 1403 (1970).

i) G. W. F. Drake, G. A. Victor, and A. Dalgarno, Phys. Rev. 180, 25
(1969).

j) Lifetimes measured for the mixture of 3P and 3P2 stateé, R. S.
'~ Van Dyck, Jr., C. E. Johnson, and H. W. Shugart, Phys. Rev. A5,
991 (1972). C '

k) N. E. Small-Warren and L. Y. Chin, Phys. Rev. All, 1777 (1975).
1) G. Breit and E. Teller, Astrophys. J. 91, 215 (1940).
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Table II. Helium Quench Lamp Characteristics

Operating current - o | : " 50~75 mA
Operating voltage - ' s 2.5-3.0 kV DC
Startup voltage - ' C ' 4,5 kv -

-Helium pressure - C .1-5 torr (flowing)

e



-

Table II. Helium Quencﬁ Lamp Characteristics

. Operating current

Operating voltage
Startup voltage

Helium pressure

50-75 mA

2.5-3.0 kV DC

4.5 kV

1-5 torr (flowing)
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R[] vo[med] |V meV]
0.5 | 9867.
0.75 | - 501.
100 ' 2472,

Min. (1.05) . . -2492,
1.25 -2122
1.50 ~1359
1.75 - 704
2.00 , | - 303.
2.25 ' ~ 101,
2,50 163. | - 82.0
2.86 109, 32.6
3.00 ’ 90.1. 44.9 ’

Max. (3.15) - 77.2 47.4

' 3.20 73.4 47.2
3.40 59.8 | 44l
3.50 48.0 38.4
3.80 37.5 31.5
4.00 28.2 2427
4,20 . 20.3 - ' 18.5
4,40 14.2 13.3
4.60 9.6 9,2
4.80 6.4 ' 6.3
5.00 41 4.2
5.25 2.4 2.6

TableHLL Numerical values for the singlet potentials

_ oAl + 1
v, =C Z‘g and V=4 ]

+
u



\
g

c3 X * and V
g u

a

3}**'

=~ u

R[X] - Vg[meV] Vu{meV]
0.5 10990.
0.75 98.
1.00 ~1920.
. Min. (1.05) -1947,
1,25 -1615.
1.50 - 842,
1.75 - 232,
2.00 - 36,1
2.25 37.6 ;
2.40 | 52.0 ;
2.60 144.7 56.8 |
Max. (2,75) 127.% 57.0
3.00 97.9 53.5
3.20 74.8 46.5
13,40 53.9 37.3
3.60 36.3 27.6
3.80 23.6 18.9
4,00 15.1 12,6
4,20 9.6 8.3
4,40 6.1 5.4
4,60 3.8 3.5
4,80 2.4 2.2
5.00 1.5 1.4
5,25 0.82 0.78
TablelV:  Numerical values for triplet notentials
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* .
Table V. Van der Waals Parameters for He (ZlS, 27S) and Li Interactions
% 1 x .3 . .
_ He (27S) He (27S) v Li o
Partner €,meV . r ,A €,meV r ,A €,meV r ,A
: _ m m> i
Ne 0.4 7,140 4P 73D g bbb g 5pdsD
| 0.65P 6.2 ©P
Ar 3.85°P 55550 368D 5 6680 5P 4.86"
AP SLE NS ST CLLAN S VAL
Kr 6.5 5.6 1 5.5 5.4 1 8.4d 4.954
6.8 5.69%
Xe 11.0f 5.69% 12.8¢ 4,959
"a) Ref. 77.
b) These parameters may not be reliable owing to the insensitivity"
of the scattering data to very weak van der Waals attraction.
¢) Ref. 145. -
d) Ref. 119
e) Ref. 102 ‘
f) Ref. 108, 109, and unpublished work.
g) Ref. 100 -
h) Ref. 118 _
i) Ref. 103, 104
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FIGURE CAPTIONS

Graphic display of atomic properties of the metastable noble
gases. The solid lines correspond to the metastables, dashed

to the analogous alkali atom (e.g., He*_corresponds to Li, etc.).
-0-, excitation energies; -[ -, ionization potentials; -A-,
polarizabilities, with the angular momentum substates of the
metastables shown separately (see Table I for values).

Schematic of the experimental setup.

Newton diagrams for the two sets of measurements shown in

Figs. 4 and §. On the left, the He™ beam source is cooled

to liquid nitrogen temperature and the ground-state He beam

is at room temperature, while on the right the beam temperatures
are interchanged. This gives the same c.m. kinetic energy

but different LAB energies for the scattered atoms.

He*(23S) + He laboratory angular distributions at the same

c.m. energy for (A) cold excited beam and (B) cold ground

state beam. The relative intensities differ because of the
velocity dependence of the intensity transformation Jacobian.

Center-of-mass angular distributions derived from the data
of Fig. 4. The results are identical within experimental
error, showing. the velocity independence of detection
efficiency in the 17 to 86 meV energy range.

Central pért of the Freiburg apparatus.

Time-of-flight distributions of metastable He beams. The
singlet distributions are generally narrower than the
triplet ones. The 540 meV distribution was obtained with-
the plasma jet source (see Section III.A.6).

v . ’
Angular distribution for He (23S) + He showing a sharp 90°
peak partially caused by photoexcitation of the crossed beam.

. . * * -
Laboratory angular distributions for Ne and Ar + He. Solid
points are experimental; solid and dashed curves are
calculated from potentials of Fig. 10. ’

. : , % *
Interatomic potentials for (a) Ne + He and (b) Ar + He

derived from fitting the data of Fig. 8. Vertical lines

.show the range of internuclear distance probed at each

energy E;, with E; < Ej as given in Fig. 9.

Potenfials for Hep. Figs. 14 and 17 show the long rangé

" parts of the excited-state curves in greater detail.

Classical picture of direct and exchange scattering.

. ' *
Laboratory differential cross sections for Hev(le) + He
at six kinetic energies.

Difference between cdlculated and experimental potentials for
the first excited 12 states of the Hey molecule. Within
experimental error the two curves are identical for r > 3 A.
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14.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.-

26.°

27.

Potentials for He*(ZlS) + He derived from the data of

Fig. 13. The apparent discontinuity at 50 meV results from
the change of ordinate scale. The dashed lines are the

GVB ab initio results of Ref. 84. Collision energies are
given at the right. The potentials are tabulated in Table ITI.
Laboratory dlfferentlal cross sections for He (238) + He

at six kinetic energles.

Potentials for He (2 S) + He derived from the data of

Fig. 16. The dashed lines are derived from analysis of
spin-exchange -experiments, while the points are taken

from an ab initio calculation. The potentials are

tabulated in Table IY . ‘

Hyperthermal energy differentla% cross sectlons for He (233)
+ He, obtained with a plasma He" source.

Reduced-variable plot of He (2 S) + He differential cross
sections, obtained with a charge-exchange He* source.

*
Energy dependence of the total cross section for He (21S) + He
calculated from the potentials of Fig. 14 and Table III.

Oscillations at low energies due to the nuclear-symmetry

glory effect are amplified in curve I, in which the difference
between cross sections for. identical and distinguishable
particles is plotted on an expanded scale.

Energy dependence of the total cross section for He*(ZBS) + He
calculated from the potentials of Fig. 17 and Table IV.

Data points represent the measurements of Trujillo, Ref. 95.
Format as in Fig. 20.

Energy dependence of the excitation transfer cross section
for 3He* (23S) + 3He, calculated from the potentials of
Fig. 17 and Table 1IV.

Temperature depgndence of the rate constant for excitation -
transfer in 3He (2 S) + 3He,'calculated from the potentials .
of Fig. 17 and Table IV. Data are derived from analysis

of optical pumping experiments..

*
Calculations for He (ZlS) + He assuming distinguishable
particles compared to experiment.

. N _
Quantal deflection functions for He (215) + He -at 42 meV.
The small splitting at large % causes damping of the

symmetry oscillations.

*
Quantal deflection functions at higher energies for He‘(ZlS),
+ He. .The orbiting spikes result from trajectories which
spiral into the inner minimum of the ungerade potential.

) * :
Calculations for He (218) + He from the ungerade potential
only compared to experiment. The classical rainbow angles
are indicated by the vertical arrows.
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42,
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44,

45,

100.

Typical deflection functions for energies -above the
ungerade barrier. The dashed lines give the contributions
from exchange scattetring. ¢

. - ok
Laboratory angular distributions for He (2 S, 2 S) + Ar
at 66 meV. The relative intensities of singlet and triplet
are as measured.

Laboratory angular distributions for He*(21S) + Ar at six
collision energies from the Freiburg laboratory. Solid curves
are calculated from optical potential of Ref. 102 (see Flgs.
32 and 35)

%*
Laboratory angular distributions for He (215) + Ar at five
collision energies from the Pittsburgh laboratory. Solid curves
are calculated from the optical potential of Ref. 109 (see Flgs

_32 and 35).

%
Compar1son of potentials for He (ZlS) + Ar (real part)
derived by the Freiburg (a) and Pittsburgh:(b) groups.

: * v
Laboratory angular distributions for He (238) + Ar at
eight collision energies. Solid curves are calculated
from optical potential of Ref. 100 (see Fig. 34).
: * . '
Optical potential for He‘(23s) + Ar, from Ref. 100; see footnote 115.

. * .
Resonance widths T(r) for He .+ Ar derived from differential
scattering. T8, singlet, Ref. 102; Fg, singlet, Ref. 109;

T, triplet, Ref. 100.

. _ x
Potentials for He + Dy, Ar and Kr from Ref. 104. Dotted

and chain curves for He* + Dy .are ah_initio results.

' %
Potentials for He (21S) +-Ar, Kr and Xe (real part), from
Ref. 109. ;

Center—of—mass angular distributions for scattering of

_Ne ( Py,0) by Ar, Kr and Xe.

: *
Pennlng ion angular distributions for He (218) + Ar,

Approximate center-of-mass Pennlng ion angular distributions -
for He (2 S) + Ar.

*
Penning ion angular distributions for He (21S) + H2 and 02.

o *
Penning ion angular distributions for He (218) + CH4 and COZ}
CH3 fragment ion angular distribution from He (2 S) + CHy
compared with quasiequilibrium theory (QET).

%
Penning ion angular distribution for Ne + Ar..

Velocity- dependence of the total cross section for He*(ZBS) + Ar. -
Solid curve is calculated from the potential of Ref. 100, points
are measurements of Trujillo, Ref. 136. Orbiting resonances

are indicated by (v,J) quantum numbers, : '
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Fig.

46,

47.

48.

50.

51.

53.

Velocity dependence of the total ionization cross section

for He*(ZBS) + Ar. Solid curve is calculated from optical
potential of Ref. 100, with energies of the differential
experiments shown by dots. Other symbols represent the
measurements of Refs. 139, 140 and 142 (see text). The chain
curve is a "close collision" cross section, while the spikes
result from orbiting resonances labeled by (v,J).

Velocity dependence of the total ionization cross sectiom
for He*(218) + Ar. Curves are calculated from optical
potentials of Ref. 102 and 108, while symbols represent
the measurements of Ref. 139, 140 and 142.

Temperature dependence of the total quenching rate constant
for He* + Ar. Solid curves are measurements of Ref. 141,
while dashed curves are calculated from optical potentials
of Ref. 100 and 102.

: %
Low energy laboratory angular distribution for He (218) + Ne.

Laboratory angular distribution for He*(zls) + Ne. Circles
are total angular distribution, diamonds are time-of-flight
corrected for Ne™ contribution. Solid curve is calculated

by fitting a single-channel potential to small angles.

: .
Laboratory angular distribution for Ar + Kr. Diamonds are
time-of-flight corrected for Kr® contributions. Solid
curve is calculated from a K + Kr potential.

* B *
Ne 1laboratory angular distributions from He (218) + Ne
at five collision energies.

: N v _ ‘
Newton diagram for He (21S) + Ne at 66 meV. The largest
partial circle is the locus of He* velocities from elastic

. collisions, the smaller numbered ones for inelastic production

of Ne* in various final states. Numbers n correspond to
subscripts 3s, for the states of Ne (Paschen notation).
Angular rays correspond to positions of maxima or shoulders ..
in the angular distribution of Fig. 50.

Sampling of time-of-flight spectra for He* + Ne. ¢t is the
flight time from beam excitation region to collision center,
e the expected elastic flight time derived from the Newton
diagram of Fig. 53, and the numbered times those for Ne* in
various final states, notation as in Fig. 53. Number zero
corresponds to beam neon photoexcited by far-uv photons
produced as a result of energy transfer (see Section III.A.7).

x . *
Ne angular distribution from He (218) + Ne, derived from the
data of Fig. 50.

- * .
Angular distributions of Kr and Xe for excitation transfer
from Ar*, State assignments are derived from time-of-flight
measurements.

101.

. Solid curve is a fit for an assumed single-channel real potential.
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