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THE INTERACTTON OF RARE GAS METASTABLF ATOMS
Andrew Zun-Foh Wang
Maierials and Molecular Research Division, Lawrence Berkeley Labcratory,

Department of Chemistry; University of California
Berkeley, California 94720

ABSTRACT

The physical and chemical properties of metastable rare gas atoms
are discussed and summarized. This is followed by a detailed examination
of the various possible pathways whereby the metastable's excess
electronic energy cam be dissipated. The phenomenon of chemi-ionizatien
is given special emphasis, and a theoretical treatment based on the use
of complex {optical) potential is presented. This is followed by a
discussion on the unique advantageds offered by elastic differential
cross section measurements in the apprehension of the fundamental forces
governing the ionization process. The methodology generally adopted to
extract information about the interaction potential from scattering data
is also systematically outlined. Two widely studied chemi-ionization
systems are then closely examined in the light of accurate differential
cross section measurements cbtained in this work. The first system is
He(23S) + Ar for which we were able to obtain an interaction potential
which is in good harmony with the experimental results of other investi-
gators. The validity of using the first-order semiclassical approximation
for the phase shifts calculation in the presence of significant opacities

is also discussed. The second reaction studied is He*l, for which we
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have made measurcwents on both spin states of the metastable Helium.
A self-consistent interaction potential is obtained for the triplet
system, and reasons are given for not being able te do likewise for
the singlet systen. The anomalous hump proposed by a number of iabora-
tories is analysed. Total elastic and ionization cross sections as well
as rate canstants are calculated for the triplet case. Good agreement
with experimental data is found.

Finally, the corstruction and operation of 2 high power repetitively
pulsed nitrogen laser pumped dye laser system is described in great
details. Details for the construction and operation of a flashlamp

pumped dye laser are likewise giver.

Work performed under the auspices of the U. S.
Department of Energy.
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1. A SURVEY OF METASTABLE RARE GAS INTERACTIONS,
AND
THE EXPERIMENTAL TECHNIQUES USED IN THEIR INVESTIGATION

A. Introduction

The ground state of all rare jas atoms is ]SO‘ If a single etectron

is promoted to the next higher (n, s arbital (thus leaving behind a vacancy
in an otherwise filled (n-1) orbital: 1s for He*, 2p+5p faor Ne*+Xe*), the
atom is said to be in a metastable state. It s to be noted that this is
but the lowest of possibly many metastable sates the atom can essume. *
It's metastability stems from the rigorous constrainis imposed by quantum
mechanical selection rules which render dipole coupling to the ground state
extremely improbable. In the case of He*, the S$»S transition is strictiy
forbidden; for the heavier atoms, the AJ=0,*1, J=0#0 rule is operative.
As electric dipole radiation is denied to these excited atoms, they must
have recourse to radiative mechanims of much lower prv.)l:abih‘ty2 (such as
electric quadrapolar or magnetic dipolar transitions), hence tneir lorg
radiative lifelime.

As seen in Table I, the newly occupied (n) s orbital is very high
above the ground state in energy; the metastable rarc gas atom can there-
fore be regarded as a storehouse of electronic energy. Detailed knowledge
of the various pathways whereby this excess energy can be dissipated is
in great demard because of its application to atwospheric analysis3,
radiation chemistry4, the design of more efficient gas laserss, as well

as the understanding of such important theoretical concepts as direct

* QOther metastable states arise from having the atom's outermost electron
in Rydberg states with large principle quantum number. Although
electric dipole transitions are allowed the coupling of the electron
and nucleus is so weak that the probability of decay is very small.
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and tedirect potential curve crossingb6 But before pursuing this, there
are a few physical properties of the metastable state that warrant brief
wentioning.

As the electrun is farther away from the nucleus, the atom is by
definition larger in size. Intuitively, the concomitant greater separa-
tian of charges should also result in a greater polarizability for the
atom. This intuition is well borne out quantum mechanically where the
polarizability of an atom is a weasure of the ease with which an applied
field can cause two or more of its electrunic states to mix, therehy
sharing their electronic properties. The extent of mixing is found to
be invarsely dependent an the energy difference between electronic states.
Excited states, being energetically closer to more states, are therefore
more polarizable than ground states. (Table II)

The energy requirved *o icnize the metastable rare gas atom is also
cansiderably lawer as the electron is alveady raised high up above the
ground state. Thus the ionizatian of the metastable now becomes a
chemically accessible channel. This enables the metastable vare gas to
be compared to other groumd state atoms also having Tow ionization poten-
tials, notably the alkali atoms. This cumparison is tcbulated in Table II.
Thus for thase reactions which primarily probe or invalve the qutermost
valence electron, metastable atoms and alkali atoms should bekave alike,
and command comparable total reaction cross sections. This indeed has
been veritied experimentall,y]

Metastable atoms are however unique in their excess energy storage.
Their vast reservoir af chemical energy enables them to produce endothermic

reactions such as dizsuciation and ionization. The particular reaction
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path which a metastable rare gas atom follows depends naturally on the

atom or molecule with which it interacts. We can group the various

possible channels of enargy dissipatior into three bdroad categories {our

attention will be confined to those reactions carried cut under single

collisicn conditions only):

(a)

(v}

Direct E-E transfer. This is looked upon here as a
resonance or near resgaance interaction.* Thus the particle
with which the wetastable callides must have available energy
Tevels close to that of the wetastable. The effect of the
energy transfer process is the total quenching of the meta-
stable with simultaneous excitation of its colliding partner.
There is generally negligible energy defect in the reaction.
Chemical exchange reaction. This is possible when the
colliding partner, of necessity a molecule, has a sufficiently
strong electron affinity as compared to the ionization poten-
tial of the metastable. The metastable will then he ionized,
and the electon it releases is handed over to the electro-
negative molecule. This newly formed molecular ion is unstable
in the electric field of the positive rare gas ion. The
inevitable dissociation of the molecular ion gives rise to a
neutral and a negatively charged species. The latter will

ther combine with the rare gas fon ta frem a new ionic compound

which is in general excited.

* The more subtle cases involving partial quenching of the metastable
will not be considered here.
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{c) Chemi-ionization. This hzppens when the ionization
potential of the ¢olliding partner is wuch lower than the
el-ctronic energy of the metastable. The former will then
be ionized as the metastable is quenches, and the balance
of the energy is carried off by the free electron.
Representative examples of these three classes of reactions, aleng
with their rate constants and cross sections, are listed in Table 3 which
provides an overall view of their respective reactivity. A more detailed

discussion of each: is given in the following section,

B. The Theoretical Picture

Khile there are a number of ways to qualitatively delinec 2 the
various reaction channels opened to the metastable rare gas atom,
potential curves by and large afford the most lucid and unifying presen-
tation. The main hindrance to their more widespread use in terms of
making quantitative predictions lies unfortunately in their not infrequent
unavailability with sufficient accuracy. For any but the simplest systems,
attempts to calculate them from first principles are often frustrated by
nearly insurtuntable computational barriers: unfortunately their abstrac-
tion fre: experimental data is no less a trying undertaking. Yet,
notwithstanding this general intractability, the interaction potential
remains a very powerful conceptual tool. One finds that in avalysing a
particular reaction, it is still profitable to assume some reasonahle
farms for the pertivent potentials, and use these admitted artifacts to
describe and understand the reaction mechanism. This is the approach

adepted in this section.
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(a) Direct E-E Transfer

This process is gererally thought of as resulting from a direct
crossing between potential surfaces representing the entrance and exit
channels. If the crossing probability is Px, and Px«l, then ¢, the total
cress section for this resonant energy transfer is experimentally found
to be the product of a hard-sphere-like cross section modified by Px times

a Boltzmamn factor.8

a = Z(nRxZ)(Px) lexp (%)l sy AE <O m

Rx is the crossing radius, and the factor 2 accounts for the two crossing
points traversed in a trajectory. The Boltzmann factor arises out of the
recognition that AE, the energy difference between the initial and final
state at infinite separation must be less than zero before the two co-
valent curves can cross at reasonable internuclear distarces. Thus this
is an erdothermic reaction.

It should be noted that Eq. (1) is applicable only for fairly small
cross sections. [t is most valid for those cases where the quenching
partner shares resonant energy levels with the metastable atﬁm.9 As a
rough estimate of the range of validity of Eq. (1), let Rx =554,

AE = -kT, then o = PX(QO) .RZ. Since Px 2 0.1 or less in general, the

quenching cross sections from this model are not likely to exceed 10 ,-\2,
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For quenching prucesses with much larger cross sections, the above
picture is found to be very inadequate.]0 However, instead of abandoning
the use of potential curves all together, one remedy is the introduction
of an intermediate charge transfer curve N -Q” or ¥ -Q*. {The choice
depends on the nature of the quencher Q, and M represeats the metastahle.)
In this way, the entrance channel first crosses over to the charge
transfer curve which thea couples it to various exit chammels as the
charge transfer curve crosses them. The density of exit channels thus
{inked can be quit high, resulting in a large cross section for the
transfer reaction.

Much wark vemains to be dome in this somewhat neglected area of
electronic enerny transfer before theories and experimental results can
become mutually supportive. But more will not be said in this paper
about this pracess as it is beyond the scope of our present investigation.

Its brief discussion has been included for the sake of completeness.

(b) Chemicel Exchange Reactions

The kay factor in this class of reactions is the low ionization
potential of the metastable rare gas atom. The latter can therefore
interact with the strongly electronegative halogen molecules in a manner
similar to Alkali/Halogens reactions. The term "harpooning" has been
specifically coined for this type of interaction. Many papers have
reviewed this important rnechanism.n The prime difference between the
chemistry of the alkali metals and that of the metastable rave gas, with
respect to the halogens, is that in the case of the atkali reactions, only
one electranic state can be formed, while several potential product channels

can exist for the metastable.
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This is best illustrated with the aid of Fig. {laj. In it are
drawn representative interaction potential curves for a metastable rare
gas atom and a halogen-containing molecule. The metastable atom, N*, is
chosen here to have an energy of 11 ev with an ionization potential of
5 ev. RX, the halogen-cotaining molecule, is to have an etectron
affinity of 2 ev. Phenomenologically, as the two interacting particles
approach each other on the M*-RX curve, they will eventually reach a
point ot sufficient proximity as to allow the valence electron on M* to
hop over to RX. Viewing this from RX's perspective, the wmolecule is
suddenly tnduced to make a tramnsition from the covalent RX potential to
the ionic RX potential. If the crossing radius is not too large, and
the interaction distance is not changing rapidly, this transition can be
regarded as vertical, or Franck-Condan (see Fig. (1b)). The RX™ thus
forwed is very unstable with respect to the dissociation into R + X™.
White the main cause for this instability is the intense positive electric
field originating from M* (which can exceed 109 Vsem when Nt gets within
7 A), other factors such as the incipient formation of RX™ in a highly
excited vibrational state, or even in a purely repulsive state, can alsu
expedite the dissalution of the molecular ion. This dissociation, as it
proceeds in the vicinity of the n* ion, encourages the formation of the
new ignic species M+x'. Thus the electron on M* is identified as the
"harpaon” which, when cast towards an unwary RX (assuming that it approaches
close enough), grabs hold of the molecule, pulls it apart, and abducts
the halogen atom.

One can estimate the radius of crossing by recognising that origi-

nally the difference in energy detween the N+ -RX™ and M* -RX potential
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curves at infinite internuclear separation is just IP(M*)-EA(RX}. IP is
the ionization of M*, and EA Vs the alectron affinity of RX. However,
as the particles get closer, Coulomb attraction cowes into play. and the
energy difference between the two potential curves diminishes. There
will thus be a radius of interaction, Rc’ reached where the Coulosd
attraction eZIRC totally “absorbs" or counterbalances the imitial erergy
gap. This is just another way of saying that the jonic curve becomes
degenerate with (or crosses) the covalent curve at R.. Thus, (in atomic

units)

Ao = IPDe) - EAGRN) (2)

If the ionic curve dces not interact with any other curves, then the
crass section for the production of !-I"X'. a measurable quantity, should
fall in the range of :r'R'Z:.

It must be emphasized that the validity of Eq. {2) rests on a number
of assumptions, and when some of these are not strictly justified (as
shown by unreasonadle predictions), Eq. (2), as it is often applied to
cross section estimates, would have to be amended. For example, if the
computed Rc is very small, it s quite conceivable that Pauli repulsion
forces ar ather interactions can become tantamount to the Coulomb attrac-
tion at that distance, and the resultant cross section must reflect that.
At the other extreme, when the Rc aobtained is too large, it is unrealistic

to think that the electron can jump that great a distance. Also, Eq. (2)
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assumes a flat covalient curve as weil as pure Coulombic attraction at
large R, these postulates must be critically examined for each case
before much confidence can be invested in its quantitative reh‘ability.]2
As ta the actual test cf the harpooning model itself, we will
discuss later on some prelimirary relative cross sectian measurements on

reactions involving heterogenegus halogen wmolecules with metastable rare

gas atom.
{c) Chemi-ionization

So far the types of reactions we have considered involve etther
direct curve crossing or coupling via an intermediary ionic curve.
However, not all quenching processes for the metastable atom follow these
pathways. For those events that continue alona the M*-A potential curve,
where now A is any atom or molecule, several new quenching possibilities
will open up as the €olliding partners get sufficiently close. Specifi-
cally, for systems where E(M*), the ener-y of the excited atom M, is
greater than the ionization potential of A (IP(A)), several different
ionization processes can occur. These reaction: constitute the focal
point of this treatise, and therefore will be examined in great detail.

The processes we will look into are:

M+ A —pN+at e (3a)

—emat e (3b)
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and in the case of A being a diatomic rwolecule, one can have,

H'+A—>H+B‘\+A+e'

Me+B+at +e) (3¢c)

—» et rare

e B ee) {3a)

The above are all examples of irveversible energy conversion processes in
which the irreversibility is due to the lass of an electron into the
continuum.

The potential curves which depict these reactions are shown in Fig. (2a).
The entrance channel, i.e. the covalent potential surface M*-AB--
henceforth designated as V*, is seen as a discrete state emnbedded in a
cantinuum of exit channels, the lower bound for which is here designated
as V+. V‘\ dissociates to A 4 B‘\, and carrespands to the outgoing electron
having zero kinetic energy. The continuum merely reflects the fact that
the energy of the electron is continuously variable. Thus we have an
infinite family of curves of the type v €, where ¢ is the kinetic
energy of the electron. This process is therafoie analogous to the

autoionization of a molecule; the main difference being that the initial
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state here is continugus with respect to nuclear motion so that transi-
tions to the continuum are possible at all separations of R, the inter-
nuclear distance.

Twa implicit assumptions enter into the discussion of these ioniza-
tion channels, which are just transitions from V* to v'. {a} The Bora-
Oppenheimer approximation holds: electronic and nuclear motions are
separable {indeed, this underlines all our discussions using patential
curves). (b} The transition between the two potentials, V* and V+, are
vertical; it is of the Franck-Condon type: relative kinetic energy of
the nucliei does not change during the transition. The validity of
assumptian {b) is demonstrated by the similarity between the relative
popuiations of vibrational states of molecular ions produced via chemi-

12 The latter is

ionization with those resulting from photaionization.
af course a Franck-Condan process.

We now have the following energy conservation relationships (for a
certain internuclear distance R):

(i) from the conservation of energy

+
(R} - VR) = Egy (2)

where Eel is the kinetic energy of the ejected electron.
(ii) Since the orbital angular momentum is, to a good approximation,

conserved,
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El=) » V(=) -~ VH(R) = Ej(=iR) + V(=) - VI(R) (s)

Ek(w) is the relative kinetic energy in the incoming chanrel, and £'(«,R)

is the outgoing relative kinetic energy evaluated at R. If we let

'im_+°,
E, = V(=) - V(o)

then,

Ek(“’,R) = Ek(”) + ED - Ee] (6)

When Eel > Ek(w) +E,, the reaction products find themselves with
negative relative kinetic energy, i.e., truly bound; this corresponds
to the case of assaciative ionization (3b). By contrast, when Ek(w) +

E the ions formed have encugh energy to separate, the Pemnira

o’ Ee'l M
fonizaton results (3a). Reactions (3¢) and {3d) become likely when the
asscciative ion (HAB)* is formed in 2 highly excited vibrational state

and is there’ore very susceptible to dissociation.
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At this point, we hasten to mention that one Teature about the
potential curves has been omitted in Fig. (2a). It is that the relevant
potentials for radial motion are actually V*, and V+, plus the centrifugal
term (n21%720R%). Fig. (2b) shows the correction. As indicated, the
transition at R' leads to a final translational energy which is
classically a bound vibrational state of (MB)+, but quantum mechanically,
it is metastable and will dissociate to M + B'.  So whether this joniza-
tion process is considered Penning or associative depends on one's
detection scheme. He will henceforth assume that the detection time is
slow compared to the characteristic lifetime of the (NB)+ ion, so that a
transition at R' is considered as Penning ionization. Everything else
in the precedirg discussion does not change because only energy differences
were involved.

The energetic relations (4) to (6) provide little information on the
actual process of electron ejection. Two mechanisms have been proposed
for it (see Fig. (2c)). (a) The radiative channel: in the course of
the collision, the perturbed metastable emits a phocon, hv = E(MN*-M),
which wn turn is absorbed by the tarcet particle B, leading to its
ionization. 13,14 (b} This channel is characterised by tunnelling of ar
electron on B, followed by an Auger emission of the excited electron on
H’.]S In other words, M*, in being quenched to its ground state, has
effectively yielded its excited electron to the continuum in exchange for
one belonging to B. This is in close analogy to the theiry of Auger
emission of electrons from metal surfaces by metastables as given by

Hagstrum.ls
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Mechanism (a) would predict that the singlet state, by virtue of
its much shorter radiative lifetime, should yield a much greater ianiza-
tion cross section than that of the corresponding triplet state.
Mechanisms (h). an the ather hand, would make no such a priori claim
about the relative magnitude of singlet to triplet cross section; it dees,
however, say that ionization would become very unlikely when the inter-
nuclear distance gets large. The experimental results that have accumulated
are in gereral support of mechanism (b)”, though an enchancement factor
can indeed be attributed ta mechanism (a).]8

The final remaining question that needs to be dealt with is the
probability of making a transition from V* to V' as a function of R.
This is generally described in terms of a transition rate W(R). A&s
suggested earlier, N(R) is defined at each internuclear separation, and
does not depend on the state of nuclear motion. Much theoretical
effort has been directed towards calculating this important quantity
from first principles, but so far without striking success. What is
customarily done is to assume & particular functional dependence far
H(R), and use that to fit available experimental data. The primary
requirement placed on N(R} is that it should be very small at large R.
but increasing rapidly towards small R.]g

The process of chemi-ionization will be extensively discussed in

Chapter II.
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C. Experimental Techniques Used to Invastigate Metastable Reactions

There are a number of experimental methods which are curvently
employed to study the interactions of metastable rare g23 atoms. No
attempt will be made here to provide an exhaustive survey. Instead,
several principal techniques will be briefly described, and their
limitations identified. Attention will thenbe directed towards the

details of the molecular beam apparatus we used in our studies.
{a, Discharge Flow System.

The metastable atoms are generated by flowing the rare gas through
a hollow, cold-cathode discharge. The concentration of the metastable
is monitored ac several positions along the tubular flow reactor by
atomic absorption spectroscopy. Quenching rate constants for various
reagent gases are determined by adding sufficient amount of the latter
{so that concentration of reagent>concentration of metastable) to give
pseudo-first-order kinetics for the decay of the metastable atom in the
flowing afterglow. 20 Cross sections are then computed by dividing the
rate constants obtained by the mean Boltzwmann speed which essentially
characterizes the temperature of the reaction.zu’m One notes that the
reliability of the quantitative information deriving from a flow-tube
set-up hinges, among other things, on the accuracy with which the flow
rate can be calibrated. This is a non-trivial undertaking, as it has
been shown that the normally assumcd simplification--the "plug-flow

approximation"--must in many cases be judiciously refined. 2
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For those cases where the quenching of the metastable proceeds via
a chemical exchange reaction leading to the formation of an electronically
excited product molecule, an additional handle on this process is
provided for by the flow-tube apparatus. The chemiluminescence spactra
can now be recorded at appropriate points along the tube. Such spectral
information greatly aids i» the construction of ti.- jotentials involved
in the reaction.za’z4 However, valuahle infarmation an the initial
population distribution in the products' energy levels is oftentimes
Tost as it is difficult to ensure single collision conditions with the

pressures of the reagenis novmally used.
(b) Gas Cell Fluarescence.

The rare gas is premixed with its prospective quencher in a transpar-
ent cell, and is raised to its metas*able lTevel by either an electran
pulse24 or a resanance 1amp.25 This type of apparatus generally affords

only spectral analysis of excited product molecules.
(c) Beam-Gas Experiments.

The metastahle atoms are now produced in the form of a beam which
is made to intersect a tenuous atmosphere of the quencher molecules.
At Teast two vacuum compariments are required in this set-up. One is
for the production of the metastable atoms, and is known as the source
chamber. The ather is the scattering chamber which is filled initially
with the quencher; this is coupled to the source chamber via a small

hole through which the metastable beam can enl:er.26



i7-

Nearly everything that ~an be done in a flowing iFterglow tube can
be likewise carried out in a beam-gas set-up. Indeed, the latter has
proven tc be more flexible in some ways. The collision energy, for
example, can Se varied with much greater ease. Also, with fewer
critical calibrations involved, more confidence can be invested in the

quantitative information that comes out.

(d) Geam-beam Experiments

(i) Nerging beams

The agplication of wmerging beams to the study of metastable inter-
action is quite recent.27 The essential idea to this technique involves
two initially ionic baams which are accelerated to high laboratory
energies elactrostatically; these are subsequently neutralized by
passing them through appropriately designed charge-transfer cells.

Upon the beams' exit from these cells, whatever residual ions that
remain are deflected away by the use of a votential. The now neutral
beams are then made to travel in the same direction along a corrron axis.

Several unique advantages are thus afforded: (a) a wide range of
ccllision energies, spanning fram 0.01 ev to 20 ev, can be ohtained in a
continugus fashion with very Tittle energy spread; (b) the longer inter-
action Tength can greatly increase product signal intensities; (c) the
collectian of various product molecules for total cross sectiom measure-
ments is straightforward, theiv energy distribution is also easily

rrleasurved.28
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(ii) Crossed Beams

This technique should require no elaborate introduction. Its
extensive contributions to the understanding of many classes of reactions
have been reviewed in a number of articles.zg Attention here will there-
fore be devoted to just how our labaratory has applied it to the study of
metastable rare gas interactions.

The apparatus to be described is used specifically for those reactions
involving chemi-ionization by the metastable atom which, in the following
discussion, is taken to be He* unless otherwise stated. An energy level
diagram far He is shown in Fig. 3. Our machine allows us to scan the
differential cross section for such processes as a function of the
collision energy, and also to monitor the relative intensities of the
various ions produced. It will be shown in Chapter Il that the elastic
differential cross sections thus cbtained can be very instrumental in
the determination of the interaction potential invo]ved.:“0

A schematic diagram of our experimental arrvangement is shown in
Fig. 4. The metastable atoms are produced by crussing a supersonic He
beam with an electron beam perpeidicular to it. The electrons are
emitted by a filament which is wmade from a 10 mil thoriated tungsten
wire. The filament is normally run at 5-6 amperes. The electrans
thus produced arve accelerated through a potential of 250 V, and collected
by an anode made yp of razor blades. These hlades are stacked in such a
marner as to discourage the electrans which hit them from rebounding.

The optirum separat::-a between anode and cathode is found to be about

1/4 inch. When the filament is properly aged, i.e., initially ceated
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with a layer of carbon, and then heated up under vacuum far about six
hours to allow the thorium atems which have much higher emissivity to
come to the surface, the emission current that can be collected is
tynically 60 mA. For a prussuyre of 500 torrs of He bzhind the super-
sonic nozzle, and after collimating tie metastable bean by a slit
assembly to give about 13 F&M, one can obtain 10]0 metastable atoms/sec.
This is measured by the electron current (read dirvectly off a calibrated
electrameter) ejected from a Be-Cu target whaose relatively high work
function makes it an ideal metastable rare gas atom moni tor 3!

In order to compensate for the momentum transfer in the excitatian
process which causes the direction of the retastable beam to deviate
from that of the ground state helium atom beam,** the nozzle, skimmer
and filament assembly is mounted on a bulkhead which can then be
rotated around the crossing point until the metastable beam registers
a maximum intensity as measured by the aforementioned Be-Cu cup. The
latter is situated at 0° as shown in Fig. 5.

The metastable atom beam produced under the conditions described
above cansists of approximately 85% singlets and 153 triplets.33 These
two states of He are quite different in their reactivity, and we there-
for wust isolate the contribution from each in our cross section
measurements. This is accamplished optically by the use of a

quenching lamp which effectively gets rid of all the metastable singlets.

** For an 2xcitation of 20 ev, and the electron beam at normal incidence,
the ratio of _the recoil velocity of the He beam to its initial
velocity (105 on/sec) is 0.293.
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The pertinent transition is

w(2'p 2¥ 215) + He(2'5) He(2'P)> He(ls) + nv(58a &)

The corresponding process for the triplet does not occur because the
He (235), if excilad to the (23P) state, returns to the (235) state.
This quenching lamp is also mounted on the bulkhead, and is made of
pyrex tubing coiled up in the form of a spiral (1.5" ID) covering a
Vinear extent of about 2 inches. 1/6 inch tumgsten reds serve as the
electrodes which are sealed at the twe eads of the tube; adjacent to
the electrades are piaced gas inlet and outlet ports. This lamp
saugly fits into a copper jacket which is water-cooled; thermal contact
is provided for by a special silicon RTV compound. The power to the
larp s afforded by a DC supply capable of delivering up to 200 mf at
3 kV. Rormal operation, however, only requires 2000V and 50 mA. A
steady continuous fiow of fresh helium is maintained in the Tamp by
weans of a swmall throttled mechanical pump. A spark, delivered via an
insulaved wire placed just outside of the pyrex tubiny, is necessary to
get the lamp started. It is also found that the lamp's stability is
greatly enhanced when a string of six 10 watts 750 ohms resistors are
conrected in series to it.

One final note about this beam source is that since the electrons
are crussed perpendicular to the beam axis. the velacity distribution

of the metastable bean does not differ appreciably fram that of the
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ground state beam, which has been measured to have a velocity spread
of 6-83.33

Secondary beams of Ar and D2 are similarly produced from a free jot
supersonic expansion. Their velocity spreads are also estimated to be
6-8%, and they are collimated to about 2°. The primary and secandary
beams are crossed at 90° in a collision chamber, and elastically scattered
rmetastable helium atoms are detected with a rotatable detector. This
detector essentially consists of a Be-Cu surface which is oriented '»n
intercept the metastable helium atams at an incident angle of 45°; a
scintillation counter is then used to count the electrons ejected from
the Be-Cu surface. In order to maximize the collection efficiency of
this scheme, a voltage of -20 kV is applied to the Be-Cu target to give
20 kV electrons to the aluminum coated organic scintillator. The photons
thus emitted are counted by a PN tube onerated at 1250 V. The subtraction
of the background noise is accomplished as follows: the secondary beam
is first modulated hy @ 150 Hz tuning fork chopper located in-between
the skimmer-collimator region. This modulation is then synchronized to
the gating of a dual scaler into which is fed the PM tube signals after
amplificatior and discrimination. Thus for a particular chosen counting
period, which generally ranges from 25 sec to 200 sec, the tvd channels
of the scaler are alternately enabled and disabled many times. S&veat
care is taken to ensure that the total counting time for each channel
is the same. The difference in counts between the two channels after
the preset time interval has elapsed is then the true signal.

Differential cross sections of mixed meastable helium atoms are

first measured with the quenching lamp off, then the scattering of pure
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He (235) is measured with the lawp on. The difference between the
measuvements with the quenching lamp off and en yields the differential
c. 035 sections of He(Z]S). Angular distribution measurements are time-
normalized by periodically returning the detector to an (arbitrary)
angle chosen as reference in order to account for long term drifis in
beam intensity as well as detector sensitivity. One contribution to
the background signal is the inherent thermal noise in the PN tube, thus
provisions are made to allaw cooling of the PNT to dry ice temperature.
Whate is dane in actuality is to cool a copper disc in contact with the
outer jacket cf the PN tube with liguid nitrogen, and the final desired
operating teuperature (which should never be at N2 temperature) is
reached and maintained by the use of heating tapes wrapped around this
whale assembly. Thus when it is necessary to cool down the detector

in this fashion, care must be taken to ensure that the temperature of
the PN tube, as monitored by a thermocouple connected to a chart
recorder, only drifts within tolerabie limits.

Ions produced by the quenching process are analysed by a quadruple
mass spectrometer installed just above the collision center with its
axis perpendicular to the plane defined by the cross molecular beams.

A vepeller plate below the callision center and a three-element focusing
lens effectively sends all ions produced in the collision vegion into
the entrance of the mass spectrometer.

Finally, the collision energy can be varied by one of two ways.

At the high energy end (above room temperature), the He nozzle is made

in the form of an oven, the heating elements for which consist of tantalum



_93-

wires threaded through ceramic rods. The wires can be resistively
heated by a current, the exact value of which deperds on the temperature
desired. At the Tow energy end {(belcw room temperature), provisions

are ilade in the secondary beam source for cryogen cooling of the beam,
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TABLE 1
RARE GAS METASTABLES

Energy Lifetime E-E ~ £ > En
X [ E. (eV) 1(sec} kafg. hE R or I Nesig RorHM
M
2351 19.82  4,2x10%3 X 19.82 — 25, 0.79 ]
He 1'So
2's 2061 2102 2% 0.79 M 2%0 0.70 M
1 1 2,1.0
. 7% 16.62  »0.8 X 16,62 — 3% 0,05 R
Ne
°© 3% e 0.8 P, 005 R e 02
4%$ .55 1.2 X 11.55 — 4% 0.07 R
Aro s, '
a%° u.gz  »1.3 48 0.10 R a'e9 0.10 R
5%p 9.92 > X 9.92 — % 0.12 R
kr ¥% 3 1
5%p 0.5 1 57p 0.53 R 5P 0.08 R
6% £.32 ? X 8.32 — 6% 0.12 R
%e 5'30
6%? 9.45 ? 6%¢ 1.01 R 6'% 0.12 R
£« Em: Desig, ~- Nearest Lower-Energy State £ > Em: Desig -- Mearest Higher Energy State

LE -« Energy DIff. of this State with M

R or M -- Nature of this State

AE -~ Energy Diff. of this State with M

R or ¥ -- Radiative or Metastable

R - Radiative M - tetastable

-lz-
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TABLE II
COMPARISON OF METASTABLE RARE GAS WITH ALKALI ANALOGS

Ionization

Polargzabi’lity Potential Valence Mass Electron
(A3) ({eV) Electron (amu) Designation
. 1S, 65.34 3.97 3
He 2s 4.00 o
SS] 46.6 4.76 :‘S~I
L1 24.3+0.5 5.39 2s 6.94 ZS}‘
. 21.6
Ne 4.94 3s 20.2 ’PZ
27.6:0.5
23.620.5
Na 24 .841.7 5. 14 3Is 23.0 2Skl
24.0
48.4
A a7.1:1.0 a.21 as CR RN
47.8
45.2+3.2
K 4.3 4s 39.1 ZS,\
4.3 N
43.8+1.0
Kr* 4.08 Ss 83.8 3P2
50.6
48.7+3.4 2
Rb 4.18 Ss 85.5 S,}
48.0
62.0:£1.2 o
Xe* 3.8 6s 131.3 3P2
63.2
63.3+4.6
cs 3.89 Gs 132.9 ZS,:l

61.5
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TABLE III
REPRESENTATIVE INTERACTIONS INVOLVING A RARE GAS METASTABLE ATCM AND
ANOTHER ATOM OR DIATOMIC MOLECULE.

Rate Constants
H

Chemical 300°K) Type Cross_Section

System (10-11 cm? sec-1) (See Text) (82)
He(2%5,) + Ne 6.45 a 4n
He(2'Sa) + Ne 0.36 a 0.28
Ar* + Kr 0.62 a 1.3
Art + €0 1.4 a 2.3
Ar* + Her 72 b 150
Xe* + N, 1.9 a 3.7
Xe* + 02 22 a 44
Xe* + Ct, 65 b 178
He(z3s]) + Hy 0.92 ¢ 3.9

He(2'Sq) + W, 0.73 c 3.2
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FIGURE CAPTIONS - CHAPTER I

Schematic showing entrance and exit channels for veactive
quenching (heavy arrcw) of M* by a halagen-cantaining molecule
RX.

Franck-Condon like transition from the covalent RX potential
curve to the ionic RX™ potential curve.

Pertinent potential energy curves for the chemi-ionization
process.

Schematic showing the result of adding the centrifugal term
to the potential energy curves.

Two possible mechanisms for chemi-ionization.

Energy levels of He,

Schematic of molecular beam apparatus used in the study of

metastable atom reactions.
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IT. THE THEORETICAL BASIS FOR OPTICAL POTENTIAL ANALYSIS AND
ITS COMPUTATIONAL IMPLEMENTATION

A. Theoretical and Computational Aspects of Chemi-laonizatian

The assertion is made in Chapter ! that in the case of chemi-ianization
by a metastable rare gas atom, three quantities ave necessary and suffi-
cient to describe the event. This claim will now be qualified and
elaborated on in this chapter. We wiil show formally that all the available
experimental! information on this class of reaction can indeed be derived
from the three guantities, V%, vt and ', which are respectively the covalent
interaction potential (the ercrance channel), the ionic interaction
potential (the exit channel), and the ignization width I' (the coupling
between the two potentials). (I' is related to the transition rate
mentioned in Chapter I by I = hW.) This means that as long as we confine
our inquiry to what happens in a chemi-ionization event, V¥ \!+ and T will
prove quite adequate. However, there is a larger and more fundamental
question we rust ultirately address, namely why the ionization proceeds
in a particular manner. This question is generally left begging even
after knowledge of a semi-empircal set of V*, v and T is secured. This
is due to the fact that we have arbitraribly lumped wost of our icrorance
about this process into one quantity, namely I'. [, in this sense, is
very ruch 1ike a black box, about which the onrly thing we can say for
certain is that once the interacting system comes into its range of
influence, ionization will proceed with a finite probability.

Same progress is currently being made ir the direction of clarifying
sore of the fundameuntal forces which act to bring about a particular T.

It has been shows that this classical probability function I'(R) can be

axpressed in fuantum mechanics as being proportional to the square of the
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expectation value the coupling function between the two degenerate
electronic states V* and (v‘ + ¢} (¢ is the kinetic energy of the free
electran). The coupling function is just the operator (H-E}, where H
is the full electronic Hamiltonian (the Born-Oppenheimer approximation
is assumed), and E is the resonance energy measured with respect to V+.
Thus the theoretical probelm is one of configuration interaction between
discrete and continuum electronic states of the system, and at the same
time the problem of the relation between such a coupled electronic state
and the collision. When T is framed in this light, it would seem that
we are one step closer to discovering what caused T'; however, we wust
exercise some caution here, for it remains to be shown that the evalua-
tion of the aforementioned coupling operator (H-E) can be carried out
using conceptually meaningful electronic orbitals, and that the various
approximations that must be made to render the calculations feasible do
not inadvertently fog up the meaning of I'. There is therefore always
the possible pitfall that we are defining one unkngun in terms of another,
thus augmenting our actual knowledge ahout the process but little.

On the experimental front, we have at the moment conceded the game
at the 7 level. Our measurements cannot probe beyond the effect of T
on quantities like differential and total cross sections. However, it
is our hope that when a sufficient number of “hese metastable rare gas
ionization processes has peen studied, and the assortment of ©'s that
govern them duly catalogued, the latter will cover a wide enough terrain
on which it is more Tikely to discern possible correlations betreen chemi-
ionization and fundamental physical properties such as nolarizabilities,
and electron affinities. In this context, the work we report here

represents part of our contribution to this ongoing endeavor.
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The present chapter <eeks to outline the theoretical basié for our
ability to deduce from appropriate experimental data the shape and size
of V* and T. These two quantities are now combined in our analysis as
one potential defined on the complex plane. Thus we have V°pt, better
known as the soptical potential, to be V-(i/2)T we have dropped the
asterick on V*). At times for simplicity, we will also let vy = (1/2)r.
The effect of inserting a complex potential #:ito the Schrodinger equation
is to cause the wavefunction to take on a ccaplex phase shift. Unlike
the thegretician, we will not be particularly concerned about the exact
form of this wavefunction since the calculations of our experimental
observables do not invoke it. It will insiead be emphasized and explicitly
shown that the complex phase shifts themselves play a very crucial role
in determining the shape of the differential cross section as well as
the magnitude of the total cross sections. We will indicate under what
circurstances we can hope to unambigously unravel the optical potential
V°pt from our measurements. And if V°pt can be abtained with sufficient
accuracy, we will also indicate what additional information one needs to
ascertain the last remaining quantity ir the trio e, r,vh), ievt.

Finally, in this chapter we will docurent and briefly discuss the
various computer prograus employed in the analysis of our experimental

data.

B. The Optical Potential and the Resultant Phase Shifts.

The optical potential, as implied by its name, is analogous to the
description of light through matter using a complex index of refraction.

In the case of light passing through an absorptive medium, the cemplex
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index of refraction. In the case of light passing through an absorptive
medium, the complex index of refraction permits a simultaneous description
of both the elastically scatteved beam of light (by virtue of the index's
real part) as well as possible absorptive phenomena (accounted for by the
index's complex component). For the chemically reactive analog, the
optical potential {or the effective compnlex potential) serwes to describe
both the elastic and reactive scattering of impacuing recctants. Thus
reacticon corresponds to absorption. The virtue of such an approach,
whether it is applied to light or to a chemical reaction, is that the
optical description can be implemented with equal ease for either the
simplest or most complicated situations. The reason for this is that
independent of the actual number of degrees ot freedom for the experimental
system, the optical approach always relies on an effective one-dimensional
complex description.** For example, the use of an index of refraction for
1ight passing thraugh matter in nd way depends upon the internal complexity
of the matter which is absorbing or bending the light rays. The same
invariance exists for the optical model of a chemical reacticn.

The assumption of a local complex potential .nderlines all the calcu-
lations in this chapter. Its validity will be more critically assessed
in Chapter 11l when we examine the He* + Ar system.

To arrive at expressions for the differential and total cross sections
resulting from scattering with a complex potential, our foregoing discussicn
** We should note that if the’ optical potential is rigorously defined,

it becomes non-local and energy dependent. However, in most cases a

local Bern-Oppenheimer type approximation should be rather good,

because the loss from incoming channel is due to an electronic
transition which is very fast compared to the heavy particle motion.
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suggests that we should start off by securing a general formula for the
corplex phase shift, and then try to express it explicitly in terms of
V and V]. While it is possible to derive this by actually solving the
Schrodinger equation for the complex potential, it would not be advisable
for us here to carry out this cumbersome calculation which in fact has
been performed by several people (see for example, Mott and Massey,

Goldberger and Watson, Harvey). Qualitative arguments such as the one

offeied by Schifi znable us to arrive at the desired expression by analogy

with the derivation for the WXB phase shift for a strictly real potential

V. The Schrodinger equation in this case is

2 il
{fyg+§[s-vtn)]-ii7”l}w=(n,n) - 0 (M

and the corvespanding phase shift is then found to be
-
no(e) = j(x"-k) R~k + wu{een} (2)
r

c

where we have used the notation

2
MELR) = (ﬁ%)[z-v(n)]-ﬂ% (3
R
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and re is definied by the relation x(rc)=0. e is generaliy known as the
classical turning point, the point where the initial kinetic energy just
equals the energy of the effective potential. k is the wave vector with
magnitude uv/h, v being the relative velocity.

The complex phase shift n(t)} is therefore written in an analogous

manner as Eq. (2),2

oo

0= f [r(z)*-kl dz-kz_ + w(ee) (a)

where we see that essentially T has been replaced by its counterpart on
the complex plane z., and a complex functian F(z) is substituted in place
of x(R).

Qur main task is to determine z.» the complex turning pcint defined by
F(zc) = 0 (5}

But first, F{2z) must be determined. The discussion below will follow in
part that given by Roserfeld and Ross.2 In the camplex potential,
\l1=(l/2)1' must be greater than zero for absorption of the incident

beam. The Schrodinger equation now becomes
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+ f“g[s-(v-w]n-ﬂ;%‘l} LR = 0 m

"~
a {a
CARY

By analogy with Eq. (1), {2), and (4), and extending intc the complex

plane we see that the camplex function F must be
FIE2,2) = :-g [e- via i) - 25U (@)
z

We recognize at this point that as Rowe, ¢ in Eq. (7) must asymtotically

approach the eleastic scattering wave
$(L:R) = sin[kR-%en + nf2)] 9)
Rooe

In other words, as has been implied in our previous discussion, as long
as we are far enough from the scattering center, the net effect of
whatever potential (complex or otherwise so long as it decays faster
than 1/R) that existed there (whose influence can no longer be felt

as Rwe) is to bring about a phase shift in the scattered wave.
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axamine F(z) more closely, it would be very convenient to first
fdentify its real and imagirary part. We do this by taking the limit as
the inelastic processes become negligible, then, Im(F) must go to zero,

and Eq. (1) must ance more beceme applicable. Therefore,

Re(F(2)) = x(E,&,2) (10)
and
Im{F(2)) = ;—‘2‘ n(E,2,2) = y(E.2,2) . ()
Now we can rewrite F as
F(E,2,2) = x(E.g,2) + iy (E,2,2) (12)

and recall that at L

F(E.n.zc) =0 .
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To simptify our calculations, let us expand 2z, in terms of e

2, = vy o= rc+r‘*is] (13)

€q. (9) can now be expanded in a Taylor series around res thus

daF

F(Zc) = F(rc) + —z-r (zc~rc)
C
and
>
Flr) = (g; tz-r,)
C

Since x(rc)d). therefore, F(rc)-'iy(rc), and we obtain

iy o= |32 49 is.
iy, = * SR . (rlﬂs],
[
L gax 3
We (BR)r * (5'9' Ye
sy < < (13)

BTN
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Collecting the real and imaginary component separately, we get

[ -1
2 2]
0o @) (@ e s
-
o = ) [G0 @] e
1 c 13R c 3 c <R, ¢ .

The subscript ¢ refers to the value at e

Having found Zc in tevms of the functions x and y and their deriva-
tives, and thus indivectly alsoc in terms of V and V], we turn again to
Eq. 14). WNe see that the major difficulty with the integration is the
non-analyticity of the integrand (F)E on the complex plane V. [ts nwlti-
valueness can be avoided only by taking appropriate branch cuts in the
complex plane. Since Eq. (5) has in general more than one rcot, these
tranch cuts can be made by just joining these roots together on the
camplex plane V. This means that if we choose for our z, that root having
the largest Re(zc). we can safely take the following path of integration

which we know will not cross any branch cuts,

IR T —B T ke et (7
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Thus,
rci-r] rc w
al2) = j {8(2) %K}z + f {F(2)"~k}dz + f {F(2) k}d2
ZC rci-r] Y‘c
AT
+ f {F{2) K3z - kz, + wn{2) (18)

The first two integrals can be solved by expanding F(z) around P for

exarple,

rc+r] r':+¥']
f {Flz)~k)dz = ([x(rc) + iy(rt)]" - k}dz
LA rt+r]+is]

LY
= (iyt)s(—is]) + ks + 0(z$,yt)

The last integral is zero because at R:m.(x-*i,y)'l - k = 0. Therefore,
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o

n(e) = / (Dx(RI+iy(RITKIAR = kr + xlen) = (ryrisy iy ) +0(2d,p2)

r
C

(19}

In order to separate out the veal and imaginary component of (£), we
need to work on the bracket within the integral. Using the general

definition uf a complex number, we can rewrite (x + iy) as

N 2.2\ X .
(xtiy) = (W) —S5r 4 1—2—12»
(Cyd)® (xFey®)"

(x2+y2)* (cose + i sin @) = (x2+y2)"‘é‘e
Thus the expression of interest (x+iy)s becomes

(x+iy)* = (x2+y2)ll el 872 (x2+y2)'l (cos 8/2 + 1 sin 8/2)



Since

and

Therefore

cos 8/2

sin 872

fn
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(1 + coso))®

{s(l-cose)}5

L
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(x#ip) = ()(2<Fy2)lx ‘a]+>———]25 vifyfr o= -—,,-5
1+ 1+
(s L\ (3)
W [T Y R
=xk(l+-¥?) i+ IZL\JeiBI- ]25
. 3
T+ T+
=7 AN/

Let

W(E,L,R) = {L[(] N f;)‘ A {I . (20)

using this and Eq. (15) and (16), t'e real and imaginary part of the

complex phase shift can be written as

Re[n(2)] + / [xs(HZ*T)s~k] ®-kr, + wn (14%)
r

[
" yc):/z {(gg N %[(%)2 + (%) 2] E}C{

(21)
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o

Y4
Infn{e)] = /x'm a® + Z(&yc)vz {(_g-;g + 3 [(g_;; + (_g%}z]“}c ... (2

e

We thus far have yet to impose any assumptions on the relative magnitude
of ¥ and V;. We see from Eq. (20}, (21) and (22) that if we assume
v >» v]. then (after some amount of tedious manipulations) we can obtain

the familiar first order semi-classical expressions,

«©

2
Re[n(2)] = h“[ [Zu(e-v)-ﬁi“—*;%—r- dRekr, +am(ery) & 0 (23)

r
<

v, ®
(22)

)] = ("ot
Im(n(2)] = (w)*e 3 MT‘T *

n
v E-V-
c{ 2R?

We see that Eq. (23) and (24) are fairly straight forward computationally.
Unless otherwise stated, they are therefore used in all our calculations.
Their general validity has been discussed and established in several
publicationsa;ne will deal with this question again when we lack into

specific chemical systems.
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C. Cross Sections and Phase Shifts

Phase shifts by themselves cannot be measured in the laboratory.
Their access to the real world can only be gained through a variety of
experimental observables in which they play either a direct or indirect
role. Since phase shifts contain much valuable information about the
nature of the potential which brought them into being, it
give special attention to those experimental quantities which provide
these phase shifts with the most room to express themselves. Two such
quantities are the total and differential cross sections; we will see
how they are explicitly related to the phase shifts in this section.

The differential cross section, o{0), for elastic scattering from

2 single target molecule into an angle & is defined as

nuvber of particles scattered into solid angle
dw per second {25)

incident flux

it

af{0) dw

where for a spherical potential (for which all the particles that get
within the same separation will all scatter to the sam angle}, the
solid angle dw is simply 2v(sina)de.

dw is also equal to dA/RZ, where R is the distance from the

scattering center; Eq. (25) can therefore be written more simply as

o) = {outward flux) !Rz) (26)

incident flux
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Classically, the flux, or current 3, is related to the particle density

p by

"
<

.
oy

(27}

Quantun mechanically, p =I?|2. and it is related to J via the Schrodinger

equation for a frez particle

b2 S b
T v - Tyt (28)
Since

i 0 2 = _.‘ﬁ _‘E_

3¢ ol Calk~oh
therefore, substituting from Eq. (28)

.v-s = .0 [o* Uoly - oOsTp*]
2n ¥
(29)
- ‘h
3= g (W - gRet)
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For the most general case of a spherical wave propagating outward,
ika fle kR
NI B S ) IR k=3
Putting (30) into (29} gives
-
J

R4
ut = 1F(e) RV—Z

we will always, for simplicity, assume a plane wave for the incident

beam, thus

and the resuiting current is

(30}

3N

(33)
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The differential cross section from Eq. (26), (31) and (33) becomes,
_ 2
o{e) = |f(e)}] (34)

And *h~ total cross section, which is a measure of the prabability of
particles being scattered from the beam, i.e. of its attenuation, is

Jjust the integral of o(8).

T T
Upor = fc(e) do sin dg
(4]

(3%)

'y

2n f lﬂe)l2 sing do
0

It now remains for us to determine £(8), and see how it relates to the
phase shifts. Te do this, we go back to expression (30) for ¥, and

write f(g) as

. R ; ik
) = <im [mw-e‘ z] (36)
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Without belaboring the point, we will just recognize that la1 Z can be

exparded in terms of the Legendre polyromials Pt(cos ), thus

(37)

SORETY)  _ifkrEm
eikz | v &‘i*]](i)g [el\kR 5)  -i{kR 5 ] P (coss)
T ZikR e

The first term is Eq. (37) represents a spherical wave propagating outward

along R, and the second term a spherical wave propagating inward. By
causality, the existence of the scattering center would change only the
outgoing wave, and we can express this disturbance by incorporating into

the first term of Eq. (37) some function g which depends only on £.

Therefore,

o (i)t t HKR-S1) (kR )} P, (cose)

;im w(Re0) = X “Sap
. [
(372)

and from (36)

ATy

7 Pi(case)

N . sy
fle) = R 3 B (o 1
- s

(38)

5 y A1
- 3 LU (g e TR, - dee 1 S P (cose)
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It has been argued previously that the only effect a potential at the
scattering center has on the outgoing wave at large R is the introduction

of a phase shift, we can therefare identify 9 in (38) as

g =M% (39)

where %, is qur beloved phase shift. The factor 2 in the exponential cam
be understood by recognizing that since the wave is pulled in by the
amount LI this would cause the phase difference between the outgoing
and incoming wave to be va_ differen. - what it would be with no
potential prasent.

Finally, trom (32)

R 1
wie) = ZZ[E(2e) sin ng e p(case)|l k=K (40)
L

We shall invest more physical insights into Eq. (40) later on. For now,
suffice it to observe that ofg) cannot be decomposed into partial waves
because of interference between different 2 values. Such interferences,
wwhen visible in an actual differential cross section measurement, con-
stitute a rich source of information about the potential at work. This
is in sharp contrast tc Otot® the total cross section as defined in

Eq. (35); %ot has effectively buried this valuable information by
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virtue of its integrated nature. As all the interferences have vanished
upon integration over the full solid angle, Tror AN be written as a sum

over £,

N

1
2
cor = 20X (20s1)? sindy f[PQ(cose)]z sinede
: N

(1)

"

I T T I S SR SUNS
2w ZL:(ZH-I) sinng sogy = 4 );(2t+1) sin®ny

The ictal cross section is of course the sum of the total elastic
cross section plus the total inelastic cross section. Eq. (41} as it
stands however gives no clue as to the relative contribution of each.
We therefore also desire explicit expressions for the elastic as well as
the inelastic cross sections This is accomplished by integrating over
the appropriate currents.

For the elastic case, the wave function is just the scattered wave

aiven by Eq. {30); therefore

*
GELAS L 1 gy me "'sc 2
“tat Vg‘]sc ¢ = Zrnwff{ Yse ﬁ Yge pRT A (42)
where

(kRS2
oo = hm[w(k)-e"‘z] Z(aw)* *‘ e_}____

sC
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For inelastic scattering, on the other hand, the cruss section depends

on the number of particles absorbed from the beam per second, thus

where the net imward flux is

‘@3'55 = ‘Fﬂ{ - & "’}

and ¢ is given by Eq. (37a).

Seme straight forward algebraic manipulations yield

q%gs = wlz‘%,‘(az-rl)ll—gl!z

$$us o Zﬁ:(zm)u-lgglz}

We are especizlly interested in alcCAS

shifts, is

which, in terms of the phase

(43}

(a3}

(45}
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SINELAS nxzz(aﬂ){l-c‘““‘[”ﬁ]} (46)
e
Letting
~4lm[nt]
P, = 0=k (47)
thus
oINELAS o o4 T (e, (38)
o ehar . INELAS . N s s . s
Ne see that ¢ T is now fn a form very similar to its classical counter-

part. The latter s given as

INELAS,CLASS. _ c
T = Zn/ db b Y {a9)
Q
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= classical probability of ionization and vb(R) is the radial velocity

2[5’\1(\2) “222| ;
I e

defined by

We can indeed establish the link between Eq. (48) and (49) by making the

usual semiclassical substitutions for ¢ and summation with respect to it.
(50)

Eq. 48 therefore becomes

a1 [ b]
}

-y n
INELAS 2[5{ by @b = 2n foab J1-a
10T = n&o  U* J’ A {
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As a double check, we see that since

this can be compared with Eq. (24}, and we find

Just as we had defined it to be.

We should note that the semiclassical substitutions Eq. (50) ave
most valid if there are many partial waves contributing to the scattering
and thus to the summation i Eq. (48). In the case of ¥y being signifi-
cant only at small R and has in addition a sharp fall-off, the number
of non-2ero Im(n,) would accordingly be quite small, so Eq. (48) must

then b2 used instead of (49).
D. Actuai Procedure of Data Analysis

Eq. (40), (44) and {46) constityte the theoretical backbone for the
analysis of data that can be obtained from molecular beam scattering
experiments. We wish to briefly outline the procedure we follow in arriving

at a particular \ln"t from differential cross section measurements.
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We start off by designating the (assumed available) set of experi-
mental differential crass sections as a function of the collision by
a**P(6,E). To generate the corresponding athe°(6,E). we need to have
to have the following information on
(1) The conditious of the beams: e.g. are they supersgnic?
If sq, of what Mach number? The temperature of the beams;
the width of the beams; the angle at which they cross, etc.

(ii) The sensitivity of the detection system: e.g. what is the
angular resolution of the detector as a function of angles
(what is ihe solid angle subtended by the detector siit
with respect to the collision center?), etc.

(¥§i) How should V¥ and VI be parameterized: if different functions
are used for different parts of the potential, how dg we
ensure analytic continuity for all the joining points? etc.

(iv}) Whereabout does ionization become Vikely: how far can the
influence of ¥, be felt?
Areas (i) and (i) have been quite extensively discussed in the literature,
and therefore need not be dwelled upon here again. Areas (¥ii) and (iv)
are intimately related, and requive further discussion.

It must be confessed that one of the major problems one faces in
aralysing the elastic differential cross section for these metastable
rare gass interactions is that it is difficult at times to assess the
relative vole playsd by ¥ and V] at various angles. Our assumption
{and indeed our hope) is that V, is small compared to V; moreover,

Vl is very limited in range. MWe infer this from knowing the total

reaction cvoss section. Thus, in the differential cross section, V would
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dominate, or rather predominate, at small angles (which correspond to
large impact parameters), and conversely, v, at large angles (small
impact parameters), and conversely, V, at large angles {small impact
parameters). Trusting that we are not greatly misguided, we can then
assume a sort of lets-kill-two-birds-with-gne-stone posture when we
analyse our measured a(6,E).

In many cases, while we have been fortunate in that the small angles
scattering do indeed provide an unobstructed vien of V, thus enabling
us to extract information about the fe..ures of the potential well, as
well as its long range part, we would still run into problems when we
step into the region of the repulsive wall of V. The reason is that
this is where V and v] compete for attention, so that if we only have
the differential cross section at one energy, we can say very little
about the shape of V) with confidence. It is only when o{g,E} is available
for several energies, and we have been able to find a consistent set of
V and V] which agrees with all of them, that we become more confident
of our theoretical model potential. But even then, the best we can say
is that the V and Vl cbtained are accurate to the extent that they are
preset to assume certain functional forms. In other words, we cannot be
sure that if different functions had been assigned to V and V,» we might
not get equally good fits to our data. He will address this question

again in Chapter ilI.
E. The lonic Fotential from V and V]

Me seek to show in this section that if our differential cross section

measurements yield a consistent set of V and V', then v*, the ionic potential,
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can alsg be determined if the relative cross sections for associative
ionization and Penning ionization are known.

Expressions for assaciative and Penning ignization cross sections
can be obtained using probability arguments along those first propounded
hy i'liner.4 Thus the probabitity P(R) of ionization (be it Fenning or
associative) at a certain distance R along the trajectory takes the

following forms:

P(R)dR = (probabitity that ionization has not taken place up
to the point R} (the rate of ionization at R} (time

snent i the interval R, R-dR)

Me note that the first factor is there because, as pointed out before,
iontzation is an irveversible process. For this reason, the Tirst factor
is also called t™e survival factor.

Let us now define P (R) and P°"t(R). P“‘(R) and P°“t(R) to be the
probabitity at R that Penning ionization (PI) or associative ionization
{AI} takes place when the atoms are approaching or separating from each
other. Given the aforementioned basic definition <% ionization proba-

bility, we can immediately write down the follawing system of equations:
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'm _ in
PA% (R)R = [1 ‘f"n (R}dR] hop (RIGR
~ R

PRI = [1 -fp}"'l'(n)dn] Ay (R)GR
R

(s1)
> R
out - - in - out
PRI = [l_pf PIN(R)GR ;i[ POUY(R) dR] xR (R
o [}

Po"'t(R)dR [ f pl HRIGR - fPOUt(R) dR] x Ay {R)R
where

Pgut/m(R) are total prubabilities

P'%'i't/i" - Pgtlxtlm(R) *Px'l'tli"(k)

o] [

(rate of ionization) (time spent in interal
R, R+ dR)

Rorzar (RIR

"



~68-

Ro is the classical turning point defined by

V(R) b"’]‘ <o
R

Vp(R) = ¥, [1 T,

V(R) is the veal part of the entrance channel potential.
The above system of equations (51) can be solve by converting them

to appropriate differential equations. For example,

pin dR] Ay (R)GR (52)

in; -
Par(RIR = [‘ -J P

x'\a

in
Prp R

x\g

LT in d
e «ﬁ[l- fpndn] -2 g
R

in 5
e

2%

8

+ A dR

&l

te
z\e

Ldb fl
PR R
R

F-

< ¢n Pin(w) - tn Pin(R) = In A(=) ~ tn A(R) *f“ dr
R
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Since

PN} = A=) = 0

@

] ‘ﬂ& = —/ AdR
A{R) "

-fAdr
R

2R} = a"R)e

Going back to eq:ation (52), we see that

oo

. in
in _ P
/P dR = 1 - >

R
m -fAdR
. R
:.[Pde = 1-e

R

POU 1ikewise can be solved, and we get



P out
t() i Y
out( -nnA(ng)—-f A @R

A dR (53)

il
>
-~
z:
~—
[)
o)
o4
g
+
[

Pout (=)
Al=)

» We recognize that

To determine
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Pcut(w) = A{=)[1 - prob. of making a transition during the eptire collision]

LY

="A() I-V/me dr

Q
~

2Jaw
= Mo} e Ko

-~ substituting back into Eq. (53), we get

= R R
‘de -/;ldR 'fAdR

PTOT = aAR)e LeRo ‘e

>

(53}

#

f R

- Jaar

AlRY e Mo [2 cosh /A dR)
R".

Finally, from Eq. (54}, we can write down the respective total probability

for Penning and associative ionization. Thus

R
- J A (R)aR .
PppR) = Ay (R e Fo T 2 cosh R/R"(R) &R (55)
L]
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@

R
- ARk
Py®) = Ay (R R T 2 cosh Rf Ap (R)AR (s6)
Lo}
where

_ Sin out
Porsaz® = Popsar * Porsar

AT[(R) = AAI(R) +API(R!

Using the classical formula for cross section, we then havs

aq = 2n /
PI/AL / bad J o ap(R) 4R
[} Ro

Experimentally of course we can anly detect ATI’ thus in order to put
Eq. {55) ~nd Eq. (6) ta use, we need to make the foilowing (reascnable)

assumptians:
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R°<R<RM . API(R) = 0, AAI(R) = ATI(R)

R>R App(RY = ALY AR} = 0

Al

The desired cross sections ave at last found to be

- f Ap (R)GR Bat
oaV) = /‘Nb . sinhf A (R) R
RO
- F \» Rar
-f App(R)dR
opy¥) = dn/bdbe Ro sinh /ATI(R)dR—sinh App(RY @r
o Ro %

The only remaining unknown is thus RAI‘ This is where the experimental

data came in. What we do is to assumg a RAI' calculate 91 and P

and compare the theoretical ratio of a—‘-‘l to its experimental counterpart.
PI

This procedure is repeated untii a R“ is found such that theory agrees

with experiment.
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However, we know also from our previous discussion that at RAI‘
*
Ee = WRypd - V(=) - VIR, )

Wl = Ry - V=) - VR,

Since we know the potential V*, we can now determine V+(RM).



~75-

REFERENCES - CHAPTER II

See for example:

(a) A. L. Felter and K. M. Watson in Ad. in Thec. Phys. 1, p. 115
(1968).

{b) D. A. Micha, in Molecular Scattering Calculations edited by
N. H. Miller (1977}.

J. L. J. Rosenfeld and J. Ross, J. Chem. Phys. 44, 183 (1966).

Sen for exampie:

{a) R. Marriot and D. A. Micha, Phys. Rev. 180, 120 {1969).

(b) R. E. Roberts and J. Ross, J. Chem. Phys. 52, 1464 (12700.

N. H. Miller J. Chem. Phys. 52, 3563 (1970}.



~76~

APPENDIX

Differential cross section program for complex potentials, (NELAS.
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20

30

40

50
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PALLS COC 7600 FYN vi.0-326H OPTa2 26 SEP 7¢ 12.11.18 PAGE

Nl snQtl)
J5=512/801
€TA:).

DU eu JdzhaNuis2
J=45039
x2XL/xQ141

CaLL PUTiX,veVP}

Z=le=(B/X)ve2

ELOIE=SURTEZI® LyumTiLla-u/IRROZE =12 %MULIL
ETAET2¢F1{I) ¢FLIeIS)
ETA=2,¢COCETA/FLOATINGI }+ET AHS
1FiAdS{ETA-ETOILLE.1«E-3) GO TQ 80

ETN=ETA

conTinNuE

GL 1D 60

E10=0,

00 50 1al,9

NCIaNOLT)

J5=512/KC)

ETA=D.

LU &) JITL,NQLe2

Jxa5e s

X=XC/ X819

CALL POTIX,VsVP}
2T=1,0-V/RK-(B/X)002
IFLARSEZL)LLTaS5,E=T) 212=D.
FLUgl=xevPrSQUIL2Z1/ XK~¥1oMQL{J)
ETAzETA¢FL{JIeFLLIeI5)}

CONTINVE

ETA=CUSETA/FLGATINGI }
1F1ABSIETA-ETUD LELL.E-3} GO TO &0
FI02ETA

CCHTINUE

CONT [NUE

PHASEILL)=CTA

1L T84 40T UHCALY GO 10 6L
€ DEPLET)unw PHOBARILEITY CALCULATICN LDOP

u=SQT(FLUATIL®L1)) /AR
CALL ROUT(XCCrRX,B)
PAK=PINESXLLOAR/T2.%E)
CLTUANILL)=xCCHa(2)
1F(PAPAMIL; 6T 3.} GO TD 6

C APPRUXIMATE CALCULATIUN UF upAclTv FUNCTION

4

*

~

LALL PUTIXCCsVeVPY

BETAs-{VP~2,8 Hen2eRK/XCLA3ISIkRAALL))
Gaamnas L.

XYZ3PARLM(2)/BETA

LF(XYZ.LEL2.01 GO TO 42

xYL=xvi-l,

GAMHMATGAMMAOXY L/ {XYZ40.5)

Gu 1O 4%

CONT [NUE

EXPUN=AK/ (E4BETAI®EXP(—PAKAMIZ) 0 (AL2) OXCC-PARLM(3} H SGEHHAR( . 5)%
3 GAHMARGAMMAR XY L) FGAHMARY XYI+D.5)
EXPON=EXP{~EXPON]

={8-



SUJRGUTINE  PRECS

120

125

no

132

142

159

169

165

COC 7600 FIN V1.J-324H OPT=2 26 SEP T6 12.il.l8

GPFUNILY Y2} —EXPLH
AESOPIIL 1 ) =SIRTLEXPUND
GG T2 6l

€ KUMERiLalL {LTEGRAT{uh GF OEPLETION PROAABILITY CALCULATION USING
U GAUSS=MEMLER QUADRATURE APPRORIMATION

©3 CCNTINUE
6ETA=0,.
U0 65 12149
nul kel
J$=512/n010
EXPUNa0,
U0 6L JJ=tNULL2
IEISRIY
X=XCC/X0L )
CALL POT{XyV,VP)
FLEJI=wQUI*nR(X) FSQRT( Lo~V /KK-Bs62/X0d2)
EXPCH=EXPON*FLI{0PFL1D045)
EXPURTEXPCHU*PAR/FLUATINGT )
iFIEXPCN.GT.29.) GG TO 68
1FtietEs3t GG 10 67
TFLEAPUNLLTJ0LE) 6O TD 73
IF{ABS(RETA~EXPON) «LEaL .E~4) GO TO 68
GO TO &7
73 IF(ABS{BETA-EXPONI/LEXPON®.003).LE.LeE~3) GO TO 6B
67 BEVA=EXPUN
65 CONTINUE
66 COUNTTNUE
BETASEXP({-EXPON)
ABSURBIL L1=BETA
OPFUNILL )=l .-BETA®r2
6l CURTINUE
ETA=PHASE(LL}
5C=5InETA)
S2=ABSORMILLI®(SC®SC-0,50¢0.5
$C=SCeCCSIETANeABSURBIL 1)
wL={LeLL)®C1+IDENT)
ALCACSSERECROSSenL *OPFUNILY)
ELCAUSS=ELCROSSHWL (S2ee2e5Co82)
S2xS2%wl
5C=SCehnL
b4 CONIINUE
HECUK ®LGEYDRE FUNCTIONS.
EF(L) 7%475:70
70 0O 71 =1 (NTH
PSaP2I1) )
XPaLT{;)eps
P21 )a3e=PLiLIvRP~(XP=P Ll )I/FL
71 PYLIN=FS
75 CuinilhLE
IFCLUENT) 11.11|1b
76 LFILCDDY 60 TO 10
AUGMENT AExL AND lNAGlNANv PARTS UF SCATTERING AMPLITUVE.
77 UC a0 1al,NTH
FRE(L)=FRECL1+S5CP2( 1)
B0 FIm(l)sFimglieszer?;1)

o

°

PAGE 3
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SUARUUTINE  PRELCS LDC 7600 FTN V1.0-32¢H CPTs2 26 SEP 76 12.11.18 PaGE &

100 CCNTINUE
€ CAlCuLATE UIFFERLATIAL CAUSS SECTIUN.
A Ll FalahiTe
LRl PilI=tFRL{L)®024F1M(])e02)/AK2
o RECHLSS=KECROSSYPINUPL/AKZ
ELCRUSS=ELLRDSSOP INOPI/AK2¢4,
WRITEIb,104L) RECRUSS,ELLROSS +F
1061 FCPHAT (3BnIREACTIVE AND ECASTIC CROSS SECTION., E  /1P3EL3.41
NUT=3u)
TS FEELCEM.LTAUTY huT=L(om
TFIMP NE L 1JK ) PETURN
IFIMPLOT,CT.0) L TO 120
WRITE{6410%2)
1042 FORMAT(14HD PHASE SHIFTS /)
180 WRITETL 10400 [14PRESE(L} ¢1=1oNUT)
1040 FCKMET(10{T4+0PFY,30)
120 CONTINUE
IFINCAL LR LTEL G, 1045} {1,0PFUNILI,CLTURNIT I +In],NUT)
Lu45 FORHATIS{ J9+0PFH.5¢FTe3))
15 KETURN
END

REGISTER ALLOCATION
1 REGLISTERS ASSIGNED OVER THE LOOP BEGIHNING AT LINE 26
3 REGISTERS ASSIONED OVER THE LOOP BEGIWNNING AT LINE 154
2 #EGLSTERS ASSIGNED DVER THE LCCP BEGINNING AT LINE 163
} HEGIMTEAS ASSIGNEC OVER THE LGUP SEGINNING AT LINE 168
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FUNCTIUN

20

25

3

PREWR

FUNCTION PREWRIXCoRy a2

€ PREWh=3....15~U53)

-

* o

DIMELSIGN AL5)

LULICAL SwITCH

PEENP 20,7
IFLAL1).LT,4,) RETURN
Cl=n=at2)

Ca=atddsm
I78401),€0.4.) GO TO 10
IF(a111,€0.6,.% GO Y0 10O
C2=4i3)

C5=al{byep

Sel ICH=  TRUEL

RETURN

SwITCH = FALSE, - !
PETURN

ENTPY WR

x=Ci® (XC~C2)

IFIS»ITCH) GO YO 5
1FLX.0VL30.% 0D YO &
PREWREFXPI-X}

RUTUKN

CaeCI¢L5axE
IFIABS{X)}eGYa30+) GO TO
PREnR=CL/ {1 ¢EXPIX))
RETURKR

1FL%eGT404) GG YO &
PRE dR2(4

KETURN

PREnR2G,

RETUAN

EnD

COC 7600 FTM V1.U-324H OPT=2 26 SEP 70 lcoilall

PLGE
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12ZRB0YTO 4241 2421 /FEOZES05°9G~ 1T 421 /C2T400AT * 92 +*fleli=7av9
SOYLTA29906* ToTLa{ DT 1~1ax3=1)
Tlean2pely)
*Sel1=9ly
Grae7=11
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10t 29
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€ 0L 09 {*0°19"7341 1
Y7
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SUARDPTINE  $PLINE COL 7600 FTN vi.0-3l4n DPT=2 25 SEP Tc 12,1118 PAGE

SLOROULTINE SPULINEEXS ALy AZs A3y Ak, DX]
€ §-015
€ NEw VEFSICK UF INYEAPOLATION FUNCTIUNAL EVALUATION
C THIS PR0DAA% SHUULD BE USED witH  HEw VERSION UF PREPDT Sulh AS $-D1b
5 DIHENSIGN XS(%)
Al2xS(1})
A2z {XS(2)-XS5¢1)) /0X
A= (AZ-XS5(31 370K
Aan(XS(&)~a2~A 00X} fDXen2
19 RETURN
END



FuniTiun yLIst CDC 7600 FYN V1.D~324H OPT=2 26 5EP 76 12.11.18

FONCT DN LOISTIUVPAR)
¢ §-002
C PERAMETHIL FORM FUR VELOCITY DISTRIUUVILNS.
OIMENSILN PARLS)
H Raysdant 1l
TE(ranT.Led) GO TO L0
AsPaR 12}
drpak L3y
20 ALA=ALUGIR}
n UNisTEXPlAR(ALH+ (1, ~EXPIB*ALR})/B))
PETURN
10 Axpak(hl
8=PaR(S)
Go 10 20
END

-£6-



FUNCTIGN

12

TRAP COC 76003 FTN V1.0-324H UPT=2 26 SEP T6 42.1l.18

FUNCTILN TRAP (X H)
C $~09%
¢ TPAPEZujDAL RESTLUTICN FUNCTION.
DLYa HQ/U.42¢
2xAbS{X}=HY
1FL2) 1ele2
1 TRAPwle
GO TO 4
2 TRAP=l.=.%427{n~HO}
TF{TRAPY 34344
3 TRAP=Q,
4 RETURN
END

PAGE

t
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FunCT 10N

C
C

HaRES CBL 7600 FTN V1.0~324n OPT=2

FUMCTION HWRES(TH,ToHb
$=0C¢
HaLb=m1UTH OF EFFECTIVE ANGULAR KESULUTION.
DIMENSTON TEL) M (L)
00 10 1=148
TF{nE1)) 3Ue30,5
DsTn-TLI)
1FLD) 20,204 10
10 CONTINUE
8 .
20 HARESEHLLI#LHELI=HLI=L) 200/ (TCE)~TL1-01)
RETURKN
30 I=1-1
END

w

46 SEP 16 12.11.1¥

PLGE
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25

35

40

45

%0

SUAPLITINE

LG

REAULH

SUBKGUTIKE READIN
5-21
SUoRTUTINE FCR REZDING 1IN TME DATA FOR TWE ANGULAR DISTRIBUTION
ANGLES O NoT HAVE TU bE IN ORDER FOR THE OKIGINAL [WPUT FOR WHiCH
NE« DATA SET AWE PNCHED IN (BFLO.b) FORMAT wiTH NO, OF DATA CAROS
FOR THe GRIGINAL DLTA THE FOURMAT IS (2Fl0.6) THE THE LASY CAHD ANG
SHOULD BE NEGATIVE VALUE
LCEMMIN/DATAST/HREAD Ne AL20L005 BE2601,C02601:D{ 2600, TH(260)
COAAUR/DATAREG/LLIMIT ) WE IGHT
IFL{LAEAD~1}.GE.1} GO TO 100
1=0
HEAD(5, 104Z) ANGeDATASN
JFUANGL.LEL0.) GOTO 3
1=T+1
A(T1=ANG
BljI=DATAIN
GUTD L
3 8=t
RFAD (591042) ALIMIT,WEIGHT
DO 20 J=1.N
ARGMINe1000.
DO 5D K=l
IFLALK) LGV, ANGMIND GOTO S0
IMIN=K
ANGAIHEALK ]}
CUntINIE
CUII=ACIMINYoDATAIN
DiJl=hlinIN]
AL TMIK]I=1000.
CChTIHUE
ANGMIN=EL ,E¢5
AnNGHMAX=D,
T0 DO 73 1sL.N
16 (DU}, GT. ANGHMAX} ARGMAK=D{I}
TFUDTLR.LT.ANGHIND ANGMINaDLT)
73 CunTInUE
[Re INT LALOG IO CANGHAX ) )
FALTURE10. % #HH
17 00 80 i=f N
80 DI11=D{1)/FACTCR
AHGM itz AKGMINS € ACTOR
ANGMAX=ARGHMAX/FACTOR
RATJU=ANGHAR/ALGHIN
IF(KATIN,GT.I.Ee5) GO TO 83
IFEKATIULLE.DLEv4IGL TD 95
FACTIR=1,/1 LU.*SQAT{10. =ANGMIN®ANGMAX]))
G0 ¥O 85
83 FACTORZL0./ANGKAX
85 DO 90 1=1.N
S0 O(IN=D(1yeFACTIOR
95 (ONTINUE
WRITE(G6+1040] ALUMTT,WEIGHT
WRITE(6)1042) 1CCIDDiT)iml N}
whlIELTedull &
WRITE{T51042) (CLU)4DUE) oLl N)

5

&

2

COC T6CH FYN ¥1,0-3244 OPTa2 20 SEQ 76 1Z.1l.1B

PaGt
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SU3RUUTINE READIN COC 7400 FTN V1.0-3244 IPTe2 20 SEP 76 L2.11.18

ARITLET (19620 ALIMIT uEICGHT
WETUPN
100 READIS,IU41) N
RPEADUSe Lue2) (CLT1),yDITigle1,N)
LR WhITE4L1042) (CLT1ID(T)I=1 N}
READIS:31062) ALIMIT/WEICAT
WRITCib23060) AL IHIT, WEIGHT
LU40 FORHAT (& ALIMIT AND WESGMT & 2F10.5/%
Lusl FrRv2TL6l5)
L] 1042 FORSAT(4(F10.3,F10.0))
RETURN
END

REGISTER ALLOCATION -
L REGISTERS ASSIGNED OVER THE LOOP BEGINNING AV LINE 3
1 REGINTERS ASSIGNED OVER THE LUUP BEGEINNING AT LINE b9

Pagl
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10

22

23

39

+

45

55

SusROUTLHE

[
c
<

PREPLT

COC 7600 FIN V1.0-324H UPTa2 26 SEP 76 12.11.108
SURRGUTIAE PﬁEPOI’lX.V.VD.l)
4}

PREPCTaeesvurel5=5

HIDIFIED VERSION GF PREFGT..--.(S-OZS)

HURSE PUTENTIAL waS

10

~a

w

*

1227
1000

w

1002
1008

©

ADOE
COMuIN 7POILONS/ CG-AEMOICE
RERL N1
OIHENSION 4{20)¢XSt6)
NCHOICES[FIX(ACHLICE)
TE{RLEOLICED 100 20uq 330

CONTIAUE

BTsa(3)

A

BYr=BY

EF {NCHOICC.EQ,=2) BTT=AL13)

ERMb2ALL)eA{ 230

Con=Alod/ERMY

If INCHOICE,EQ.-3} GO YO 50

Lav=ALTI/(ERMESAL 21 002)
CLO==A({Y}/LERMESA{2) oné)

DCo==ta%Ls

OCOs~8.9CE .
DCO»=10.%C10 ’
1F{AL9).GT.0.) GO TO 5
X1#0.

X2%0a .

Sisde -

SPL2=0.

S5PPL220,

SepPi2a0,

1F(AL13).tE,0s) WPITE(S,10U2)

TFIALE3). GUalel wRITELS,1006)

FORMAT125H8) HM5v PUTENTIAL WAS USED 2l
FDRMAT{2/HY MMSY POTENTIAL waS USED n
60 TO0 9

xlaal9l

lZ-h-ALOﬁ(l.'Sdﬁ"l"l“OHllu!Y
If(X2+LEan2) GOTC
1F(at13),1k.00) iPl"E|6-lODZl
FORMAT{30HUL SMSY PUTENTIAL wAS USED rn
IFLALL5) 6T 0e) WRITELGeLOUE)
FORMAT (ZBHOE SMHSY Pu!ENlIAt HAS USED 14

xsln-nnmnnu.-xn-
XBASCEXPL{L.-X2) BT

XS(2raaLeGl IDASE)OALUG(IBASE‘Z-I
RE{3}a-ay
X5{4)3=2,9(XBASE=Lo}/(KBASE~2,)40TT
D2l=h2-x1

CALL SPLINEIX5:51+5P12,55PPL2,5PPPL2,021)
X3aLa=ALUGHL~SUFT{ o +ALLLII}/BT
NenAMAXLIAIL2)eX340.20)

XS¢Ll=ArLLY

ABASEREXP{HTOIL.~A3))
A5(3)m=2, e TorBASESI KBASE=La}
AS12)2{C64C0/R60%24C 10/ R 0094 ]/ X4040

PAGE
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o0

65

kS

80

as

95

102

105

ile

SURROUT INE

PRE

1000

5u WRLTE taelU09?
10v? FOUMAT (2%, HORSE POTENTIAL waS USEOS)
RETUAN
200 CUKTINUE
wPlTELes 003
1003 FUKMAT (3CHIOLSON POTENTIAL WAS USED /)

POy COC 2600 FTIN V1.u=3264H 0PVe2 20 SEP To Lll.ll.lb

XSL&laiNCARDC B/ Re®*240CLD/X4004 ) /XGwsT
D43sXxe-x3
CRLL SPUINELAS¢53,5P34,55PP34 5PPPI4, D3]

WEITE0241000) BT (AR AL COCULCIYeXErAZeR3 o R ¢S1eSPLLISPPPLE,

1 SSPPL2,53,5P34,5PPP24)35PP34
FUKMAT{IPYEL3 5}
KETURM

€ OLSON PULTENTI]AI L

1001
300
L=y
1034

1005

1300

a0s0.52917
./uln-nu)-on.soi
A2:a131 78843
Ad3=LidFalS)
Cos—Alo)/iAL200e0mAL10Y
Aqa=A{5) /1AL }e AD}**O/ALL)
RAIIUAA(Z]I(IO-AIB)J
WRITE162LUOL) £1,42443,44,C0
FLAMAT (35HOPOTENTIAL PARAM.AL, AZyA3,44, CQ
RETURN
CONTINUE
IFINCHUICELEQL2) GO TQ 400
th-p} POTENTIAL
wRITE{642004)
FOPMAT IDONN - (N-6} POTENTIAL WAS USED /)
Nleal3r-6.
CN=ou/(AL31=6,)
Cox-at3}z{afdr=s.)
Co=0.
Clo=0,
HETURN
Luhl
WkITE(6,1005)
FORHAT{IOHOPOTENT 1AL BULKR=PAULY WAS USED /)
ANLzal3)~Al6)
Chl=atq)/ang
CP=-A(3)/AN])
DCPaCPeAl&)
NI AUS)~b .

DCo=Ctvs.
RA3=813)
Agzala)
KETUBN
EnTRY POV
lFlACHUlCElllOOpIIOO-lJDu
LOATIN
-l.-l

IF ANCHOICE.ED.~3) GU 70 18
TFLY) j2411,10

Z1PSE20.57)

PaGt
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SUBRUUTINE

s

120

125

130

133

14

145

150

155

160

PREPCT

il v=0.
yP=Q.
KE Ty
10 IHI‘CN'JICE.GE. ~2) GO TO 21
D2ex~
llel-GE 0.2 60 YO 2}
Dlsx
”(Dl.h"-o-) 6o 10 17
L6 Vv aRFEXP(ALSYS
Ves-tiwy
KETURK
LT I=5SPPL2+4D105PPPL2
VEEXP(S1+DLo{5Pi240202))
VPSP L2+ (D14D2)* 2 ¢0OLND2wSPPPL2) Y

21

VP'Z.‘H”"I'll.-Il
RETURY
12 Dﬁ-l-lk
IFIC4.GE.0.) GO TO 20
LELLx~-K31.LEQD GO TU L8
D3=X-X3
19 IxSSPP 34 eDI*SPPP 34
VaS39D3e (SPI44DA*L)
V”SF!G'(UJ'Dhl'l'DJ‘Db.SPPPBG
KETURN
18 (=ExP{BTeY) N
vElail=2,7
VPeyTe{leZtoilo~d}
RETURN
20 XR=XeX
XKXK®RX®XX
KXAKAKa XK®XXXX
ValZLsCy/XX$CLO/XXRXA) /KXXXXX
VP2 (DCoeCCH/XXALC LU/ RXXX I/ LXOXXXXXX}
KETURN
1230 CONTINYE .
Ay
X=PATIOeXX
EXPUN=zEXPL=X)
EXOLUL=E XP{=-Rea2)
EAP HZaEKPL=XoAD
PAR eG4 S EXPUNYG JEXPONL ¢ EXPUNZ
PAR x4, «EXPONSG,*A20EXPUNL +AIREXPON2
ALz XIOH
RAXaE{UER®0,2000)P0,250X21,00XK/ 3,01, ) ¢xe0,5¢L,)0Kk+1,
V=PAROAL/X+AGH | L. ~EXPUN® XXX) /X6
VP3 PAUSALIACO2-PARLEAL/ N-b.PAGL L =EXPDROARRI/{AEVR}
kleg./n
VP=VvPeRAT IO s
&k
RETURN
1300 CUNTINUE
JF{NCHOICE.EQ.2? GD TO 1400

COL To0o FIN Vi.0=3244 OPYN2 26 SEP To 12.11.18

AGEEXPONS

PLOE
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$IL3ICUT INE

(34

175

180

PREPCT

1400

10

JTERTITN
PISTY TN
vEi{N/XNL#Co I/ XS
VPs-tooCu/ixesxied LamLoa/xNLY
RETURN
CORTINUE
IFIX.GTolat GO YO 1410

3

Mzl /X
XPEl./xmwdy
VEAMOCNLS XPOCP
YP=OLPOIXM-XP}/X
AFTURN

CURTINUE
X6={l./Xbweg

XNLe(la FX}oanN]

Ve {CNOXNL Lo ) oXs
VPEDC&™ (XNL~L. hoX6/X
RETURN

END

COL 7600 FTIN Vieu=324H 0PT=g

20 SEP Jo 12.11.18

PaGE
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10

22

25

ER)

35

<0

S50

SURRQUTENE 0PA

C opPa

w
~

~
4

crry

SvdNHUT INE OPACITY
C1TY-2,,,15-052)
COMNCHIUEPLET/NUPACAL ¢ NNN e NCAL o LCOH PARAM(5 1+ ADSORAI20001 (APFUN{2Y

101 P S EL2 1.0 1 CLTURNE20003, NUK1ID HP, TIJK
LOSiLaL NCAL

HCAL= L FALSE,

RAITE(6,1000)

FLEMATE25M NPALITY-2 WAS USED 7y

TFLiLPACAL (L0 GOTO 1O
IFIPARAK(11)20430440

TFLPARAMLLY=2,3 41,5(,60

LO=INT(PARAN[D))

Ll'll-!(vlﬂﬁnl&ll

CONSTapPARAY(2
CL"&S’H-CGNSTIlPAﬁAHUﬂ-PA%AH(!Il

DU 42 I=L4LCOM

Lel-1

IF{L.LE.LD) OPFUNIT)=CONST

TF{LJGESL 1) QPFUNKINag.
TEA(L-Lud ol =L ) oLT,0) DPFUN{T)=CONSTIO(PARANI4)-FLOATIL))
ABSURBLT I =SQRTIL.Q~OPFUNLLYY .
COHTINVE

TF(PARBHIZ).EQs04) RETURN

GO 10 8Y

CONTINUE
DEL TAL=PAPAMIG)
PO 5L I=leLCUH

La1-1
CONSTEPARAM{2)¢FLOATIL) *PARAMIS)
ABC*{FLOATLL )-PARAM(3))/DELTAL
IF1aBSLARCYLLEL20.)GC TC 52
TFRABCLOT odud GRPFUNLLE=O.
IFUASCLLT od o JOPFUNLT b2 CURST
GO To s3
DPEUL LT3 CUNST AL L. vEXPLABLY)
I1F ILPFUN(T).GT.L) OPFUNLT)=]
1F {OPFUNIT}.LT.0) DPFUN{I)=D
ARSUPBIEI=SQRTEL.~DPFUNL L)L
CONTINUE
IF(IPAPAN{ 2)9#20PARAMIS) €42} (EQ. 0.} RETURN

RETURN

00 11 [=1,LCOM

CREURC TR0, -
ADSOPBLfd=l.

RETURK

00 21 Is1sLCUM

4F11.GT.NNND GO TO
AESﬂRB(l)'SOkI(l-OPFUM(ll) .
GG TO - - -
wsuuul-o.

ABSORR(])=ha .

CONT INUE

60 To 80

CUC 7000 FTN V1.0-324H QPT=2 20 SEP 76 12.11.18

PAGE 1
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Su4bUITINE  OPACITY

a0

L1
k13
o5 3l
80
1001

Eh)
1002

REGISTER ALLOCATION

LOSINTLPAKEMI2))

0G 31 1s14LCEM

L=1-1

THGLLELL QY 66 T 32

ABSCNPAT)=l,

LPFUNLT)=0.

GG 10 s1

ABSGRBES =0,

GPFunil)=1.

CONTINUE

JJT390

TF(LCOMGLT JJ) JUsLCOM
WHITE(G e LUUL)

FURARTL 21HOOPACIYY FULCTION 0
WRITE(&41002) CI4OPFUNI L) fnl,y3J0
FORMATILUCIS0PFT.4))

RETUPN

€np

} KEGISTERS ASMIGNED OVER THE LOQDP BEGLINNING AT LINE “4

LOL T600 FTR V..0-324H OPT=2

20 SEP 7o 1Z.il.ln
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SUBRQUT IKE

15

20

25

0

as

40

5

59

3%

PLGTOIS

COr 7400 FIN v}.0-324H DPTa2

SUBROUTIME PLOTOISINTHLTHLMING DT HLo NPTy NPLOT)
C PLUTDIS~3 +..15-031)
DIMENSIUN SS{26uw) 1 X{269}Y{2601 IFETL8)

f

QM7ZON/ZCCFACTZFAC TOR

CORYGNZCCPUDLZ XALN XMAX oYMt e YHAX yCONMINg CCXMAX g CCYHIN, CCYHAX'

COHMOAZDATASF/NREADKPOTX (2601, POT Y(260) v AL260),D128D)4THI 260)

COMMUN/GATAWLG ZALIML,WE IGHT

2o SEP Ta l2.1l.16

CORMN/OEPLET/NGPACAL ¢ NNNeNCAL # L COMy PARAMTS) , ADSORB{ZAUD) JORPFUNL 2y
10U} ,PRLSEC2000) +CLTUPNIR2U00) shGRIDMP, 1K

COMARCKIDERZER (200 ¢8) JhHA X TN 4 NS

F

KHILs0.3 XNAXe9Q, § YH[N==4,3 THA,

ACTORzL 0

CCAMIN2D . $CCXMAR=900,. $ CCVHIN:}D.G CC'HA!-IDSO.
CALL CCGRID{9+2+¢5:6HNOLBLS 5 10¢1)

11
[

F (NREAD. EQ.0) GUTO 300
0 2 falen

xly=attd

Y
b}
2 ¢l

C11=ALOGLROIDET))
FIYLI2olVa~4.00 Yildambe
ONTINYE

CALL CCPLOTIX{LD,Y(13sNyOHNOJOING 71, 1)

Iy

w

1040 f
=

1

3

ANGMAX3 THLHINGF LOAT (NTHL=138DTHL

LIM1T=ALIHT
RITE(6¢1UGU) AL IHIT,WEIGHT
URHAT{1HD,2F10.4/)

0 j=l«N
Fiat1).6T. ALIHIT) GOTOD 50
F1alY).GTV.ANGMAX) GOUTO 5D

THETZw{AtI)=THLAINODTHL I/DTHL#1,E-5
JJ=INT(THETA)

X
1

Xx THETA=1.0E-5~FLOAT(JJ}

FLIJLGToNTHLY GLTO 50

S5U11=THLII I M TH{JI#1)-THIJI) PexX

LELABS(FLCAT(JJI-THETA} LT 2.E-5) GATG 20

GCT0 10

20 S5L1M=THiJN)

10 CUNTINUE

50 COWTIHUE
M| =)

C CALCULATION OF THE SCALING FACTOR SCALING

Y120,
Y2wu.
Y320,
06 by I=1yNHN
S0=0(1) EIGHT
Yizv1esD
v2evzelOlI)/SSIEN]
YI=¥3+{011175581))

60 CubTINUE
SCALING#V3/V2

STD=(Y1-¥29e2/¥3 )/ V1 o
STD=SUKTISTO}
#RITE(6,1050) SCALING,STD

1050 F
i

CRMATIIHUYLTH SCALING FACTOR =
v1PELZ.42)

]

LPEL2.&/2LHUSTANDARD OEvVIATION

PLGE
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65

n

83

L2

109

SuaPQUTINE

pLOTDIS CDC 7600 FYN ¥1.,0-324H UPY=2

o

w

w
o
o

3t

3

3z

335
350

DO L [=1oNsY

AeCL=5CALIN»SS{LD
$SU11=ALLGLIASCO/DUIN =10
LRESSEINLGTL L1 $SLE=1,
IFEASE1 ) aLT =) 35810 a=a,
cLuTinge

CALL CCPLOTEXEL)¢SSTL) sNHNo6HNOJOLNs 45410
DG 1Y LTl HTHL
XIJ1aTHLPIRNeFLGATI[-1)2DThY

AbCD =ALULIOLTHIT)¥SCALING)
Yill=autD

1F1a5LD.LTeded YiTI=L
IFLABLD.LT=4a) YID)
CUNY INUE
CALL CCPLCTEXAL) oV (L) «NTHLOAHIGING LeLi

Gu 1o 315

LONFINUE

AbASE=0.

00 3u% F=],NTHL

1FATHE{ 1) o GT 4 2685E) ABASE=TH{1)

LLNTIRUE

ABASE=ABASEQ.L

DO 310 #=1+NYHL
R{II=THLHINGFLOATEI=1}0DTHL
XXX=TH{T)/ABASE

XXXs4LOG] QXXX

TF(XXRal To=b,} XXXz=4&, -
yiljzaxx

CUSTINUE

CALL CEPLOT IXELE,YILDSNTHL 4HJOINe 1e1)
INPT20

DU 320 1=1,NpT

TFLIPOTX(T . LEL2U. ) oAND, (POTY{11.LE. 50,0160 TD 330
GU TO 220

INPT=INPT )

XL BT IPOIR{iYeS,

YIINPY)2PLTY EDO2,

TFIYLINPT )G GT ol ) YUINPT I, #ALOGLOIY{INDT))
Y(IHPTI=YIINPT}=2,

Cunt IavE

ILP=INPY

CALL CCPLOTUXILI WY (L) +INPISHIOI NI D41 )

CALL CONEUT

RETURN

END

4

20 SEP 76 12.11.1&
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LLAD Vab.

oLOCK ASSIGNMEMIS.

aL ol

ACHDERS
CCHELP S
CCLBLS
ceLtas
CCHUVES
CONARGS
CCPATRS
CPUSYS
QaTES
ENOFILS
HGURS
«QDcRY
KRAKER S
LUCF3
MATHERS

aKEENY

VA Fa
£3.9755 04957
13.979% 4857
135795 aa457
I5.3863 1. 0000
1523c43 Ledoud
15e3E43 143000
1oeT492 s4902
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IIl. THE INTERACTION OF He(235) + Ar

A. Introduction

The interaction between He(23$) + Ar has in recent years established
itself as one of the prototype systems for the study of chemi-ionization
by a metastable atom. Its principle attractiveness, from a practical
standpoint, lies largely in the relative ease and low cost with which the
two reactant gases can be obtained. It is coincidentally fortunate that
the use of metastable He is uniquely well-suited to Penning ionization
studies. The 235 state of He has an energy of 19.82 eV above the ground
state, thus with the exception of collision partners such as Ne and He
which have acceptor levels of comparable energy, He(23s) atoms can only
be quenched via ionization channels. In other words, the excess electronic
energy of the metastable atom is effectively expended in the promotion of
an electron belonging to its quenching agent into the continuum.

This important physical process of energy transfer leading tc
ionization can be studied from a number of perspectives. In any given
experiment, only a few facets can be conveniently explored. Emphasis
can for example be placed on the He metastable atom itself as in elastic
cross section measurements, or on the various ions forned as in ionization
cross section measurements, or on the electrons ejected in the jonization
process as in Penning electron energy measurements (PEED}. For
He(235) + Ar, its popularity means that a large body of information exists
on all these fronts. Rothe et al.], using a beam-gas apparatus, monitored
the total cross section of reaction as a function of the relative collision
energy. They observed that their measured energy dependence was very

similar to that for Li + Ar though the absolute cross section was higher
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for He(23S) + Ar. The cross section peaks around 1300 m/sec with a
value of ~500 Az. Using a Lennard-Jones potential to fit their data,
Rothe et al. deduced a well-depth for the interaction to be 0.11 Kcal/mole
located at an inter-nuclear separation of 4.52 A. MWhile such total cross
section measurements should be quite sensitive to the real part of the
potential Vo,especially in the range of large internuclear distances,
they necessarily obscure the effect of the potential's imaginary component
v; as the inelastic processes for which the latter is designed to account
have cross sections at least an order of magnitude smaller. Thus it is
only be measuring directly the total ionization cross section can vj be
more explicitly revealed. Such a measurement has been undertaken by
several laboratories. I1lenberger and Niehausz, using a crossed-beam
time-of-fligr chnique, measured the total ionization cross section
in the range of (1-5) x 105 cm/sec. Pesnelle et a1.3, employing
essentially the same technique, made measurements covering the same
range. The results obtained by these two groups are in good agreement
at low energies (<300 m/sec), but they deviate rather significantly at
higher energies. Both groups, in fitting their data, assumed for their
covalent interaction potential that proposed by Olson4, and obtained the
corresponding best-fit vi. An exponenttal function is used to represent
the ionization width in both cases. 1llenberger and Niehaus's V.i has a
steeper slope than that of Pesnelle’s et al.; this is necessary to simulate
the relatively early onset of saturation observed by the former group at
high energies.

Many other groups have also measured the absolute total ionization

cross section.]2 However, the general utility of their measurements,
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in terms of providing information on the nature of the interaction
potential involved, is severely limited by the fact that these measure-
ments are only made at one or two energies. Nonetheless, they can serve
as calibration points in certain instances.

Penning electron energy spectra for He(23s) + Ar have been obtained
by Hotop and Niehaus at several energies (30 meV, 95 meV and 125 meV).5
Peculiarities in such spectra are closely related to V* (Vv* = Vo t ivi)
the entrance channel potential, as well as V+, the exit channel potential.
Moreover, PEED can in principle provide a direct measurement of the
branching ratio of associative to Penning ionization (provided that
RAI’ the distance of internuclear separation below which associative
ionization predominates, is known). If given in high enough resolution,
PEED also reflects directly the population of different electronic and
vibrational states in the Penning ion.

For He(23S) + Ar, the less easily accessible angular distribution of
Penning electrons has also been obtained by Hotop and Niehaus.6 There is
a two-fold purpose to making such a measurement. They are: (a) to detect
any anisotropy in the imaginary part of the potential which is generally

«assumed to be isotropic; (b) to eliminate uncertainties regarding the
evaluation of the shapes of the Penning electron spectra obtained at one
fixed angle. In the case of He(23S) + Ar, Hotop and Neihaus observed an
enhancement of electrons in the direction of the He atom. They attributed
this phenomenon to the dominance of an electron exchange mechanism in the
ionization process.

Finally, Moseley et al., using an optical technique to monitor the

attenuation of a He(23S) beam as a function of target gas pressure and
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beam pathlength, obtained absolute cross section for the quenching process
in the range of 150-1600 eV. Their data showed the not unexpected inverse
energy dependence since at such high energies, the classical turning
point is essentially constant with respect to energy, thus the probability
of jonization should be proportional to the amount of time the particles
are in close contact with each other, and hence inversely proportional
to the relative velocity of collision. Musely et al. however did not
go Tow enough in energy to pin down where exactly does the maximum in
the ionization cross section occur.

This maximum is predicted by Olson4 in his theoretical calculation
to occur around 10 eV. The functional dependence of the interacion
potential Vo adopted by Olson was chosen so that Vo possessed a realistic
shielded Coulomb form at small separations, and the correct -(Cab/RG)
dependence at large separations. The Cab coefficients are taken from
the work of Bell, Dalgarno and Kingston.6 Olson's potential is para-
metrized to agree with the glory-scattering results of Rothe et al. which,
as suggested earlier, provides a determination of the product of the
minimum of the potential and its location, i.e. € Rm. For his ionization
width, Olson used the exponertial form exp{-R/B}, and normalized it to
the thermal energy results of Sholette and Muschlitz who obtained 7.6 A2
for the ionization cross section.7 The simple one-parameter form for
the width was necessitated by the lack of accurate measurements of the
ionization cross section over a wide range of energies at that time, so
that it would be inappropriate if not indeed innocuous to introduce
additional adjustable parameters just for the sake of fitting the total

cross section data. Using his potential, Olson was able to reproduce the
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high energy cross section data to within 20%. However, this potential,
as we shall see later, fails to harmonize with the more sensitive
differential cross section data.

Hickman and Morgner8 undertook to calculate the elastic scattering
cross section, the differential cross section as well as the total
ionization cross section for He(23S) + Ar using the quantum mechanical
counterpart of Miller's semi-classical theory.9 Complex phase shifts
were determined by exact numerical solution of the radial Schroedinger
equation with a complex potential. The complex potential is of the form
Vo—i(F/Z), where Vo, the real component, is an- MSV potential with its
parameters adjusted to fit the differential cross section data of Brutschy,
Haberland and Schmidt]0 at one energy (the fit is however fairly poor
in the small angle region). T, the coupling width, is taken to be of
the form Aexp(-BR), and the total jonization cross section measurements
of I1lenberger and Niehauszis used to determine the parameters A and 8.
With their optimum complex potential, Hickman and Morgner also secured
V+, the ionic potential, by fitting a Morse form for the potential to
the energy-dependent associative ionization cross section as obtained by
Pesnelle et al. and also by Gerard and Hotop.H Equipped thus with the
three basic quantities, V, I', and V+, which are necessary to phenomeno-
logically describe the Penning ionizaticn process, Hickman and Morgner
proceeded + irther to calculate other experimental observables such as
the Penning electron energy distribution, and the angular distribution
of Ar’ ions in the center of mass frame. Hickman and Morgner's

thoroughness s however overshadowed by the fact that they had started
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out with a’complex potential which did not fully concur with the
differential cross section measurements, and this inaccuracy necessarily
propagated through all their other calculations.

We see from the above discussion and summary of available experi-
mental information on He(23S) + Ar that while a number of potentials can
indeed be found to fit such data as total elastic cross section and total
ionization cross section, these potentials need not be compliant with the
more stringent (thus discriminating) differential cross section. From
Eq. (40) in Chapter II, we note that the differential cross section, by
virtue of its unaveraged nature, retains valuable information about the
interferences between contributing partial waves in the scattering event.
Such interferences, when resolved in an experimental measurement, impose
severe constraints on many of the important features of the interaction
potential irvolved. Therefore, in order for a proposed potential to be
acceptable, it must, as a necessary, though not sufficient condition,
reproduce the differential cross section data.

With that in mind, we have carried out differential cross section
easurements for He(23s) + Ar at two energies: 65 meV and 135 meV. At
the Tower collision energy, undulations in the small angle region are quite
well resolved. The system He(235) + Ar is in many ways very well-suited
to beam studies as ionization is known to take place at very small impact
parameters only. This enables us to regard the differential cross section
as being composed of two regions, one in which the influence of the absorp-
tive component of the potential Vi is negligible, and the other where LB
plays a major role. The first region is then comprised primarily of

those scattering events which stem from large impact parameters; as the
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particles are only mildly perturbed in their trajectory in this case, the
angle of scattering is relatively small. The second region, by contrast,
involves the participation of small impact parameters which in all proba-
bility result in large angle scattering. Our assertion that this latter
region is quite sensitive to Vi is equivalent to saying that Vi is highly
localized in interaction space, and therefore can be sampled only when
the particles come in fairly close contact with each uther.

The following procedure with which to analyse our differential cross
section data therefore suggests itself. From the small angle region of
our measurements, we can extract information about the real part of the
potential around and outside of the well vicinity. Obtaining this, we
can then proceed to represent the imaginary part of the potential by a
suitable functional form whose parameters are now adjusted to fit the
large angle data. The potential we have so derived agrees very well
with the total ionization cross section data of 111lenberger and Niehaus2
as well as the total elastic cross section measurements of Rothe and
Neynaber] As mentioned previously, Srutschy et al. have also
recently scanned the differential cross section for He(23S) + Ar;m their
data covered a much wider energy range than ours; gratifyingly, their
proposed potential is substantially in harmony with what we have found.

In our analysis of the scattering data, we have, for ease and speed
of computation, used the first order semiclassical approximation as
derived in Chapter Il to calculate the real and imaginary part of the
phase shift., While this approximation has been adopted in most previously
reported work using an optical potential, we recognize that its validity

rests on the assumptior that the imaginary part of the potential V_i acts
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only as a perturbation on the real part Vo. That is vi << vo. This
criterion, for a particular Vi’ is af course more true for certain
collision energies than others (specifically, for lower collision energies).
But even for one fixed energy, it is important to determine the maximum
bound for Vi, relative to Vo, below which this approximation for the phase
shifts holds. To this end, we have varied our best fit V; to monitor
changes in the small angle region of the differential cross section.

We know that as long as the range of Vi is not significantly altered,
there should not be any major variations in the differential cross section
at small angles. If such is found not to be the case, then we must
obviously have over-extended the capability of our approximation. This
being so, we would then have to either include higher order terms in

the Taylor expansion of the phase shifts (see Eq.(23) and {24) in Chapter
11}, or even forego this approximation scheme all together. The exact
quantum mechanical calculations would then have to be carried out. We
have accordingly also made comparisons between the semiclassical phase
shifts and their quantum mechanical counterparts as vi is changed by

several orders of magnitude.

B. Data Analysis

The measured differential cross section for He(235) + Ar at 65 and
132 meV are shown in Fig. 7a and 1b. A MMSV (Morse-Morse-Spline-
Van der Waals) potential was used to fit the data. This form for the
potential affords much more flexibility than the conventional single

Morse form. The innter Morse function in an MMSV potential can be varied
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independently of its outer counterpart, thus permitting greater control

over the slope of the repulsive wall. The potential in reduced unitless

narameters is written as

f(x)

n

exp[-ZB](x-l)] -2 exp[-E»](x-'l)] ¥ < x<

f(x) exp[-ZBz(x-H]- 2 exp[-Bz(x—])l 1<xs€ Xy

F(x) = by + (x-x,) {bz + (x-xa)[b3 + (x-xz)b4]} Xy < X & Xy

flx) = -Csx'5 - ch"a Xy < x<e
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The values for the various parameters defining our best-fit potential
are tabulated in Table I. C6 and C8 constants are taken from the recent
calculations performed by Proctar and Stwa]]ey.13 The MMSV potential we
obtained is plotted in Fig. 2, with the dotted portion of the curve
indicating the region not sampled in our experiment.*

Other forms for the potential such as a simple MSV14, and the analytic
potential proposed by Olson4 were also tried. They however failed to
yield very good agreement with the small angle scattering data; this can
be seen in Fig. 3. As we again argue later, discrepancies in this
region of the differential cross section cannot be compensated for by
adjusting the imaginary part of the potential.

In the framework of semiclassical analysis, Vi’ the complex compo-
nent of the optical potential, plays no role in the trajectory of the
particle. This is so because the real part of the phase shift depends
solely on Vo‘ Vi exerts its weight only in the imaginary component of

the phase shift. We recall from Chapter II that the complex phase shift

is approximated by

- -
Re[n(2)] = ﬁ"f{[zu(e-vo)--ﬁ‘:'—;L]- k} dR - KR + Am(ish)

c

m

o

-1 " V;dR
min(e)] =n7 St —
< [E_V _ hE(g) ]
0 z
2uR
* While this MMSV potential has about the same well dapth as compared to
the MSV potential previously reported by our group,!5 the location of
its minimum has been shifted out. The slope of its repulsive wall
is also less steep than before. It should be noted that the very
recent calcu]afions by Nakamura on He(23S) + Ar was based on our old
MSV potential.!®
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where Rc is the distance of closest approach, and is the largest root of

Yo e
£ 2mm
Using
3 2,,.,21"
£ (%) [1 Ly vy’ ] (12)
dt u E 2ER2u

Im[n{2)] in Eq. (1) becomes

@

tnfn,] = »7! fvi(t)dt .

0

Thus Im[nz] is just the time average of V, over the trajectory dictated

by Vo' Denoting this time average by V., Eq. (2} can be written as

Infnd = w7 VT (3)
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where 1 represents the period of time that the collision pair spends in
the reaction zone characterized by Vi' In this way, V1. serves only to
describe that confined region of space in which reaction can take place,
and it is Vowhich determines how long the collision pair spends under
the influence of V1‘ (V0 plays a role analogous to the real part of the
index of refraction which adjusts for the speed of 1ight through «
refracting or absorbing medium). Given as a function of internuclear
distance, Vi represents the extent of coupling between the discrete
electronic state He* + Ar and the He + Ar + e~ continuum. This coupling,
since it denotas an electron exchange mechanism, is not only expected
to be stronger at shorter interatomic distances, but is also, given the
properties of s-type atomic wavefunctions, expected to behave in an
exponential manner. For reaction probabilities that are not too large,
Vi is logically buried within the repulsive core of V.

Finally, it must be mentioned for completeness that the parameteriza-
tion of Vi is sometimes all together bypassed. Instead, the necessary
parametrization is carried out at the stage of the reaction probability,

which is better known as the opacity function. This probability is

related to Vi via

-
n

1 - exp(-4 Inln, )

{4)

o

'R
= 1 - exp f4[h—v1-] dR
L

Re
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Computationally, this procedure is more direct and convenient. However,
the advantages of using P2 instead of Vi are ultimately offset by the
fact that the P2 thus obtained seldom transcends in its applicatio~
beyond the particular set of experimental data under consideration. This
is in contrast to finding a Vi that agrees with the data. General
features in the optical potential can be more easily extended to under-
stand new data and to make predictions about other similar dynamical
procusses.

In our analysis, the parametric form for the imaginary potential is

Vi(R) = exp [-B(R—Roi] (in kcal/mole) (42}
(R in &)

We feel that the existing plethura of data on He(23S) + Ar does permit
the determination of the two adjustable parameters B and Ro' Moreover,
the functional form we have chosen < ould be quite adequate for the
range of energies sampled in our differential cross section measurements.
We recognize however that this simple exponential form need not hold for
very small R (which generally corresponds to the high coltision energy
region). For example, the calculations by Miller et. al. on the system

He(2S) + H yielded a Vi which levels off to a constant value as R ~+ OJG
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C. The Total Ionization Cross Section

Using our best fit V1. and Vo’ we have calculated the total cross
section for ionization as a function of collision velocity in the range
of 1000-5000 m/sec, We have not attempted to extend our calculation to
2 lower energy range (where the relative kinetic energies become comparable
or less than the potential well depth) because at such energies, complica-
tions arising out of the phenomenon of orbiting resonances can set in.
This corresponds to a situation where we have some value of the angular
momentum £ for which the collision energy just equals the effective poten-
tial energy. This means that the 1inear velocity (Eq. (1a))} can become,
at a certain internuclear distance, zero for this particular 2. The
particles, in principle, can then orbit around each other with separation
R for an indefinitely long peried. If the ionzation width is non-
negligible at R, then from Eq. (3), we see that since T is now very large,
a finite V1. would result in a high probasdbility for ionization. Such
resonances are very sensitive to the exact form of the attractive part
of the interaction potential. So far, they have yet been experimentally
observed for He(2S) + Ar. This is due largely to the fact that they are
very narrow, and their energies lie below 1 meV.

Our calculated cross s=-tion follows closely the experimental data

of I11enberger and N1'ehaus2 as shown in Fig. 4.

D. Total Elastic Cross Section

We have also calculated the total elastic cross section in the rela-

tive velocity range of 700-4000 m/sec. This is the region where experimental
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measurements have been made by Rothe and Neynabev‘.1 Qur calculation
reproduces very well the broad peak around 1300 m/sec. This is zhown
in Fig. 5.

It is instructive to compare our calculated cross section with that

17

obtained via the Schiff-Landau-Lifshitz approximation. In this approxi-

mation, we have the total cross section given by the simple formula

¥s

¢
orgra (V) = 8.083 [ﬁ] (8% (5)
ELAS

Eq. {5) is expected to be valid for scattering of neutrals in the

thermal energt range provided the influence of the shortrange exchange
and repulsive forces can be neglected. Then the absolute size of the
total cross section averaged over the glory oscillation is only determined
by the Van der Waals constant.]8 The SLL formula gives the straight

line in Fig. 5.
E. The Ionic Potential

As discussed previously, we can obtain the ionic potential for
He + art if we know the covalent potential for He* + Ar as well as the
absolute associative ionization cross section as a function of energy.
The following procedure is then used. From Eq. (57) in Chapter 1!, we
can, for various values of the collision energy, calculate the total
associative ionization cross section as a function of the parameter RAI'

This results in a family of RAI VS, U(RAI,E) curves onto which we can now
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mark the experimentally determined associative ionization cross section.
As shown in Fig. 6, the intersection of the experimental data curve
with each theoretical curve gives the correct RAI for each collision
energy E. Once RAI(E) is found, we can use Eq. (59) in Chapter II to
calculate V+(RAI).

The ionic potential so obtained is plotted in Fig., 7. We note
that the experimental data only permits an accurate determination of the
ionic potential up to 3.4 A, the behavior of the potential at smaller
internuclear distances is uncertain. Had our covalent potential for
He* + Ar been more repulsive, so that V*(RAI) -E = 0 1s satisfied for
a larger RAI’ then we would be able to obtain the entire well-region of

the jonic potential.
F. Opacities

The probability of ionization as a function of the angular momentum
% is shown in Fig. 8 for various energies. We see that for small colli-
sion energies the shape is roughly Gaussian; for large energies, saturation
sets in at the lower values of the angular momentum 2. This is expected
since at the higher energies, a much stronger region of V1. is sampled, and
small angular momenta with their concomitant smaller classical turning
points should therefore lead to strong absorption.

Fig. 9 gives the classical turning point as a function of the
angular momentum & for the same range of energies as in Fig. 8. We
see that for small values of % (where reaction is most likely to take

place), the classical turning point varies very slowly.
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G. Sources of Uncertainty

In fitting our data, we have assumed that the real and imaginary
component of the interaction potential can be independently determined.
This however is not strictly true if the available information is confined
to only the differential cross section data. Specifically, there exists
a trade-off relationship between the slope of the repulsive wall of V as
determined by 51 in Eq. {(1b), and the imaginary potential Vi' Thus one
can have different combinations of B] and Vi all yielding essentially the
same fit to the differential cross section measurement G° to 90° (lab.).
This ambiguity can be removed if total ionization cross section measure-
ments are made which cover the range of chemically accessible energies.
This is made apparent in Fig. 10 in which we show two such combinations
of B] and Vi‘ We note that while there is virtually no discernible
difference in the calculated differential cross sections, the total cross
section values obtained from them exhibit a marked dissimilarity.

In addition to the aforementioned indistinctness in the contributions
of B] and Vi’ Vi(R) itself is the source of yet another ambiguity. When
V,i is changed to compensate for so that the calculated cross section
remains the same, this can be accomplished in two ways. (a) V,(R} is
uniformly increased or decreased by changing R0 in Eq. {(4a) only;

(b) The coefficient B in V; is changed while keeping R, the same. The
differential cross section measured at one kinetic energy is unable to
distinguish which approach is more valid or realistic. Again, it is
only by considering how these two different Vi's are reflected in the

energy dependence of the total ionization cross section, one is able
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to secure the desirable cqnfidence in a particular Vi. Of course, if
differential cross section measurements are carried out over a wide range
of energies, and if the oscillations at small angles are resolved for at
least one energy {generally at low energy), then one can fairly uniguely
determine both parts of the potential by imposing the principle of self-
consistency without the need for total cross section data. This however
is seldom realizable in practice. It is very difficult to get differential
cross section information for the same broad range of energies as is
routinely accomplished in total cross section measurements. The two
sources of data therefore go hand in hand in establishing the most accurate
potential.

Another assumption inherent in our analysis is that Vi(R) is
independent of the collision energy.** This is the so-called local
complex potential approximation. It is akin to the Born-Oppenheimer
approximation in that we prescind from our consideration of the mechanism
which leads to ionization the effect of the nuclear motion. Thus we
only look at the spatial dependence of the ionization coupling function
Vi’ and neglect, assuming it to be negligible, its temporal or energy
dependence. Granted, from the standpoint of the reaction probability,
there is already an energy factor which is found in the inverse velacity
term multiplying V, (Eq. (4)). However, it is not clear that V; itself
is strictly energy-independent (formal derivation of the optical model in
no way precludes this possibility). Certainly, if the widely accepted

mechanism of electron exchange resulting in Penning ionizatien is correct,

** This assumption should be quite reascnable in the energy range our
experiment has been performed.
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then it is reasonable to believe that as the interacting particles are
hurled at each other with higher collision velocities, the postulated
concerted process of electron transfer and ejection should have a
diminished coupling strength. Thus in the overall reaction probability,
there would be two forces causing it to decrease as a function of
collision energy. Moreover, these forces may enjoy separate regions of

dominance.

H.  Validity of Semiclassical Approach

We have performed calculations to investigate the validity of Eq. (1)
for the phase shift. Roberts and Ross]g have already shown that, to a
good approximation, the imaginary part of the phase shift can be calcu-
lated from Eq. (1) for a Lennard Jones or an exponential potential for a
wide range of magnitudes of Vi' We found this to be the case with our
MMSV potential also. However, significant deviation from the simple
formula Eq. (1) for the real part of the phase shift was observed as Vi
was increased. This deviation caused a large error in the differential

elastic scattering cross section calculated from these phase shifts.

Eq. (1) is based on the assumption that the real part of the phase
shift does not change as the imaginary part of the potential is "turned on".
We have investigated this assumption by comparing phase shifts calculated
quantum mechanically for the potentials V and V-iVi. We found a fairly
simple relationship between the change in the real part of the phase shift
ar” the magnitude of the opacity, Eq. (4). This relation, shown graphically

in Fig. 11, is nearly independent of the size of Vi or the partial wave
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number, Thus if {£7} is the set of exact phase shifts for V, and
{g, + i ¢,) those for V-iyi, we have plotted g, £2| vs. (1 - e-4cz)
(note: o c;). Fig. 11 shows that as long as the opaci y is
smaller than about 0.9, the absolute error in EE is fairly small.

52, however, is not a measurable quantity. In a practical calcula-
tion one normally ca]culafes the differential cross section using the

standard formula

2i(g iz
g_g = &zlg(zm) [1 ce fL)] Pylcose))? ®

The overall reliability of Eq. (1) must be assessed by comparing the

exact —g% (above) with that calculated using F,;+i;2. This is shown in

Fig. 12. Using the best fit Vi, the quantum mechanical and the approxi-
mate semiclassical results are essentially the same at 65 MeV. However,
if Vi is increased by a factor of 5, the approximate semiclassical analysis
breaks down. Quantum mechanically, it is seen that as Vi is increased,
only the}]arge angle g—g is affected; -g% at small angles remains essentially
unchanged. Thfs is in accord with physical intuition.

When may Eq. (1) be safely employed? Although we know of no precise
criteria, the following observations seem pertinent. For our optical
potential V-ivi, all the opacities Pz's have values < 0.7. For V-i5V,,
on the other hand, a sizable number of the partial waves with non-vanishing
Pz's have opacities exceeding 0.95. In fact, there are some 26 ¢'s, out

of a total of 56 significant partial waves (with PLB 0.01), for which
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there is approximately unit probability for ionization. Referring to
Fig. 10a, we see that 5Vi corresponds to a case where the magnitude

of the imaginary part of the potential at the classical turning point
becomes comparable to that of Vo, the real part of the potential. Under
such circumstances, one does not expect the first order semiclassical

approximation for the real part of the phase shifts to be reliable.
I.  Conclusion

It is found that at low energies, for a given V, the total jonization
cross section is much less sensitive to a particular Vi than at higher
energies. Since the high energy data play such a vital role in determining
Vi’ it is important that there is no controversy in the measurements by
different groups. This unfortunately is not the case. Pesnelle et a].,3
and 11ienberger and Niehaug have both investigated the energy dependence
o f the total ionization cross section. While their results agree at low
energies, this congeniality fails to carry through to higher energies
where radically different behaviors are observed by the two groups. We
are decidly biased in favoring Illenberger's data, which happen to agree
with our own calculations. It would be most beneficial if another total
ionization cross section measurement is made to arrest the existing

uncertainty.
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TABLE I
MMSV POTENTIAL PARAMETERS

e(kcal/mote) 0.10
ra(A) 5.5
8, 5.2
8, 5.7
€y (keal/mole A°) 3048
Cg (keal/mote &%) 63478
b, 0.75
b, 1.119
by -2.755
b, 1.984
X, 0

X, 1.2
X 1.75
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FIGURE CAPTIONS - CHAPTER III

Elastic differential cross section for He(23$) + Ar at 65 meV.
Elastic differential cross section for He(23S) + Ar at 132 mev.
MMSV potential obtained in this work {solid Tine); dash-dot
curve depicts the carresponding imaginary part of the potential.
For comparison, we have also plotted Olson’s Vo4 (dashec ...rve}.
Comparison of the calculated differential cross sections using
the opiical potential derived in this work (solid 1ine), and
the analytical potential proposed by (]'Ison4 with I1lenberger's
coupling function2 (dashed line).

Comparison of our calculated total ionization cross section as
a function of relative callision velocity with I1lenberger and
Niehaus's2 experimental data (A}.

Comparison of our calculated total elastic cross section (a)
with the experimental data of Rothe and Neynaber (X).
Functional dependence of the associative ionization cross
section on the parameter RAI (see text).

The jonic potential for He 4 Ar*. Our data ‘s oniy accurate
up to 3.4 A,

Probability of chemi-ionization, i.e., Opacity as a function
of the angular momentum %. This is shown for five different
collision energies.

Dependence of the classical turning point on the anguiar

momentum for various collision energies.
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Fig. 10a Experimental differential cross section at 65 meV indiscriminately
admits the two optical potentials shown in the figure. These
potentials are different only in the slope of their repulsive

wall and their respective imaginary component. Solid line
= 5.2, V?PT _ e-5.2934(r-3.55);

corresponds to the case of 61
e—5.2934(r—3.35)

dashed curve corresponds to B] = 4.5, and Vi =

Fig. 10b Theoretical total ionization cross sections vs. velocity using
the two sets of {g;,V;} in (a). The solid line is that of
By = 5.2, V5 = 3-5.2934(r-3.55), and is in good agreement with
the data of Illenberger and Niehaus, whereas the dashed curve
is calculated from 8, = 4.5, V; = ¢5-2934 (r-3.35)

Fig. 11  Phase shifts £° are computed for the potential V0 and compared
with phase shifts g + iz for the cases of Vo -1 V?PT,
v,-1000v3°T), and v, - (100 V7). The phase shifts cre
computed quantum mechanically by numerical integration (Numerov
algorithm). The calculations were done for several partial
waves. We have plotted AE = IEE - EEI vs. the opacity, which
is 1 - exp(-4cl)]. For the first order semiclassical approxi-
mation. One assumes Az = 0. (Az is plotted in radians).

Fig. 12 Calculated differential cross sections, obtained by assuming a
sharper resolution function for the detector, for the cases of
VT and 5 VJPT. The curve for VJPT is essentially identical

to that obtained via a full quantum mechanical treatment. The

curves for 5 V?PT are displaced to aid comparison, since the

small angle oscillations are essentially identical for Vi and

5V,.
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IV. THE INTERACTIONS OF He(21S) + 0,5, AND He(23S) + 0,

A. Introduction

The interaction between helium metastable atoms and hydrogen molecules
provides the simplest example of chemi-ionization involving a molecular
target. The participation of a molecule as the guenching agent in the
Penning ionization process is quite unlike that of an atom in several
significant regards. First, the forces which characterize the interaction
setween two atéms are generally radial in nature, i.e. isotropic. Such
symmetry is in principle absent in an atom-molecule system which necessarily
interacts on a potential which is anisoiropic (though the anisotropy can be
quite small in some instances). This angular dependence in the potential,
in the language of molecular scattering, means that for the same impact
parameter (i.e. the same orbital angular momentum), dramatically different
interaction poientials as well as classical turning points are possible--
depending on the angle of approach of the two colliding particles.

The second noteworthy feature about an atom-molecule Penning ioniza-

t on system is that the molecule can suffer dissociation in the process of
being ionized by the metastable atom. We have already established earlier
that if no significant bonding occurs before any transferal of electron
takes place, the process whereby the target molecule is ionized is Franck-
Condon 1ike. Thus if the molecule's covalent potential energy curve is
sufficiently different from its corresponding ionic curve, the resultant
molecular ion will be formed in some highly excited vib-rot states from
which it can undergo dissociation. Hence, apart from the usual associative
and Penning ions, Penning ionization of a molecule can give rise to other

interesting ionic species.
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The third important differen\ce between metastable atom-atom and
metastable atom-molecule interaction is that in the latter case, even
when the excess energy of the metastable atom is lower than the ionization
potential of its collision partner so that Penning ionization is out of
the question, the excited atom can still be quenched.** The molecular
target, by virtue of it having many more internal degrees of freedom than
an atom, can take up the metastable's surplus electronic energy in the
form of vibrational and rotational quanta. Indeed, the relative abundance
of energy sinks in a molecule would also enable the collision energy in
the reaction to be likewise channelled to exciting the molecule internally.
One consequence of this is that the enmergv d--endence in the total joniza-
tion cross section needs no longer yield to a straight forward interpretation.

We see therefore that in studying the interaction of a metastable atom
with a molecular target, we venture into much hitherto unchartered terrain.
In this voyage, He* + Hz' represents the simplest four-electron system
which is tractable to attack at a fundamental Tevel both theoretically and
experimentally: It thus affords an excellent testing ground for more
complex intermolecular force problems, and has accordingly attracted a
good deal of attention.

Previous experimental stﬁd'ies of this system can be classified into
a few broad categories according to the particuiar technique used. The
first group employed the crossed-molecular beam method. Hotop and Niehaus1
**  While electronic energy transfer without jvnization is certainly

possible between atomic collision pairs--He-Ne being the best

known example--such processes, however, require very precise

mutual matching of energy levels, and therefore are in general not
very probable among dissimilar atoms.
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in 1968, using essentially thermal beams--their metastable beam was a
mixture of He(Z]S) and He(235) atoms of undetermined composition--

measured the relative cross section for the production of the various
possible jons resulting from Penning ionization, namely H;, HeH; and Heh*.
A ratio of 9.1:0.2:1.0 was found. Hotop, N.~huas and Schme]tekopf2 in a
subsequent experiment separated out the contribution of the singlet and

the triplet metastable atom; they found that the ratio of the singlet to
triplet cross section with respect to the formation of the ions H; and HeH+
were quite close to unity. [@rom this they concluded that Pepning joniza-
tion was primarily dominated by an electron exchange mechanism. Hotop

and Niehausa, in another experiment, also undertook to measure the Penning
electron energy distribution for He(23S) + H2' Such a study was necessary
to further one's understanding of the ionization process. If in the course
aof callision, a quasimolecule in the superexcited stae, HeHg*, was formed,
which then autoionizes, a different ,pectrum would be observed than in the
case of H2 being jonized while the separation of the collision partners

was still relatively large. (In the latter case, the different ionic
species would arise essentially from reactions of H; in certain vibrational
states with He in its ground states. When Hotop and Niehaus compared their
Penning electron spectrum with the corresponding photoelectron spectrum
obtained by photoionizing H2 with the resonance radiation He(2p -~ 1s;

584 A), they found that while the population of electronic states of the
molecular jons is quite different for the two methods of ionization, the
relative population of vibrational states in each electronic state is

very nearly equal. This result is additional and complementary confirmation
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of the statement that the potential curves of the molecule and the
molecular ion at the instant of ionization are hardly perturbed by the
collision; to wit, Penning ionization of H2 by He(235) is a Franck~Condon
process.

In another crossed-molecular beam study, Leu and S1'ska4 monitored
the angular distribution of the H; ions formed in He(?ls) cottiding with
H2. They found that the Penning ions sharply peaked in the forward
direction (in the direction of the H2 molecule) with substantial kinetic
energy loss. Leu and Siska postulated that the dominant ionizing colli-
sions were ones in which the collision partners were on the downhill side
of a barrier when ionization occured; furthermore, the latter process
landed the particles on the attractive portion of the He-H; potential.

Other crossed-molecular beam studies include that of Howard et al .5
who measured the absolute total cross section for ionization in thermal
energy collisions of He(2]S) and He(235) with H2' They found a cross
section for the singlet metastable to be 3.0 Az(t 20%), and that for the
triplet, 3.4 AZ(: 20%). Subsequently, West et a].6 from the same labora-
tory obtained the branching ratio for the formation of various ions.
Their experiment was carried out at ap effective temperature of 600° K;
they obtained far the ions H;, HeH+, H+ and HeH; a relative production
ratio of 0.85:0.1:0.022:0.026 (both spin states of the metastable atom
yielded the same result).

Instead of crossing the molecular beams as in all the aforementioned
experiments, Neyncber et a].7 used the technigue of merging beams to study
the formation of Hed' ions. They found that at collision emergies below

4 eV, much of the HeH+ were scattered in the direction of the helium
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metastable beam (the beam used here was a mixture of He(Z]S), He(235) and
He(1S) in the ratio of 1:12:3). Since this was highly indicative of a
spectator-stripping mechanism, Neynaber et al. assumed the validity of
such a picture and calcualted the relative kinetic energy of the product
species HeH" and H (not including the energy of the ejected electron) as

a function of the interaction energy; very good agreement with experimental
results was obtained. Neynaber et al. also sought to secure more direct
experimental support for Hotop and Niehaus's model for the fonization
process (vide supra) by studying the reaction He + H;X s HeH' + H,
where x denotes ground state or vibrationally excited H;. If the electron
is indeed ejected before any significant bonding occurs, then one would
expect the energy distribution of the HeH+ ion from the ionic reaction to
be similar to that obtained for the metastable reaction He* + HZ — HeHt + H.
This expectation was found to be experimentaily borne out only for inter-
action energies less than 1.5 eV; the two distributions at higher energies
were quite different. Neynaber et al. concluded that at the higher
energies there should be a reasonable degree of bonding in the He* - H2
complex before ionization took place, so that Hotop and Niehaus's model
was no longer applicable. It must however be cautioned that in Hotop and
Niehaus's experiment, the metastabie He atoms coliided with H2 motecules
in the ground electronic, ground vibrational and Tow rotational states;

by contrast, in the experiment of Neynaber et al., the H2 beam was in an
unknown state of vibrational excitation. Since the precise role played

by the presence of excess vibrational energy in the ionization process is
not entirely clear, one may not be able to make direct comparisons between
the results obtained by these two groups: Hotop and Niehaus, and Neynaber

et al.
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In any event, a rather different model for the fonization process
was proposed by Penton and Muschh’tz.8 They measured relative reaction
cross sections using a thermal beam of He(235) and He(zls) atoms (in
ratio of 0.9:0.1) in a beam-gas set-up. They ran the same measurements
for three different target gases, Hz’ He and [',, and found that the cross
section for the production of H;, H[l+ and D; increased in this order.
They concluded that a plausible explanation for this isotope "shift" lay
in the formation of a highly e;«:ited collision complex (HeHz)* which

could subsequently follow two modes of decomposition:

/

(HeHz)*\\
AN H; +e + He
*
\He + Hy

(He,)" +e — Hy + He + e

HY +H +e+He

Another beam-gas study on helium metastable atoms interacting with
hydrogen molecules and its isotopes was recently carried out by Specht
et al.g Apart from obtaining -the branching ratios for the various ions,
Specht et al. were particularly interested in the production of HeH and
HeD® in the reaction He* + HD at thermal energies {their He* beam was
again composed of a mixture of the two spin states of the metastable atom
in the ratio of 2:1, (singlet):(triplet). It was found that the ratio of
these two ions was the same as that obtained from the corresponding ion-
molecule reaction Ho* + He. Specht et al. felt that this observation

lent strength to Hotop and Niehaus's model for the ionization process.
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In addition to all the beam-related studies discussed above, a
number of other groups have, without the use of beams, performed measure-
ments on the system He* + H2. Schmeltekopf and Fehsenfe]d]o, in a flowing
afterglow apparatus under thermal conditions, measured the quenching rate
constant for the reactions He(Z]S) +D,, Hy and He(23S) +D,, Hy. They
found that in all cases, the singlet is quenched at a higher rate than
o

the triplet (for Dz’ singlet rate is 4.15 x 1 cm3/sec, and the

triplet rate is 2.6 x 10']] cm3/sec; for H2, singlet rate is 4.88 x 10']]
cm3/sec, and triplet rate is 3.18 x 10’]] cm3/sec). In a later study
carried out by the same laboratory, Lindinger et a].]] obtained the
temperature dependence of the rate constant for He(23S) +Hy. A very
strong temperature dependence was observed for this reaction. This was

a very important experimental discovery, and not anticipated by theoreti-
cal models at that time. It served to explain why previous measurements
at room temperature of the ratio of singlet to triplet ionization cross
sections by the flowing afterglow method were always larger by a factor
of about three than those obtained via the beam technique. It turned out
that in the beam set-up, the relative velocity distributions of the beams
corresponded to an effective temperature much higher than 300° K.19
Lindinger et al. found that their measured cross sections at 800° K were
in much better agreement with the beam results than those taken at 300° K.
8olden et a].]z, also in a flowing afterglow set-up, measured the ioniza-
tion cross section for He(23S) + H2 at thermal energies (strangely) with
respect to the channels He* + HZ + H; + He, and He* + HZ > H +H o+ He.
They obtained a value of 1.5 AZ. Veatch and Oskam]3, by monitoring the

time behavior of the ions H; and HeH' in the afterglow of a He + H2

5
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mixture which had been subjected to a high voltage dc pulse, obtained a
rate constant of 5.2 x 10”11 cm3/ sec (M Az) for the ionization process
under thermal conditions.

Despite the seeming plethora of experimental data--rate constants,
total ionization cross sections, branching ratios for the formation of
different ionic products, and ratio of singlet to triplét metastable
fonization cross sections--on He* + D,/H,, it must be pointed out that
the general utility of these measurements are of a corroborative, as
opposed to deterministic, nature. That is to say, they cannot by themselves
reveal much about the fundamental physical parameters which govern the
chemi-ionization process. For these, one must again turn to elastic
differential cross section measurements which, as argued previously, do
reflect in a much more direct and straight forward way the nature and
shape of the interaction potential involved, We do not, however, wish
to suggest that scattering experiments alone hold the key to all the
answers, and that other types of experiments are of lesser importance.
Indeed, we hasten to re-emphasize, as we have done in Chapter III, that
results from the former technique must be conjoined, in a complementary
sense, with those from the latter in determining the uniqueness and
accuracy of a given model potential. The primary advantage of elastic
differential cross section data is that they can, if analysed carefully,
start us off with a good approximate potential, on which further refine-
ments can be made to zero in on Nature's own choice. This is the approach
we take in our laboratory. But before we report our work on He* + DZ’ it

is instructive to survey the efforts made on the theoretical front towards

understanding this important system.
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Cohen and Lane14 in early 1977 reported the first theoretical inter-
action potential energy surfaces and widths for both He(235) and He(21s)
atoms with HZ' Aside from the relatively shallow van der Waals minima at
large He* + H2 separations, the potential curves for all orientations
regardless of the spin state of the metastable He were found to be repui-
sive. Moreover, for He(235) + Hy, the higher order expansion terms for
the potential as well as the ionization width {which terms contain the
angular dependence) were seen to be small as compared to the zero-order
angular-independent term, i.e., the anisotrupy is only very slight. From
this, one would expect that the ionization cross section calculated from
an orientation averaged potential curve (the spherical potential approxi-
mation) should approximate quite well that obtained by averaging the
cross sections calculated from different orientations (the infinite-order
sudden approximation). This was inceed what Cohen and Lane concluded
as they calculated the ionization cross section covering the range of
relative energies 0-10 eV. The ratio of singlet to triplet ionization
cross section in that energy range is found to be Tess than one at Tow
energies, but rises quickly to reach unity at 65 meV. [t finally peaks
to a value of 2.6 at 100 meV. Since the calculated ionization width for
the singlet metastable state deviates only slightly from that of the
triplet state, the observed dramatic energy dependence in the ratio of
the two cross sections must be attributed to dissimilarities that lie in
the respective real potential. The singlet surface is the more repulsive
of the two at R > 3.7 A, while the triplet is more repulsive for R < 3,7 A,
The potential energy where *“.e two surfaces cross is essentially the same
as the relative kinetic energy at which g begins to exceed oy (at around

70 meV).
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15 calculated the tots1

Prior to the above study, Preston and Cohen
cross section and branching ratios for the various ionic channels as a
function of the collision energy (0 to 0.7 eV). Their theoretical treat-
ment of the ionization process was an extension of the trajectory-surface-
hopping model. In this framework, a classical trajectory begins on the
excited state potential. At each step in the trajectory, the probability
P(R) of leaking into the continuum is computed by Miller's semiclassical
formula, and cohpared to a pseudorandom number ;. If P(R) <z, the
trajectory continues on the resonant surface; however, if P(R) > g, the
electron leaks into the continuum, and the nuclei make a vertical transi-
tion to the lower ionic surface. If ionization occurs, the trajectory
follows the lower surface to one of the possible chemi-ionization channels.
Preston and Cohen's calculated branching ratios based on the above treat-
ment agree surprisingly well with the experimental data of Hotop and Niehaus.

Quite recently, Hickman et al.lﬁ, using a method based on Feshbach
projection opérators, have recalculated from scratch the He(235) + H2
potential surface and width. Compared to those obtained by Cohen and
Lane, the real part of Hickman's potential is slightly more repulsive--
it is however shifted in by about 0.4 A--the corresponding jonization
width 1s also smaller. Hickman et al., in a different report]7, performed
quantum mechanical scattering calculations within the rigid-rotor approxi-
mation for He(23S) + H2 using their own theoretical potentials. They
obtained the elastic differential cross section as well as the total
ionization cross section in the energy range 0.01 to 0.5 eV. The energy
dependence of the rate constants calculated from these values for the

jonization cross section differes, however, from the experimental results
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of Lindinger et al. In a subsequent publication by the same group,
Isaacson et a].zo extended their large scale configuration interaction
calculations to obtain also the interaction potential for singlet metastable
helium and hydrogen molecules, They found that the singlet surface,
unlike its triplet counterpart, is highly anisotropic. Moreover, a fairly
pronounced relative maximum is found in the potential for the C2v (i.e.
perpendicular) configuration at 3.17 &. Isaacson et al. have tentatively
assigned this surprising hump to be the result of an induced s-p hybridi-
zation of the helium atomic orbitals by the H2 molecule as the two
colliding partners come into very close vicinity of each other. However,
since the same phenonenon should occur with equal ease for the co-linear
geometry, yet nothing unusual can be seen in the C_ co-linear potential
curve, the hybridization explanation should at best be regarded as being
only part of the whole truth, and further qualifications are definitely

in order.

From the above discussion we see that while theoretical calculations
on the system He* + H2 have indeed added significantly to our qualitative
understanding of the important parameters governing the Penning
ionization process, in terms of quantitative reliability however, all
the ab initio potentials thus far proposed still leave something to be
desired. Large scale CI calculations are inherently self-limiting in
the sense that as more basis sets are included for higher accuracy, the
cost of running the resulting computer program becomes prohibatively
expensive. Thus current theoretical efforts are directed towards
finding alternative ways to either supplement or even replace the more

traditional computational methods.
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In our laberatory, we have undertaken to measure the elastic differen-
tial cross section for both He(23S) +H, and He(21S) +H,. As argued
before, such measurements constitute probably the most direct experimenta?
means available to us at present to extract detailed information about
the interaction potential. We have also measured, at several energies,
the relative cross sections for the production of the tiree principal ions,
HeH;, HeH+, and H;, stemming from the ionization process. In the case of
He(23S) + HZ’ a best-fit potential was found which reproduced quite well
the rate constant results of Lindinger et al. as well as our own relative
cross section data.

Before discussing the analysis of our data, two supplementary comments
are in order.

(i) In a strict sense, all the measurable properties that arise

from the He* + H2 interaction depend of course on the full,
angularly dependent potential V(R,8) and width I'(R,8).
However--with respect to He(23S) + Hz--since the anisotropy
that exists is extremely small, our scattering measurements,
to a very high degree of accuracy, can be interpreted as
reflecting only the spherically symmetric parts of the
potential and its accompanying width, denoted V0 and T,
respectively. Moreover, under our experimental conditions,
only thé highly symmetrical lowest rotational states of H2
are appreciably populated; and, given the wide rotational
spacings in H2, the cross section for rotational spacings in
H2’ the cross section for rotational excitation is very small

for the range of relative kinetic energy used in our study.
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We are thus afforded a separate determination of \!0 and Po,
the angular-independent component of the interaction potential
and its ionization width; this should prove useful in
sharpening the interpretation of data that do depend signi-
ficantly on the highe: order anisotropic terms.

In the case of He(Z]S) + Ky, the situation is much more
complicated. Here it is believed that the interaction
potential is very anisotropic, thus rotational excitation

is quite probable even for low collision energies. Elastic
differential cross section measurements on the singlet

system will therefore not be as informative as those for

the triplet; analysis of the data will certainly not be
straight-forward, Indeed, one should secure the corresponding
inelastic d: fferential cross sections in order to fully
understand as well as to quantify the :xtent of the anisotropy
that is present.

We have used D2 insiead of H2 in all our differential cross
section measurements because the former results in a much
wider range of measurable angles in the laboratory frame.

This is made evident in Fig. 1 where we have drawn the
respective Newton diagram for 02 and H2. Recalling that we
are only monitoring the intensity of the halium metastable
atoms as a function of laboratory angles, we see that since

H2 has only half the mass of He, the center of mass vector
would be biased towards He, resulting in a shrinking of the
available angular scanning range for He*. The use of 02 is

therefore much more informative in this regard.
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B. Results and Discussion for He(235) + D,

We have measured the elstic differential cross section for the
system He(235) + 02 at three coilision energies, 1.02 Kcal/mole, 1.73
kcal/mole and 2.6 kcal/mole. These are shown, along with their calculated
counterpart, in Fig. 2, Fig. 3 and Fig. 4. The theoretical fit is based

on a poteniial of the MM5V form:

f(x) = exp[-28;(x-1)] - 2 exp [-8,(x-1)] X < x<1

f{x) expl28,(x-1)] - 2 exp [-85(x-1)] 1<x<x

£(x) = by + (x-xy) {by + (x-x3) [by + (x=x5) b, 1} Xy < X € Xy
f(x) = - 6 x 7 - g x8
where

=

f(x)=-J-—)-VER 'X=FL.’C =

=
32
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The values for the various parameters defining our best-fit potential
are tabulated in Table I.

We note that at the lowest collision energy probed, approximately
three peaks are resolved in the small ang™: region of the differential
cross section. The position and relative intensity of these peaks are
extremely sensitive to the well region and long range part of the poten-
tial; thus their faithful reproduction by our proposed potential gives us
much confidence in the latter's reliability. The imaginary part of the

potential is assumed to have the form
Vi(R) = exp [—B(R~Ro)] (in kcal/mole, R in A)

with the values of B and Ro given also in Table I . We have plotted our
potential, both its real and imaginary component, in Fig. 5. When we
compare this potential with those derived theoretically by the two groups
Hickman et al., and Cohen and Lane, we observe significant differences.
The respective slopes of the three potentials are shown in Fig. 6.

We see clearly that our potential has a much steeper wall; it is therefore
not surprising that our best-fit ionization width is alsc much greater
than those obtained theoreticaliy. The widths are plotted in Fig. 7.
Since neither Hickman et al. nor Coehn and Lane has extended their

calculations sufficiently to take into account the van der Waals minimum
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in the potential*, comparisons between the theoretical differential cross
sections calculated from these two potentials with our experimental data

is only meaningful in the large angle region. We have splined our best-fit
van der Waals minimum to their repulsive walls to compare the resulting
differential cross sections. We found that both theoretical potentials
give differential cross sections which are too high. This can be attri-
buted mainly to the corresponding calculated ioniza“ion widths; they are

too small.
C. He(ZIS) + Dy, a Comparison Study

For He(23S) +D,, our measurements show that the fall-off at large
angles in the metastable intensity is very gradual; this implies a smooth
coupling between the potential’s real and imaginary part. A marked
contrast is found in the differential cross section data for He(ZIS) + DZ'

We hase again scanned this for three energies: 1.02 kcal/mole, 1.73 kcal/mole
and 2.6 kcal/mole. They are plotted respectively in Fig. 8, 9 and 10.
The most striking thing we immediately notice is that at the two higher

energies, there is a very distinct discontinuity

* This is in part due to the fact that CI calculations are simply not
designed to get at van der Waals minima. Even for a relatively
simple four-electrons systems such as He-He, in order for bound
state type CI calculations to reproduce accurately the van der Waals
minimum, f-type functions have to be included in the basis set. Thus
the situation gets totally out of hand, computation-time (and cost-wise),
for systems with more lectrons. Beside, the available experimental
data on he* + H,--at the time when these works were done--were
confined to ratg constants and ionization cross sections only. These
latter properties of the system depend largely or the interplay
between the repulsive wall of the potential and T, the ionization
width. The van der Waals minimum exerts 1ittle, if any, influence

at all.
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in the metastable intensity. Indeed, we have failed to secure a spheri-
cally symmetric potential which can reproduce this feature in the
differential cross section. Haberlanq and co-workersla, having recently
also studied this system, found that the only way they could have a good
and self-consistant fit to their diffeiential cross section data, which
spanned a fairly extensive range of energies, was to introduce an anoma]oﬁs
hump in the repulsive wall--while keeping a simple exponential function
for the ionization width. This would seem to be in accord with what
Isaacson, Hickman and Mi]]erzo have conciuded from their theoretical
investigation. However, as noted before (vide supra)}, the latter group
only found a hump for the CZV configuration, and it is shifted quite in
relation to the repulsive wall of the C_ potential which has a monotonic
sTope. It is therefore not entirely clear what a spherically averaged
representation of such an anisotropic potential would look 1ike; moreover,
whether it bears any direct simple relation to the effective spherically
symmetric potential obtained by Haberland et al. In the very recent work
of Siska et a].Z], we are given another perspective tc view this anomalous
hump. Siska et al. nave measured the elastic differential cross section
for He(Z]S) + Ar. They found that they could fit tneir data very well

by splinning two distinctly different potentials together: for the inner
segment, they used the potential for He+ + Ar, and for the outer segment;
che Li + Ar potential. The good fit was explained by proposing that there
are in reality two separate repulsive regions. There is firstly an outer
electron-electron repulsion at larger internuclear separations were the

metastable helium atom Tooks very much Tike a 1ithium atom; then as the
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collision partners get closer, s-p hybridization of the helium atomic
orbitals would permit access to the inner repulsive wall where the meta-
stable helium appears like He+. Whether this same approach can be used
for He(ZIS) + D, is yet to be fully investigated. We note in passing
here that our differential cross sections for He(Z]S) and He(23S) at the
lowest collision energy (1.02 kcal/moie) are nearly identical. This is
very strong evidence that the respective van der Waals wells, down to

4.5 A, are similar for the two metastable states.

. Rate Constants

Lindinger et al. is the only group which has measured the rate
constant k(T) for He(23S) + Hy over a sufficiently wide range of tempera-
tures. We want to note that this is a macroscopic property of the
interacting system; indeed, it .is a highly averaged representation of
the more furdamental total jonization cross section a(v) (v i5 the
relative collision velocity) which is more intimately related to the

interaction potential. k(T)} is linked to o(v) via

u

Cvalv)
® m

ff(v) va(v) dv

[+

k(T)

where

f(v) = Maxwellian Velocity Dzistribution
#* _my
4 ( m ) e kT
Ao\t
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From Eq. (1), it is clear that agreement with the experimental values
for the rate constant is but a necessary conditior for any proposed poten-
tial for He(23s) + Hy; it, however, is by no means sufficient. Since a
number of different potentials can give the same fit to the experimental
rate constant's curve, we are only justified to use the latter to rule
out models for the patentfal which disagree with it, and conversely, can
only use whatever agreement that does exist as merely indirect corrobative
evidence for our model potentials's accuracy. Seen in this 1ight, the
theoretical potential as calculated by Hickman et al. is definitely wrong.
The rate constants generated from it are about a factor of 2 smaller than
the corresponding experimental data points of Lindinger et al. along with
their uncertainties*, also shown are the rate constant results as calcu-

lated from Hickman's et al. {(broken line).
E. Branching ratios of lonic Products

for both He(ZIS) + D, and He(235) +D,, we have measured the relative
intensities for the three principle ions HeD;, Hed" and D; at four
collision energies: 1.02, 1.73, 2.0, and 2.6 (kcal/mole).** Table Il

compares our branching ratios at 1.72 kcal/mole with those obtained by

*  Lindinger et al. used H, as opposed to our D, in their measurements.
However, from a previous study by the same g?oup, it was shown that
the rate constant for the two isotopes are the same within experimental
error,

** In the mass spectrometer, we are of course nnt able to distinguish
between He® and D} which nave the same mass. Thus to ensure that
the counts we got for D} were not in part due to the ionization of
highly excited helium agoms (in their Rydberg states), we repeated
the same measurements using Hy as the quenching agent. HWe found
that the branching ratios remain the same within experimental
uncertainties.
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other grcups. We see that our results for the singlet metastable case
differ significantly from all the other measurements; they are also quite
different from the corresponding triplet case.

The ratio of the singlet to triplet cross section with respect to
the various ions reveals some interesting features. We see that while
the singlet cross section is much less than the triplet cross section
for the production of D;, the converse is true for HeD+ and HeD; formation.
The exact ratios are tabulated in Table 11l for the four collision energies,
and in Fig. 12, we show that the energy dependence of the formation of
the three ions. Also included in Table 11l are the singlet-to-triplet
cross section ratios determined by other groups. We observed that with
the exception of the flowing afterglow result, all the ratios are less
than unity. The disagrgement with the flowing afterglow data has been
partially explained by Cohen and Lane in their theoretical work. They
have shown that the ratio of singlet to triplet cross section calculatec
from the same set of potentials depends heavily on the velocity distribu-
tion assumed in the reactants. Fig. 13, which is taken from Cohen and

Lane's paper, shows this very clearly.
F. The Total Ionization and Elastir Cross Section

Experimental measurements of the total ionization cross section for
He(230) + 02 to date are unfortunately all confined to a very limited
energy range. Meaningful comparisons between our calculated energy
dependence in the fonizatic. cross section with experimental data is
therefore not possible. Nonetheless, we have, in Fig. 14, scaled the

four relative cross section datz points we have obtained tc the theoretical
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cross section curve from our proposed potential. Good agreement is found.
On the same graph are shown the results of Preston and C~hen--similarly
scaled.

We have also calculated the total elastic cross section as a function
of the collision energy. This is shown in Fig. 15. We see that after a
relatively sharp initial fall-off, the elastic cross section decreases very
gradually as the collision energy increases. Since the ionization cross
section also saturates at higher energies, one would expect a fairly
constant ratio of ionization/elastic cross section over a substantial

energy span.
G. Opacities and Classical Turning Points

We have plotted the probability of ionizati .s a function of tre
angular momentum for several energies in Fig. 16. We see the usual
saturation effect at small anguiar momenta. We also note that even at a
collision energy of 3 kcal/mple, the highest opacity s still less than
0.95. Thus we would expect the first-order semiclassical approximation
for the phase shift employed in our analysis to be quite good.

In Fig, 17 we show the classical turning points as a function of
the angular momentum for the same collision energies as in Fig. 16. In
all cases, the classical turning points would remain fairly constant for
angular momenta values less than 12; this again is a reflection of the

steepness of the interaction potential's repulsive wall.
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H. Conclusion

Many questions remain begging with regard to the Penning ionization
reactions He(235) + Dz and He(zls) + DZ‘ For the former, the availability
of an accurate potential, as what we have deduced from our scattering data,
should greatly aid in the interpretation of future measurements on this
system. In the case of the latter singlet reaction, however, the inter-
action potential is still to be determined. Differential cross section
measurements by themselves are definitely not equal to this task as
rotatignal excitation can be quite important in this singlet metastable
system. Since the latter process becomes most probable at <mall impact
parameters {corresponding to large angle scattering), interpretatic..
the large angle region of the differential cross section cannot be done
just in terms of the interplay of spherically symmetric real and imaginary
potentials. It would be necessary to have measurements of the total ioni-
zation cross section over a wide range of energies in order to separate
out the contribution of the ionization width from that caused by whatever
anisotropy that exists in the real part of the potential. Inelastic
differential cross section measurements are also needed to determine the
extent of rotational excitation of the D, molecule in the collision
process.

In terms of reaction dynamics--for the triplet metastable case--
the evidence at the moment is in definite faver ¢ the idea that ionization
of the quencher occurs before there is any significant bonding with the
metastable atom. Furthermore, by plotting the reaction probability vs.

the classical turning point for various collision energies as we have done
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in Fig. 18, it is readily seen that, to a good approximation and for the
anerav range considered, the reaction probability iu independent of the
collision energy for a given classical turning point. We also note that
the classical turning point corresponding to an opacity of 0.5 is about
4.05 A, At this internuclear separation, the charge induced dipole

interaction as given by the expression

-
n
[
2
=R O
iR

where e2 = 332.11 A kcal/mole, is 0.13 kcal/mole. Thus the formation of

the ionx HeD+ and HeD; is tied to the second step of the model, viz.,

He + Dy(v') — [He-Dy(v')] — HeD, or Hed® + D

The reaction path forming HeD " is endothermic by about 0.8 eV for DE

in the ground state. If we assume, as do Hotop and Niehaus, that the
bond energy of the intermediate complex He-D; is les< than one vibrational
quantum of D;, and if we assume that the dissociation energy of HeD+ is
around 1.8 eV, then the formation of the associative ion HeD; is possible
only fov D; ions in the v' = 0 state, and that for the rearrangement
ionization jon HeD+, v' > 3 (the vibrational spacing for D; is about

0.3 eV). Much work remains to be done to determine in which vib-rot
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state is the DZ ion initially formed, and its effect on the subsequent
reaction. In this regard, knowledge of the He-D; ionic potential should
be extremely helpful. Thus a complementary study would be to perform
the Tow-energy differential cross section measurements for the ion

molecule reaction He + D;.
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TABLE 1
MMSY POTENTIAL PARAMETERS

e(kcal/mole) 0.0285
i (A) 6.4
8 5.9
8, 7.5
Cs (kcal/mole A%) 250
¢y (kcal/mole &%) 2700
by -0.750
b, 1.133
b, -3.979
b4 3.470
x] 0

X, 1.092
Xy 1.75

Imaginary Potential:

v, = exp(-B(R-RD)) kcal/mole
B = 5.2 (&N
R = 3.8 (A)
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TABLE 1}

BRANCHING RATIOS FOR COLLISIONS OF He(2‘S,23S) with D,

He(2'S)
+ + +

D2 HeD HeDZ
Ref. 6 0.85 0.10 0.026
Ref. 2 0.84 0.13 0.028
Ref. 15 (Theoretical) 0.905 0.095 (0.00)
This Work 0.54 0.41 0.042
He(2%)
Ref. 6 0.88 0.081 0.015
Ref., 2 0.88 0.10 0.016
Ref. 15 2.905 0.095 (0.00)
This Work 0.93 0.068 0.006
Mixed Beam Result
Ref. 9 0.83 0.15 0.02
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TABLE III

RATIO OF He(2's)/He(2%S) TON PRODUCTION CROSS SECTION

Hotop et al. (Ref. 1)

(E;ergy {kcal/mole) HeD2+ HeD D2 Total
1.02 0.412 0.509 0.282 0.373
+10%
1.73 3.367 2.210 0.127 | 0.282
+15%
2.0 2.085 2.603 0.250 0.426
+10%
2.6 1.87 1.747 0.231 0.335
£10%
RESULTS OBTAINEO BY OTHER BEAM STUDIES AT 300°K
Howard et al. (Ref. 5) 0.87:10%
Dunning et al.(Ref. 6) 0.67+25%
0.60%5%
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FIGURE CAPTIONS - CHAPTER IV

Fig. 1 Newton diagrams for He**ilz and He*#l,. We see that the use of
IIZ instead of Hy is clearly advantageous in terms of the wider
laboratory angular range it provides.

Fig. 2 The elastic differential cross section for HE(Z3S) +0, at
1.02 kcal/mole.

Fig. 3 The elastic differential cross section for He(2%) + D, at
1.73 keal/mole.

Fig. 4 The elastic differential cress section for He(235) +D, at
2.6 kcalfmole.

Fig. & The MMSV potential obtained in this work along with its
correspending ionization width.

Fig. & Comparison of the slope ¢f our proposed potential with those
calculated by the two groups Cehen and Lane, and Hickman et al.

Fig. 7 Comparison of the ionization width obtained in this work with
those calculatad by the two groups Cohen and Lane, ard Hickmen
et al.

Fig. 8 The elastic differential cross section for He(ZIS)ﬂ)z at
1.02 kcal/mole.

Fig. 9 The elastic differential cross section for He(ZIS) + I]z at
1.73 keal/mole.

Fig. 1¢ The elastic differential cross sectien for He(Z.S] +D, at

2.6 kcal/mole.
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The terperature dependence of the rate constant for He(Zas)*Dz
as calculated from our proposed potential s compared with the
experimental data of Lindinger et al. (here shown with their
uncertainties).

Energy dependence of formatien of saricus iomic products in
the interactions He(23SB+Dz, and He(Z]S)+Dz.

Ratio of singlet to triplet ionization cress sectiens as a
function of the relative collision velecity. The {igure is
taken from the work of Cohen and Lane.

Comparisen of the calculated iunization cross sections based
or our proposed potential with Preston and Cohen's thegretical
results.

The calculated total elastic cross section as a fynction of the
collision erergy based cn our proposed potential.

The probability of ionization as a fumction of the angular
momentum for varicus collision energies.

The classical Wwrning peint as a Tunction of the angu?:r
morentum for various collision energies.

The prebability of ionization @s a function of the classical

turning point for various collision erergies.
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V. THE CONSTRUCTION AMD PERFORMANCE CHARACTERISTICS OF A
RITROGEN-LASER-PUMPED-DYE LASER SYSTEM

A. Dye laser Physics

Since their first discovery eighteen years ago, lasers have nowadays
found themselves inte many branches of science. The phenomenal growth of
their rarge of applicability kas placed an ever increasing demand on
coherent radiatien sources which are at once powerful as well as widely
tunabie. This challenge is met in part, at least in the visible region
of the spectrum, by dye lasers.

for our purposes here, dyes, as far as their chemical constituency
is concerned, are simply large melecules which contain conjugated double
btonds. Llaser dyes, in partiuclar, are Jistinguished in their unique
spectroscopic properties. These include:

{a) Both the absorpticn and emission bands are fairly broad

(about 1600 cn™ V).

{b) The fluorescence band is gererally a mirror image of the
absorption band.

{c) The fluorescence lifetime is about 1072 sec.

(d) The maximum of the fluorescence band occurs at a longer
wavelength {lower energy) than the maximm of the principle
absorption band. This displacement is known as the Stokes
shift of fluorescence from the absorption. The extent of
this Stokes shift, and the width of the fluorescence and
absorption spectra may be such that the short wavelength
tail of the flucrescence substantially overlaps the long

wavelength tail of the abserption.



-203-

{e) A triplet-triplet absorption band may overlap the fluorescence

band.

These physical properties of laser dye molecules may be understoed
with refereace to Fig. 1. We have plotted here the pertinent energy
leveis of a typical laser dye molecule with respect to some generalized
configuration coordinate (the triplet system has been arbitrarily shifted
to the right for clarity). We have deliberately magnified in this diagram
the difference in the cocrdinate position which corresponds to the minimum
energy for ecach state, thus emphasizing that the equilibrium configuration
depends on the particular electronic state. The ground electronic state
of the dye mplecule is a singlet So‘ Many vibrational and rotatienal
levels can exist within it. The energy difference between naighboring
vibrational stales is ~1400-1700 m'], while the energy spacing between
rotational states is smaller by approximately two orders of magnitude.
Thus these motaticnal levels effectively form a near contiruum of states
between the vibrational levels. At room temperatures, the thermal equili-
brium distributions are such that very few molecules are more than 200
cm’ﬂ away from the lowest ground state level.

The absorption process {im solution) therefore can be seen as the
promotion (in the usual Franck-Condorn fashion)} of the dye molecules from
their low-Tying levels in S, to scme excited vib-rot states in §, {xhis
is denoted by A ~ b). The latter states, like those im So and for the
same reasons, also span a quasi-continuum. Thus the absorption has
resulted in a non-equilibrium distvibution of population in Sn. this is

however quickly dissipated by collisiens with surrounding solvent
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molecules.* A large molecule typically expeciences some 10]2 collisions/sec
in a liquid solution, this means that thermal eguilibrium in S] can be
reached in the tize of the order of a pico-second. These collisionally-
induced non-radiative transitions effectively quench all the molecules in
S] down to its lowest vibraticnal level {(b~»E). From here, they can
return to Sn via the emission of a photen whose energy is now necessarily
less than that of the absorbed light (B ~ a). This is a spin-allowed
transiticn, and thus the typical fluorescence lifetime of the state S]

is around 10'9 sec. The ratio of the number of emitted photons to the
number of absorbed purp-photons is called the fluorescence quantun
efficiency, and can be as high as unity for some dye solutions.

In addition to fluorescence, wmolecules in S] can underge three other
types of transitions; these therefore compete with the radiative process
of primary utility. Transitions between S] and other excited singlet
states (S] - 2) can possibly occur at the same wavelength as the fluo-
rescence. Also, non-radiative transitions between states of the same
mltiplicity {internal conversicn) can occur (S]—\r'SD).] Finally,
molecules in S] can change their multiplicity by non-radiatively crossing
over to a low-lying triplet state T.'. This interesting process of inter-
system cressing can be brought about by internal perturbations (spin-orbit
coupling, the presence of substituent groups in the dye molecule with
nuclei of high atomic number) as well as by external perturbations
{pararagnetic collision partners, 1ike 02 molecules in the solution).

*  Since this relaxation in S, also occurs in the gas phase, an additionail
mecharism besides m]lisio’ls with solvent molecules musc exist. This

is pcstulated to involve the rapid intermolecylar redistribution of
excess vibrational energy via anharmonic coupling.
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The lifetime for decay of the triplet state (T] - So) is genevally much
longer than the fluorescence lifetime since the triplet»singlet transition
is spin-forbidden. Thus the triplet state serves as a trap for the
excited molecules; and che accumlation of molecules there introduces
another complication as T] is but the lowest lying state of a menifold

of excited triplet states. Triplet-triplet absorption (T] - TZ) are
spin-allowed and usually have relativeily high extinction coefficients.z
In a nuber of fluorescent dyes, this abserption overlaps with the

S] - So spectrum (Fig. 2).
8. The Dye Molecule as Laser Nedium

The basic laser cycle for dye molecules imvolvas three steps:
(a) excitation from the ground vibrational state of S to excited vib-rot
states of S]; {b) fast radiationiess transitions within S, which bring all
the molecules down to its ground vibrational level; (c¢) fluerescence from
the lowest-lying states of S] to the high-lying vib-rot ievels of So' This
whole process thus en* ils the participation of four groups of energy
states of the dye which, 1ike all other four-level laser media, is there-
fore expected to be very efficient in terms of the degree of inversion
veguired for lasing. The presence of inversion {or positive gain) is
defined by having the number of molecules in the upper lasing level
(i.e. the g-ound vibrational state of S]) te be greater than that in the
lower lasing level (i.e. the high-iying states of So)' The latter, as
established earlier, is initially unpopulated {and cnce populated can be
rapidly thermalized to the lowest state), we therefore conclude that only

a small inversion marks the lasing threshold.
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We now turn our attention to some qualitative criteria that must be
satisfied by the excitation source to achieve positive gain. We will
confine cur discussion to operations in the pulse mide only. The somewhat
more difficult continunus wave (cw) case has been dealt with by many
authors.3 The presence of an optical rescnator bordering the dye medium
as well as properly aligned with it is also assumed here to lend practical
reievance to the notion of gain. Thus w2 seek to qualitatively describe
the time evolution of a solution of dye molecules in the limit of excita-
tion by a delta function pulse of the right frequency.

The excitation is taken tc cccur at to- This immediately (within
10']5 sec or shorter) results in a fraction W of the dye molecules being

prorpted to sowe excited vib-rot levels in S;. At t + 1012

sec., most
of these excited molecules will have radiationlessly relaxsd to the lowest
vibrational state of S;, and Fluorescence now commences. Fluorescence,

or spontaneous radiation, is isotropic, and its rate is independent of

the nurber of photons present. Since the dye cell is in an optical

cavity, some of the fluoresence photons wi'l! find themselves traveling
2long the optical axis of the resonator, and therefore be sent back into
the dye cell {the fraction of photons sent back depends on farcors like

the transmission of the cavity's output coupler, and the degree to which
the resonator is aligned, etc.}. These rebounced photons will set-off
another process, namely stimulated emission. The probability of stimulated
emission, hence its rate, s directly proportional to the number of photons
present (in sharp centrast to spontaneous emission). Ne see that initially,
stimulated emission is necessarily very weak compared to spontaneous

emission. However, as more and more photons are persuaded by the
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ever-expanding train of stimuiated photons to "3join the bandwagen™, there
will come the inevitable time when it is more probable for the molecules
in 51 to undergp stimulated emissien than radiating spontaneously.
Indeed, an avalanche of stimulated photons ther results, generating the
familiar large pulse {Fig. 3).

The above description, while pictorial, nonetheless yields scme
important conclusions about the excitation scurce. (a) In real life,
there is of course no delta-functicn pulse, but we see frem cur discussion
that the excitation source should have a very fast time in order to
adequately compensate for the loss due to spontaneous emission. (b) The
hi-“er the input power (hence mpre excitation photons), the faster can
stimulated emission gverride its spontanepus ccempetitor, and thus higher
wi11 be the conversion efficiency.

There i; finally an additional requirement on the pump source which
is implicit in the foregoing discussion. The excitation photons must have
sufficient energy to be able to raise the dye moiecules from So to S].

The separation between these two electronic states necessitates the use
of visible pkotons. Clearly, the shorter the wavelength of the excitation
source {within reason), the more different families of dyes it can pump.
Anything in the near-UV region is therefore very attractive.

While the desired spectral, pewer-output, ard rise-time specifications
for efficient cye laser operation can be impiemented in an excitatior
source in several ways,* pulsed systems such as the Witrogon laser have

proved to be most satisfactory im terms of the ease of construction as

* such as mpde-locing a ruby laser and then frequency-double its
output pulses.
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well as the overall performance. In this chapter, we will describe the
design considerations for and the actwal constvuction details of such a
sitrogen-laser-pucped dye laser system. We will alse briefly mention a
flashlarp-purped dye laser by way of comparisen.

C. The Nitrogen Laser

For our present interest, we will only consider three electronic

states of molecular nitrogen: ground, C3:1“ and B3ng. They are shown in

Fig. 4. It has been found that"" the total cross section for excitation
by electron impact fren the creund state X to the excited state € is on
the whole twice as large as that for the B stawe. Thus population inver-
sien of the C state relative to the B state, which results in the laser
transitien at 3371 &, can be effectively realized in an electrical
discharge.

The radiative lifetime of the C state is about 40 nsec., while that
of the B state is 5-8 usac. It is therefore obvious that steady stite
inversion, which requires that the B state be enptied faster than the C
state is populated, can never be realized by radiative de-excitation of
the B state alone. CW laser action is therefore extremely difficult.
For the purpose of pumping dyes, however, pulse cperatien is actually
& biessing since large peak powers can be ebtained from moderate input
power in the en=rgy storage circuit. Alss. any thermal heating problems
in the dye solution de2 to the excitation process cun be wore casily
taken care of. The gain of the Nz laser is so high that feedback in the

from of mirrors is unnecessary, and the laser light just pours out in a

sup-~radiant Fashion.
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D.  The Physics of Electrical Discharges as Applied to the Excitation of Nz

it was noted earlier that the excitation cross section for the C
state of Nz 3s larger thanm that of the B state. 7o be wore specific, we
must reconize that the exact value for these cross sections depends on
the energy of the electrens used. their ratio thevefore would chanze as a
function of the electron erergy. From Fig. 5, we see that this ratio ef
the cross sections peaks around 16 eV. We therefore wish te design our
elertrical discharge circuit in such a way as to provide the electrons

with this optimum energy.

70 do this, we claim first of all that the electron distribution
function for a nitrogen discharge can be well approximated by a
Maxwellian function when the ratio of the electric field to the pressure
of gas exceeds 30 to 40 volts/cm.torr. This is indeed the conclusion
reached by Xisin and Siambwis5 in their theoretical siruiation of elec-
trical breakdown phenomena. Secendly, since the average distamce which
an electron travels in the field £ befere it wndergoes a collision is

given by6

4 = (eEIme)t]2

the average time interval between collisiens is

= (rﬂevd!eE)
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where \ is the drift velocity of the electron. t] is of the arder of
10']2 sec, which is much shorther than the narosecond time scale of the
laser. Thus, for all practical purposes, the electrons in the discharge
can ke censidered to be in a steady state with the instantanequs electric
field.

The above cbservations make it very reasonable for us to describe
the nitrogen plassm, which typicaily has Ef/p > 160 volts/cm.torr, in
terrs of an electron temperature Te' To determine Te, we seek an expression
relating the terperature of the lectrons to the ionization rate, which can
Le oeasured. In terms of a kinetic medel, the latter is given by plugging
the ignization rate for one energy into the usual expectation for:uu‘ﬂa.7

Thus we have for the mean ionization rate

=

an f@ﬁe,ﬂ i s{v)v) veav m
°

where “o is the density of ground state molecwles, o{v) is the ionization
cross section at v, and v is the electron velocity. The expression in
parenthesis is just the jonization rate at the velocity v. g(Te,v) is
the novmalized Maxwell-Boltzmann distribution.

ixperimentaily, the ionization rate is generally expressed as

av (2)
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where o is the first Townsend coefficient, and 2 is the drift velocity

of the electrons. We can therefore equate Fg. {1} and (2},

=

avg = 47 Nofg(Te,v)o(v)v3dv (3)

[¢]

For nitrogenr, and for £/p between 20 to 150 volts/om.iorr. 2 and vg are

given as funciiens of {&/p) bya’g

v, = 2.9x 105 (%) an/sec

d

.7 _
& - q4x108 (%)3 {torr. cm) 1

And an analytical expression for o{v) can be obtained via a polynomial
£it to known experimental data. Thus Eg. {3) can be integrated in terms

of kTe. This has been done by Fitzsiimons et ai.m; they have found that

T = 0. (%) eV  {f/p in volts/cm torr) {9
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There is one other functional relation we can derive. Sinc the electren

current density J is defined by

37 Ve

LN = electron density

Using this alorg with the novwalized excitation rate given in Eq. {2), we

see that the rate of ionization for an electron density of n, can be

written as

= av
Va d

« Jpf (%) ,» fis one function of (%)
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The mportant conclusion o be drawn from Eq. {5) is that for a given
laser gecmetry and supply voltage, E = V/d is determined. Thus once an
optimum pressure is found, the amount of imversion per unit volume and
hente ine amount of available power is directly proportional to the

current density.
E. E/p and Overvolting

Since the factor (E/p) figures so prominently in our calculations,
we wish to look more ciosely at its physical sigrificance. In an elec-
trical discharge involving large currents, the electron density and gas
conductivity growth vary rapidly as the gas begirs to break dewn. After
a variable statistical time lag, am avalancke otcurs. Then, after the so-
called formative time lag, streamers form and the conduction chearnel filis
out. The formation of & conducticon chamnel occurs very rapidly when the
gas is overvoited by @ few hundred percents {Fig. €). The process of
charge multiplication during @ discharge has been studied by Townsend in
great detail. ¥e will just briefly trace the course of events and derive
some impertant relations.

The increase in ~urrent density beyond its saturation limit is
attributed by Tounsend to the ionization of the gas by the primary elec:rons.
This icnization takes place when the amount of kiretic erergy gaimed by
the electron between twp successive collisions reaches a sufficiently
high valye. An electron can therefore cause the - 3 it coilides

with to lose cne electren in either one direct seep, or if its

*
A gas is overvolted when a voltage exceeding its static breakdewn

voitage determined by discharge geemetry is "instantansousiy” appiied
to it.
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energy is not adequately high, more than one step. Now we can begin to
see why the ratio E/p is so important: 1/p is proportional to 1/N (wheie
N is the gas density) and to the mean free path and hence to the energy
gained between successive collisions. Thus E/p gives the average erergy
gained between collisions.

o, the Townsend coefficient intreduced earlier, represents the number
of ionizations produced by one electren per unit lergth in the field
direction y. Thus the number of electrons as measured aleng the field

at point L must satisfy the integral eguation

2

n(e) = /u R(x) dx

[}]

This can be solved by converting it to a differential eguation

dN = o N(xdz
ol _
W = @ di
(6)
e o
0
af
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¥e see from Eq. {6) that for every electron leaving the cathode, exp {ad)
electrons arrive at the anode, where d is the distance between the elec-
trodes. But the picture is more complicated than this because with each
jonizatien a positive ion is created, and this jon wili more towards tke
cathode. On its way, it may further jonize the gas*, and wher it hits
the cathede it may do so with sufficient erergy to eject a s2condary
electron. This latter phenomenon turns out to be very importart, its
probability is given as v. vy is known gereraliy as the second Townsend
coefficient.

Thus if exp{ad) electrons arrive at the anode, each giving rise te
{exp {ad) - 1) ion pairs in the course of its path, the corresponding
number of secondary electrens from the cathode would be y{exp{ad)-1).
Al these can then undergp the same process as the imitial electroms.

Thus the flux at the anode due to a single electren is

s e ¢ etdn%™ v L.

e

= end{]ﬂ(ead_” + yz(ead-i)z + .21

ad
e

1 - v

* This is cailed the 8 effeci, and generally is not very important.
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Eq. (7) gives the overall multiplication coefficient for the discharge.
It becomes infinite when the electric field in the gas reackes a value

such that

w(e™-1) = 3 (8)

This is the famous Tewntend breakdown criterion. It should be noted that
the resulting current cannot be infinite but, beirg no longer determined
by the existence of an ionizing agent, it is liwited orly by the internal
resistance of the source of potential difference applied acruss the
discharge, and, of course, by the maximum output available. Thus the
dynamic resistance {dV/dt) at the point of breakdown is zevro. This is
shown in Fig. 7, where Vi is the breakdown voltage.

To see what determines v, , we rewrite Eq. {8) as

w(i+1) ©)

-9
]
@ =

where d is the breakdown distance {or anode to cathode separation). ofp

as we have shown earlier, is a unique function of E/p; if we assume that

vy is also a function of E/p, Eq. (9) becomes



-217-

Since we are dealing with a uniform fieid, £ can be replaced by Vbld.

The breakdown criterion can ngw be written as

-
—

{1p)

pd

A
‘EI [
aleor
—
o

—
Ble*
S

which means that the breakdown veltage is a unique function of the
product of pressure anrd electrode sepavation for a particular gas and
electrode material. pd vepresents the number of free paths that exist
in the field direction between the electrodes. Vg thus depends on pd,
regardiess of the form of the functions f{v /pd) and oflv /pd). This
very important observation is known as Paschen's law.

For nitrogen, Paschen's law is approximately

v, = 300(i2.08(pd) + 5.0] (1)



-218-
where Yy is in volts, p in atmospheres and d in mn. For fairly large
pd, Eq. (11} can be written as

Vv, = Apd

where A is some constant. The discharge circuit with its ivherent dv/at

will cause the discharge to evervolt by seme factor B, so

Vo < BV, = aBp

and therefore

v
= _@c _
oA (12)

om

The irplication of Eq. {12) is that as long as the voltage supplied te
the laser channel is greater than vac by a sufficient ampunt, the ratio
E/p is determined entirely by the external civcuitry through 8, the

avervoltage factor. Thus in the zero order approximation we have, E/p

at breakd is ind of the pressure and electrode separation.

P

Experinentatly, however, £/p does depend siightly on these parameters.
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F. Discharge Uniformity

Uniform discharge is very desirable for maximum power output of
laser. This can be easily seen by adopting a simple model for the dis-
charge. Assume that the discharge sparks in I egually spaced channeis
aleng the electrodes. The total gain provided by 231 the chamnels is of
course determined by the tocal current which is fixed.

If the total gain is G, ihen the gain per charnel s

€
1 +§§ (]3)

Thus as W=, the beam passes through each differentially thin channel
with unit amplification. Now if ome of the erd chanrels gererates spon-

taneous noise PD, the power output of the tube is then
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The 1imiting value is effectively reached when
% = 108

Thus for a uniformly discharging laser tube that saturates at 10 kw from

10 i of noise, & is

on out | _ 15

Hence to effectively utilize this gain, there should be at least 150
channels. If the discharge only sparks at 5 cr 6 places, the gain,

instead of being 1106, is enly

P 5
-1+ B) <0
(1)

The loss in gain I; another reason why overvolting is very important
{overvolting also provides a high electron temperature). When the
electrodes are hichly overvoited, B is large {vide supra) and the chamnel-

initiating avalanches form very quickly. The faster the channels are
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formed, the closer together they are. This cam be reasoned as follows:
when one charnel is formed, it tends te short the electrodes and the
local potential fails. The potential drop prepagates as @ pulse down
the electrodes at a speed close to that of 1ight, so no nuw channels
can be formed where this pulse has passed by. Thus, if the channels
all start forming in seme time 1, they can occur as close together as
x = ci. DOvervolting has the effect of drastically reducing 1. When
the electrpdes are overvolted by 500%, 1, the time for a channel te
begin forming after the first channel has fermed, is down to a few

picoseconds, so x is on the order of mm, and the gain of the laser is high.

G. Details of Construction of a Nitrogen Laser

a. The Discharge circuit

The high voltage pulse generator circuit is of a capacitor transfer
design. It is shown in Fig. 8, and can be analwsed in the usual manner.
C] here is charged up at t = G to some voltage \.’o. At t = 0, the spark
gap fires, and we seek to determine the | _havior of the current as well
as the voltage pulse across {32 shortly after. The voitaye drop across
C2 is of course the same as that across the discharge channel.

Consider the circuit loop marked A. We have represented the spark
gap at breakdown by an inductance Ls. Kirchofi's Jaw states that the

net voltage drop around 2 close loop must be zero. Thus we have
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)
(2}

Vel & I\
dicng (o) sy

To solve £q. (12), let i{t} = A cos{ut) + B sinfwt).

NKe recognise our
‘two boundary conditicns to be:

i(t=0) = ©

L (dn]dt)td] = v, {since the voltage across an inductor
carnot change rapidly)

we therefore see that A =0, and B = \!o](l.m)- Substituting these into
Eq. {14) gives
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therefore the current as a function of lime is

(15)
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Yot
C {cos ut - 1)
2
¢, ~Cp: v, = “—u(cosm-ﬂ) - v sin? &
175% Y, z o z

¥e see that at t = 7/w, VCZ = Vg and this the maximum voltage across Cz,
In actual practice, the voltage will not be able to get this high because
the gas in the laser tube will broakdown at a much lower voitage, usually
around \loiZ {reached after ©/2» sec). However, if the pressure in the
laser tybe is purposefully set high enough, the breakdown in the tube
will not occur and the open circuit voltage of the pulse generator can
be chserved. This allows us to get an estimat2 on the damping time 1

as w11 as the angular freguency w via the relation

TR T
Vobserved Voll -e™" cos ut)


http://Ht.ll
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Combining the fitted values of 1 and u with a measurement of C;. the
spark gap inductance ls and the damping resistance R = ZLSIT can be
determined. Typical values for LS and R are 15 nH and 2 okms respectively.
Since the damping resistance is quite high, and the Cy-to-C, transfer
scheme necessitates all of the energy stored in C] be delivered through
the spark gap to C?, we therefore deliberately make C] a little larger
than CZ to compensata for the losses in the switch.

The optical output is very accurately synchronized with respect to
the veltage across the laser tube with the peak power occuring at a time
approximately half-way down on the falling laser tube voltage. This is
skown in Fig. 9. The tight ccupling between the driving electricai
circuit and the optical properties of the laser are indicated by the fact
that the time scales for both the optical and electrical characteristics

are about the same.
b. The Discharge Tube

The laser tube design is shown in Fig. 10. The two vertical aiuminum
bars are held together via screws threaded into the korizontal plexiglas
plates. Vacuum seal is afforded by the use of RTV on all the joinmts.

Two 0.243" slots 0.125° deep are miiled into the aluminum bars and cogper
tubings of 0.25" 0D (1/16" wall) are pressed into them servirg as elecirodes
by circulating watery, This is very necessary when the laser is operated

at a high repetition rate. Simce the discharge produces a let of ozore

as well as other chemicals which tend to degrade synthetic plastics, we

have covered the inner surfaces of the piexiglass walls with thin ceramic
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plates {RTY is again used for this purpose). The high and low voltage

side of the laser tube are connected by two sheets of resistive paper
(around 100 ohas/sq. in) located aleng the outside of the plastic

insulator and extending the Tength of the 24" long discharge tube. This
small resistance is mecessary to maintain the voltage across the laser

tube close to zero during the charging of the primary capacitor C].

Aiso, the locaticn of the surface resistance shorts out the otherwise
inevitable fringing electric fields and thereby assuves a wore uniform
electric field inside the tube during the early development of the discharge.
This field uniformity effectively prevents arc formation, and kelps to
confine the discharge to a thickness which is apprcximately egqual to the
diameter of the electrodes. On this basis, the closer the rasistive paper
is placed to the discharge, the better defined is the discharge. Id=aliy,
therefore, the paper should be glued to the inside surface of the discharge
tube, and then be covered with ceramic plates.

A front surface aluminized mirreor and a quartz window are sezlud to
the two ends of the discharge tube with O-rings. They are bhoth about 3°
renoved from the active region of the discharge so that dirty deposits
arising out of the latter will be purmped away before they car accucuiate
on the surface of the mirror and the window. The aluminum airror is
rcughiy prealigned by sight via four alighnment screws. The fimat
alignment is performed when the laser is twrned on. The mirror and
the quartz plate are then both adjusted to give the fluorescence

image of the laser pulse as seen on a piece of paper the approximate

shape of an eye.



-227~

c. The Gas Flow

A good design for gas flow in the laser tube is crucial to its
operation. It is highly desirable that the residual iomization remaining
from the previous discharge pulse be distributed uniformly and with the
proper density in order to seed the mext discharce. These corditions can
be met by flowing the gas in a direction tramsverse te the iaser opticai
axis. As shown in Fig. 9, the NZ gas comes in through am input marifold
which is placed directly bekind cone of the copper electrodes (the left one
in Fig. 8). The gas thern flows across the tube through the action of a
punp which is connected to an exhaust manifold located divectly behind
the other electrede. Sufficient uniform gas flow can be maintained by
having 8 input and exit holes distributed evenly along each electrode
and placed sc as mot to be opposite one amother. At 60 Hz repetition
rate, a 10 CF® pump is necessary fer reliable cperation. If the repeti-
tion rate is reduced, then the pump must be throttled in order to save
seme iens for the mext discharge. The overall gas flow scheme is shown

in Fig. 11,
d. The Spark Gap

The laser inrcorporates a free running {non-triggerable) twe
electrode spark gap. The electrodes are made frem 3/8% thick copper
plates out of which are cut twe rectancles measurirg 1% x 2". All sharp
edces and corners are carefully rounded off and polished. The electrodes
are posiiioned by twv aluminum plates to given an overlapping surface

area of 0.75" x 2° and a gap of about 8.05™ {Fig. 12}). Provisions are
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also made in the aluminum plates for adequate water cooling. The rest of
the spark gap housing is machined from a solid plexiglas bleck, this is
coupled to the electrodes via Q-rings. The inside of the housing is

again Tired with ceramic plates for protection. The combination of heavy
copper electrodes and water coeling resuits in the migration of successive
sparks over the entire overlapping arez of the elecirodes. Also, since the
gap spacing is small compared to the transverse dimension of the electrodes,
almost all the Cu evaporated during a particular spark is redeposited
elsewhere on the electrodes. Thus while the cathode suface becomes
slightly convex after a long pericd of use, the gap spaciag would remain
the sane. The switch is typicaliy prt  Jrized with NZ to about 22 psi
with the gas flowing through the cap to be used again {after filtering

and drying) at a reduced pressure in the laser tube.

e. The Power Supply

Two electrodes spark gaps are somewhat notoriocus im their erratic
performance. The exact voltage at which breakdown occurs can vary from
shot to shot over a significant range. This would result in intolerabie
fluctuations in the laser gutput stability. However, such an undesirable
feature car b2 virtually eleiminated if the proper power supply is wused
to drive the spark gap. The essential features of such a power supply
and its mode of operation are shown respectively in Fig. 13 and Fig. 14.
The crucie? trick is to be able to tune the power supply to the line
frequency in the sense that the inductance lecated on the primary side of

the high voltage transformer should be selected te give L = (1/&»2),
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where C is the laser energy storage capaciter (Cu) transformed to the
primary circuit, @and w is the lime frequency at 60 Hz. Tiw operation

of the supply depends upon the transient response of the non-linear
circuit to the First haif and then to the second half of a complete cycle
of the applied line voltage. The capacitor is charged to its maxioum
value 1n about 1/120 seconds. Kith the proper inductance in the primary,
the peak capacitor charge voltage will be reached just as the applied
line voltage passes through zero. Thus if the spark gap pressure is
adjusted so that the gap fires at the maximum charge voltage, then the
transformer can no longer deliver amy significant current to the system
after the gap becomes a short circuit. This reduces the current carrvied
by the switch to be only the amount needed to discnarge the capacitor,
and it also insures that the gap will open again just as soon as the
capacitor is discharged. Also, since the time rate of change of the
charge voltage is zero at the end of the cyle, the gap will always fire
at the same voltage. Under proper cunditions the laser output exhibits
flyctuations of only about 7% in intensity. Fimally, the inductance L
can be varied to meet the desired matching condition by the elegant use

of a box of #12 gauge wire.

f.  tneray Storage Capacitor

Both Cu and C, in Fig. 7 are constructed out of 1/8" thick aluminum
plates. A cross-sectional view of how (; and C, are stacked together in
the actual assembly is given in Fig. 15. We see that the laser is mearly
symetrical (except for the spark gap) with respect to the centerlime

marked X. We have Tabeled the top stacks of aluminum plates A, B, C and
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D respectively for our discussion. c1 then consists of the sum capacitors
formed by B-A and B-C, while C, is just the cembimation C-D. When the
spark gap fives, all the energy stored in C] is transferred through the
gap to CZ. The latter, as clearly shown in Fig. 14, is just parailei to
the discharge charnel. The bottom stack of plates obvicusly fumction in
the same manmner.

The dimension of the plates A, B, C and D are respectively, 22" x
18.75", 21" x 20", 22" x 19.75", 26.75" x 25.375". A1l the plates are
meticulously polishked to ensure that their surfaces are totally deveid of
any sharp points. The edges of the inner plates {A, B, C) are rounded
off first by means of a 1/8° spherical mitling tool, and then polished
again. Probiems due to corona discharge are most Severe at the edges.

We have used 5 mil thick Mylar sheets between plates A and B, as well as
B and L, but enily two between plates C and D. All the mylar sheets are
first oiled with filtered transformer oil, and the desired thickmess is
then built uyp with care to exclude air between the various layers Each
stack of Mylar sheets is sandwichzd by wax paper (2 mil thick) whose
function 1s twofold: to distribute the oil evenly over the entire surface
of the aluninum plate, and, more importantly, to shield the Mylar from
attack by the inevitable ozone that is gererated in corona discharges.
The capacitor plates are firmly and rigidly held together ir order to
maintain a uniform spacing and to prevent mechanical filexing of the
plates during the charging and discharging of the capacitors. Ia their
eicht months of operation {over 60 hours of use), none of the capacitoers

has required any kind of servicing.
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Finally, the actual capacitance with which we need to determine the

value of the charging choke, can be well estimated by the foruwla

< 2 Lxt
C = 10N xgrx=f {eF) 7)

where Lxk is the overlapping area defining the capacitor (in cmzﬁ, s is
the thickness of the dielectric in mm, € is the dielectric constant of the
dielectric which for Mylar is 3.8. ¢y and Cz are therefore determined to

be 25 nfF and 15 nF respectively.

g. Performance Characteristics

At 60 Hz repetition rate, the N, laser as described above provides
an average power of 250 oW with peak powers reaching 570 K. The pulse
width {FWHEM) is about 7 nsec. The average power is measured with a
calibrated Scientech thermopile, and the peak power is obtained by
dividing the average power by the repetition rate times the duration of
the pulse. The overall efficiency as determined by dividing the average
optical power by the electrical input {all the way tack to the wall
secket) 1s about 0.03%. Fig. 16 gives the peak power as a function of
the repetition rate. The operating pressure of NZ for these mcisurements

is 55 torrs.
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H. The Dye Laser Module

This is of a conventional design with a 1180 grooves/mm grating blazed
at 3000 R to provide wavelength selected feedback. The dye-cell, the
grating, the output coupler as well as the 2" diameter cyiindrical lense
which is used to focus the N2 beam onto the dye-cell are all accurately
defined on @ thick aluminum slab serving as the base mountinc plate.
Alignment of the dye cavity is therefeore made aimost feolpr.of, amd
generally takes no longer than a few minutes. The grating is mounted on
a rotatable drive which can be manually or electrically controlled. The
dye ceil itself is somewhat nevel in that all the reguired seals are made
via O-rings. This feature is in part motivated by the frustrations ore
encountered when working with the alternatives such as epexy, RTV, glass
powder, etc., which all reacted in due course with the various soivents
one must wse to make up optimum dye solutions. Silicorn O-rings, by
comparison, are infinitely inert. The dye solution is circuited with the
help of a small pump, and its flow rate is adjusted to give a maximum
power as well as best optical beam quality by means of a pyrex flow meter.
Typical conversion efficiency of the dye laser with respect te the NZ

laser is in the range of 11-15%.

I. A Flasklamp-Purped Qye Laser

We were rotivated te construct a flashlamp dye laser system because
of the high energy per pulse it can deliver. The pumping cavity for the
dye cell is of the standard elliptical shape with the major and minor

axis measuring 2.274° and 2.140° respectively; its length is 3.5°. The
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dye cell of length 3.2" is then placed along one of the foci-axis, and
the flashiamp at the other. Dye circulation is again provided by a small
liquid pump. In this case, the heating effects due to the discharge are
quite noticeable, and the dye must have a flow-rate greater than 12 GPH
for optimm operation.

Two types of flasklamps have been experimented with. Onre is a water-
cocled Argon discharge lamp made up of a guartr capillary tube of
inside bore 3/32") and 1/16" tungsten rods serving as the electrodes. A
few torrs of continuously tlowing argon is maintained by means of a
throttied pump. The major difficulty with this lamp is that the discharge
products tend very often to clog up the bore of the capillary tube, thus
stopping the argon flow. While this problem can be solved by using
capillary tubes with larger bore, however the light output from the lamp
coes down rather fast as the bore is increased. We then tried the
cormercial non-water-cooled sealed xenon lamps from ILC {model # L-1832).
This produces a very clean discharge, and is an the whole much more
religble and quieter than our home-made version. Coolino for this lamp
is accomplished by forcing air through the pumping cavity.

The discharge circuit, as shown in Fig. 17, uses a parallel ccmbinationﬁ
of 4 LBL-saivaged 0.03 uF capacitors for erergy storage, and a home made
triggerable spark gap to centrol breakdown voltage and pulse revetition
rate. The gap is triggered by feeding a 20 kY pulse to an automotive
spark plug which is inserted into ore of the electrodes. Care is taken
to make the dischavge path as short as possible so as to minimize the

overall inductance of the circuit, and hence the rise time of the discharge
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pulse. The capacitors are typically allewed to charge up te 16 kV
{controlled by the pressure in the gap) before the spark gap is triggered.
The rise time of the optical pulse from the flashlamp is found to be

500 nsec. To increase the reliability of operatien, especially at

high repetition rate, and alse to eliminate the problem of missing pulses,
we have incorporated a dc preionization circuit inte the main discharge
circuit. This provides & simmer current of about 5 mA through the lamp
once it is started.

With 10 joules erergy input to the lamp, the dye laser cutput with
Rhodamine 6 & in methancl is about 12 m) lasing broadband. Ye did not
change dye concentraticn, dye flow-rate, etc. to optimize the conversion
efficiency. As is, this dye laser provides enouch power for most optical
excitation purposes, and its long cavity permits the implementation of

intra-cavity absorption type experiments relatively easily.
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FIGURE CAPTIONS - CHAPTER V

Fig. 1 Schematic energy level diagram for & typical laser dye.

Fig. 2 Absorption and fiuorescence spectra for a typical laser dye.
Fig. 3 Cartoon showing the time-evolution of a dye laser pulse.
Fig. 4 Pertinent lasing energy levels in molecular nitregen.

Fig. 5 Excitation cross section for various elactronic states of N?.

as a function of the incident electron energy.
Fig. 6 The formative time for a conduction channel as a furction of
overvol ting.

Typical I-V curve for a gaseous discharge tube.

-~y

Fig.

Fig. 3 Schematic of capacitor transfer circuit used for laser discharge.

Fig. 9 Tice developrent of the NZ laser pulse relative to the min
discharge pulse.

Fig. 1¢ Cross section of laser discharge tube.

Fig. 11 Eas flow scheme for i, laser.

Fig. 12 Cross section of spark gep used in Hz laser.

Fig. 13a Schematic of high voltage power supply for HZ laser.

Fig. 13b Schematic showing BNC outputs from laser circuit.

Fig. 1§ Qperation of the LC charging circuit.

Fig. 15 Cross-sectional view of plate capacitors.

Fig. 16 Peak power of NZ laser as a Tunction of the repetition rate.

Fig. 17 Discharge circuit for flashlamp dye laser.
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