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Abstract approved:

A thermal beam of lithium atoms emanating from a heated oven and
excited to high Rydberg‘states by pulsed electron impact has been studied
in order to determine the interaction mechanisms which occur in collisions
between high Rydberg atoms and neutral ground stafe atoms and molecules.
The rare-gas atoms and nonpolar molecules used as collision partners
for the 1ithium higthydberg atoms (Li*) were neon (Ne), krypton (Kr),
hydrogen (HZ)’ deuterium (Dz), nitrogen (NZ), oxygen (02) carbon dioxide
(COZ) and methane (CH4). In addition to these eight targets, 16 polar
molecules with dipole moments ranging from 0.11 to 2.88 debye were
also used as target gases: carbon monoxide (CO), nitric oxide {ND),
nitrous oxide (NZO)’ nitrogen dioxide (NOZ)’ propylene (C3H6), carbonyl
sulfide (COS), propylamine (C3H9N), methyl ethyl ether (C3H8 ), formic
acid (CH20 ), sulfur dioxide (502), ethanol (C2H50), methéno] (CH40),
acetone (C3HGO), ammonia (NH3), hydrogen sulfide (HZS) and water (HZO)‘

The method of study of the collisions was by time-of-fiight analy-
sis. Li* atoms traversed a 35-cm flight path usually occupied by a
target gas before arriving at an excited-atom detector. Electric field

jonization of the Li* atoms followed by detection of the resulting

jons allowed for counting of individual atoms. Comparison of the



time-of-flight spectra with and without a target gas present in the
vacuum system allowed for a determination of the scattering cross sec-
tions for each target. With the atomic and nonpolar molecular targets,

14 cm2 and signal loss occurred

the cross sections were of order 10~
by deflection of the Li* atoms trom the beam. The deflection was ob-
served‘direct1y in separate experiments. The observations are in
agreement with predictions based on a model in which the Li+ core ion
interacts with the target atom or molecule by inducing a dipole in
the target. Momentum transfer to the Li* core ion results in deflec-
tion of the complete Li* atom. The measured cross sections are in
agreement with previous work performed in this 1a50ratory.

For the polar molecular targets with dipole moment less than about
1 debye, deflection of Li* atoms was again observed. The interaction
is believed to be between the Li+ core ion and the permanent dipole
moment, and scattering is enhanced if the molecules have large moments
of inertia so that the rotational periods are relatively long. The
molecular rotational states have a thermal distribution. Cross sections
of order 10'13 cm2 were measured, in fairly good agreement with model
calculations.

Polar molecules with dipole moment greater than about 1 debye,
and in particular the molecules NH3, HZS’ and HZO’ were observed to
collisionally ionize Li* atoms. Ioniiation is believed to occur when
a single quantum of molecular rotational energy is transferred to the
outer electron of the high Rydberg atom via interaction between the
electron charge and the rotating permanent dipole moment. In molecules

such as NH3 which have small moments of inertia, there is in many cases



sufficient energy in a rotational quantum to produce ionization of the
Li* atoms. Model calculations in which the outer electron of the high
Rydberg atom is considered to be essentially free are in agreement
with the measured results for NH3, HZS’ and HZO‘ A model proposed
by Matsuzawa gives ionization cross sections for these three molecules
which underestimate measured values by two orders of magnitude. Cross

12 cmz were determined.

sections of order 10~
In addition to timg-of-f1ight analysis, experiments were performed
to observe directly the deflection of Li* atoms from the beam. Also,
n-state population distributions of the Li* atoms produced by electron
impact were obtained by the technique of electric field ionization.
These distributions, recorded with various target gases in the vacuum
system and with no target gas present, show that the relatively light,
highly polar molecules, such as NHB’ cause significant n-state changing
and ionization in collisions with Li* atoms. The remainder of the poiar

and nonpolar molecules and atoms produce these effects to a much smaller

extent.
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COLLISION PROCESSES OF HIGH RYDBERG STATES
IN ATOMIC LITHIUM

1. INTRODUCTION

Atoms in highly excited states are of central importance in the
work described in this thesis. These atoms are called high Rydberg
(HR) atoms. A general description of HR atoms and their properties
will follow. Since atoms are quantum-mechanical in nature, a semi-
classical description is necessarily limited in validity. Owing to
the peculiarities of HR atoms, however, a semi-classical picture is
essentially correct in many aspects for this case. A rough notion of
what HR atoms are like is all that is desired at present. A more
careful treatment of high Rydberg properties with attention to fine
details will be given in Chapter 2.

An atom with one of its electrons in a highly excited state with
a large value of the principal quantum number, n, is known as a high
Rydberg atom, and the associated electronic state is called a high
Rydberg (HR) state. The semi-classical Bohr theory of the hydrogen
atom is adequate for describing some of the gross features of HR
atoms, since these atoms have large quantum numbers. The quantum
mechanics usually necessary to describe atomic systems must agree
with classical mechanics in the limit of large quantum numbers, ac-
cording to the Correspondence Principle. Insight into the nature of
HR atoms is provided by consideration of the hydrogen atom. In the

Bohr theory, the total energy and radius of a hydrogen atom in a



state with principal quantum number n are given respectively by

=W
0
E = — (1.1)
n 2n
and
r_ = n2a | (1.2)
n 0 :

where the Rydberg constant wo is equal to twice the jonization poten-
tial of hydrogen (27.2 eV) anda, = 5.3 x 1072 ¢m s the radius of the
first Bohr orbit. For an HR atom, one of the electrons is in a high-n
state and is a considerable distance from the rest of the atom, so that
this electron is moving in the nearly Coulombic electric field of a
singly charged ion. The system then resembles a highly excited hydro-
gen atom and Equations 1.1 and 1.2 are approximately valid. The Bohr
mode] of hydrogen, in which the electron moves in Keplerian orbits
about the proton with quantized angular momentum, also provides a
useful description of an HR atom, with the proton being replaced by
the core jon. For n = 30 an HR atom is bound together by about 15 meV
and has a radius roughly 900 times larger than that of ground state
atoms. The above discussion points out that HR atoms are hydrogen-1ike
in nature, very weakly bound, and quite large compared to typical atoms
in the ground state or Tower-lying excited states. Most other proper-
ties of HR atoms are a consequence of these three characteristics.
Modest electric fields of the order of a few kV/cm can ionize most
HR atoms because these atoms are so large and weakly bound. Electric

fields simply pull the atoms apart, with ions and electrons going in



opposite directions. The electric field necessary to ionize a HR
atom depends on its quantum number n. Atoms in higher-n states are
less bound and require a smaller ionizing field than those atoms of
lower n. Electric field jonization allows a method for detection and
also state selection of HR atoms. Detecting neutral atoms is usually
very difficult. With HR atoms a common practice is first to field-
ionize the atoms and then to detect the resulting ions or electrons,
which can be accomplished with relative ease. State selection is
possible since a given electric field will ionize only those atoms
which have n-values above a critical value which depends on the field
strength. Electric field ionization is such a useful technique in
studying HR atoms that a great majority of investigators have utilized
it in both recent and past experiments.

For a hydrogen-like atom such as a HR atom, the lifetimes for

3 for low values

states in spontaneous decay scale approximately as n
of angular momentum 2 and as n5 for high ¢ (B1). Since n may be large,
HR states can have lifetimes of 10'4 sec or longer, which is much
greater than the more typical atomic excited state lifetime of 10'8 sec.
With such long lifetimes, it is possible to maintain a HR atomic
beam over many centimeters, even at thermal velocities. Consequently
atomic beam experiments have become a useful and convenient way to
study HR atoms.

The subject of HR atoms dates back to 1884, when Balmer proposed

an empirical formula for the wavelengths of spectral lines of atomic

hydrogen. Cornu (1886), Pickering (1893),and Woods (1906), using



spectroscopic methods, were among the first to obtain experimental
evidence verifying the existence of HR atoms. Electric field ioniza-
tion was first observed in 1930>by von Traubenberg, Gebauer, and Lewin
(T1), who observed the disappearance of Balmer series spectral lines
in electric fields. One year later, Lanczos (L1) interpreted their
results as being due to electric field jonization of HR atoms. In
1934 Amaldi and Segre (Al) conducted the first collision experiments
with HR atoms, studying the shifts of spectral lines of sodium and
potassium due to collisions with rare gas atoms at a high density.

The first modern work on highly excited atoms was reported by
Riviere and Sweetman (R1) in 1963. They demonstrated the formation of
HR atoms in states with 9 < n < 23 following charge exchange between
fast protons and hydrogen molecules, and also used electric field ijoni-
zation as a high Rydberg detection method. Since that time much has
been accomplished in HR studies. Other means of production of HR
atoms, such as electron impact excitation, dissociative excitation of
molecules, and photon excitation have been developed. The basic proper-
ties of HR atoms, such as lifetimes, and the interactions of HR atoms
with other atoms and molecules are continuing to be explored. The
availability of equipment, most notably tunable lasers and small com-
puters, has made possible a great deal of the current research. Aside
from intrinsic curiosity, motivation for these studies stems from
various interests, among which may be listed application of HR atoms
in laser development, laser-induced isotope separation, energy deposit-

ion in gases, plasma diagnostics, and determination of fundamental

constants to improved accuracy.



This thesis describes experimental work utilizing thermal-velocity
Tithium atoms in a beam excited to high Rydberg states by electron
impact. The main objective in these studies is the understanding of
the mechanisms by which HR Tithjum atoms (Li*) interact with other
atoms and molecules. The most useful and important measurements in
this work are those of transit time distributions for Li* atoms
traversing a 35-cm flight path after excitation by a 10-usec pulse of
electrons. These time-of-flight (TOF) spectra contain information
about the velocity distribution of the Li* beam. In-flight radiative
dec&y rates, cross sections for collisions experienced by the Li*
atoms while in transit, and the velocity dependence of these cross
sections are all available from analysis of TOF spectra. |

Earlier work in this 1aboratory,'described in the Ph.D. thesis of
A. J. Smith (S1) and published by Kocher and Smith (K1), has shown
that deflection of Li* atoms occurs in collisions with atomic and
nonpolar molecular target gases. The scattering mechanism has been
described as an interaction of the Li* core ion with these targets,
with the HR electron playing a passive role. The previous work has
been extended here to include additional target species. Scattering
cross sections derived from TOF spectra in a manner similar to that of
Smith are in good agreement with the earlier findings and predictions.
In addition, evidence has been gathered which shows that some polar
molecules (perhaps most) also deflect Li* atoms in collisions. The
interaction is believed to be different. Collisions again involve

primarily the core ion and molecule; however the scattering proceeds



via interaction of a charge and permanent dipole rather than interac-
tion of a charge and induced dipole as in the case of nonpolar targets.
This research reports the first observation of such scattering of HR
atoms. Theoretical attempts to prediét the measured cross sections
will be presented, although they have not been entirely successful.
Ionization of HR atoms in collisions with highly polar molecules
such as NH3 has been reported by several investigators. Such colli-
sions involve the HR electron and the polar molecule, with the core
jon apparently remaining uninvolved. Matsuzawa (M1) has proposed a
theory in which single quanta of molecular rotational energy are trans-
ferred to the electron via interaction of the electronic charge and
rotating dipole. lonization cross sections are predicted in this paper.
Time-of-flight spectra for Li* have been recorded in the present
work with highly polar targets such as NH3, HZO’ HZS’ and SOZ' Lithium
high Rydberg ionization cross sections have been determined from these
spectra. The experimental results have been compared to the expecta-
tions of the model of Matsuzawa and of a free-electron model of the
interaction originally worked out by Massey (M2). The cross sections
of the Matsuzawa theory underestimate experimental results by two
orders of magnitude. No other attempts to test the Matsuzawa model
have appeared in the Tliterature. Cross sections derived from the
free-electron model agree reasonably well with measured cross sections
in some cases. These results will be reviewed in Chapter 5.

Additional experiments have been performed in order to obtain data

supplementary to the TOF data. Direct observation of spreading of the



Li* beam after‘the introduction of atomic and molecular target gases has
confirmed the deflection process described by Smith (S1, K1), and has
provided data demonstrating that deflection also occurs with polar
targets. Distributions of n-state population of Li* atoms after pas-
sage through various target gases have been recorded using an electric-
field ionization technique. These distributions help reveal the
different interaction mechanisms which are dominant with different
target gases. A knowledge of the distribution of states populated by
the electron impact excitation method used here is also quite useful.
In conjunction with the TOF data, the information obtained from the
beam spreading experiments and population distribution experiments give
a solid base of evidence to support the ideas presented here which des-
cribe the interactions of HR atoms and other atoms and molecules.

In Chapter 2 the properties of high Rydberg atoms which are of
importance to this thesis are presented along with a review of the
recent literature. Chapter 3 contains a description of the experi-
mental apparatus and methods. The procedures followed in the three
different experiments are outlined. The experimental results obtained
with atomic and nonpolar molecular target gases are presented in
Chapter 4. The measured cross sections are discussed in the light
of theoretical expectations. The studies with polar molecular gases
are the subject of Chapter 5. A summary of the results for all of
the target gases studied here is presented in Chapter 6, along with

suggestions for further study.



2. PROPERTIES OF HIGH RYDBERG ATOMS

In this chapter a review of the properties of high Rydberg atoms is
given. The areas covered include energy levels, electric field ioniza-
tion, radiative decay, collision processes, and methods for the
production and detection of Rydberg atoms. A review of recent litera-
ture is also given. Three review articles on HR atoms have been
published: Kleppner (K2) gives a historical perspective, Stebbings (S2)
discusses the basic properties, and I1'in (I1) reviews electric field

ionization studies.

2.1 Energy Levels

A HR atom has one electron in a quantum state with large value of
n. This electron is consequently far removed from the rest of the atom
and moves in the potential of the core ion, which has total charge +e.
HR states are therefore expected to resemble the corresponding states
of atomic hydrogen. However, the interaction between the excited
electron and the core electrons modifies the hydrogenic nature of HR
states. The angular momentum substates of a state with given n are
no longer degenerate as they are in the case of the hydrogen atom.
Quantum defect theory may be used to obtain the HR energy levels. In
this theory the total energy of a state with quantum numbers n and
2 is written in a manner similar to that in which hydrogenic levels are

expressed, namely




where n* is an effective non-integer quantum number given by n* = n—éz.
The quantum defect for the 2th angular momentum state is 62, which is a
dimensionless quantity independent of n. This is a major result of
quantum defect theory. Quantum defects are largest for low values of %,
where there is maximum overlap of the HR electron wave function with

the core ion, and become progressively smaller for higher % values.
Quantum defect theory is discussed by Seaton (S3).

Values of 62 for various elements for Tow values of 2 may be ob-
tained from tabulated energy levels (B2). In this manner one deter-
mines, for Tithium, 8y = 0.406, §, = 0.046, and §, = 0.001. Hence,
except for s and p states, Li* energy levels are very nearly hydro-
genic. For higher-2 states quantum defects can be obtained from
theoretical considerations. The major contributing factor at higher
2- values is polarization of the core ion in the field of the outer
electron. Edlen (E1) has given, for any element, an approximate expres-
sion for the quantum defects of states with & > 3, which is

_9(z-0.0)"% 3 - a(e+)nd

Pale- P+ 3) (a4 1) (a4 )

S

N}

where Z is the atomic number of the element.

2.2 Electric Field Ionization

Electric field ionization of HR atoms can be understood by conside-
ration of a simplified one-dimensional model of a high Rydberg atom in
a uniform electric field of magnitude F. As shown in Figure 1, the

potential energy of the electron at a distance z from the nucleus is
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given by

2
V(z) = 'T_ZT eFz . (2.3)

The potential energy has a maximum at z =//F with the value given by

! =~ A3p

»max 2ve” F . (2.4)
If Stark shifts of the energy levels are neglected, the state with
energy that lies at the top of the barrier has quantum number n obtain-

able from

E = - _wg =2k - (2.5)

n Zn

Those states with energies above the barrier are jonized in the field

F, while states with energies below the barrier remain bound. Ioniza-
tion by quantum mechanical tunneling is possible for the bound states,
with a probability per unit time which decreases rapidly with decreas-
ing energy. From Equation 2.5 the critical field at which the state

with quantum number n. becomes ionized is given by

Fe = Fo/nt | (2.6)

where F0 is a constant.

A more accurate description of field ionization requires evaluation
of quantum mechanical ionization probabilities. This in turn reqguires
the calculation of both the Stark-shifted energy levels and the time
development of the wave function for the Schrodinger equation. Lanczos
(L1) and more recently Rice and Good (R2) have performed such calcula-
tions for the jonization probabilities of excited atomic hydrogen.

Using the methods of References L1 and R2, Bailey, Hiskes, and Riviere
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Figure 1.

electric field. V

Contributions to the potential energy V(z) at x
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(B3) have obtained field ionization probabilities for all Stark sub-
states of hydrogen with 2 < n < 7 and for selected substates with

2 £n <20, These are computations which are useful for experimental
purposes. A plot of the ionization probabilities as a function of
electric field strength for central Stark components is shown in
Figure 2, which depicts a very sharp onset of ijonization and large
jonization probabilities above threshold. This threshold behavior is
the basis for the use of field jonization for state selection of HR
atoms.

Riviere and Sweetman (R1) observed the individual levels of atoms.
with principal quantum numbers from n = 9 to n = 23 by electric field
jonization in fields up to 1.2 x 105 V/cm. They formed HR atoms by
passing fast protons (50- to 100-keV kinetic energy) through hydrogen
gas. By charge transfer, fast hydrogen atoms in high Rydberg states
resulted. These atoms then passed through an electric field parallel
to the beam axis. By modulating the static field with a relatively Tow
amplitude 800 Hz signal and observing, in synchronous fashion, the
protons resulting from jonization, they obtained curves showing the
differential rate of ionization as a function of electric field.
Maxima in the curves were interpreted as being due to ionization of
states with successive principal quantum numbers. Individual substates
of a given n-state were not resolved. The maxima occurred at electric
field values consistent with those expected from jonization probabili-

ty calculations similar to those of Lanczos.
Using experimental methods similar to those of Reference R1, I1'in

t al,(I1, I2, I3) obtained field jonization spectra for helijum and
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hydrogen in agreement with the results of Riviere and Sweetman. I1'in
also noted that the experimentally measured critical ionizing field for

a state with principal quantum number n could be written as

- 3
Fe = Fo/n , (2.7)

where Fb depended somewhat on the electric field spatial distribution
and on the high Rydberg atomic flight time through the field, and B
was very nearly equal to four. This is in agreement with the simpli-
fied derivation at the beginning of this section, Equation 2.6. This
rule has been verified in several other field ionization studies (B4,
R1, R3). Bayfield and Koch (B5) have listed the values of FO and B
which have been observed. For the experimental work described herein,
the values Fb = 6.4 x 108 V/cm and 3 = 4.0 are adopted. The chosen
value for ﬁ) is appropriate for a beam containing all possible Stark
substates.

The experimental technique for state selection involves ionization
of selected states (those with n > nc) in a beam of HR atoms by appli-
cation of the appropriate electric field, with study of the remaining
neutral systems. If very high ionizing fields are used in a detector
for HR atoms, then virtually all of the high Rydberg atoms will be
jonized, and counting the resulting ions gives a measure of the high-
Rydberg atomic signal. In the present experiments both detection and

state selection by electric field ionization are employed.

2.3 Radiative Lifetimes

The theory of radiative decay for hydrogen in the absence of external
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fields has been discussed by Bethe and Salpeter (B1l). The radiative
transition rate, for electric dipole radiation, from an initial state
(n,2) to a final state (n ,2-1) for a hydrogen atom in spontaneous

decay is given by

1 4ezaozwn'n3 . - 2
n ,2-15n,8 = —————— |<n ,2-1frin,e>| °, (2.8)

f c3

where e is the electronic charge, a_. is the Bohr radius, ¢ is the

0
velocity of light, and <n',2-1(?|n,2> is the transition matrix element.

The transition energy, Wp'p, is given by
W

wn.’n=79(—}1-72-—:17) : (2.9)
It is seen that decay rates, which are inverse lifetimes, are
proportional to the cube of the transition energy and the square of the

transition matrix element. Hiskes, Tarter, and Moody (H1) have per-
formed extensive calculations of the lifetimes of hydrogenic states,
using zero-field as well as Stark wave functions. Figure 3 shows the
variations of hydrogenic lifetimes with n and 2 quantum numbers. If
transitions to several levels are possible, then the transition to the
lowest energy state, compatible with the selection rule A2 = = 1

with A2 = -1 preferred, is most probable. Except for s states, the
lifetimes of all other levels increase with increasing orbital guantum
number, and also increase with increasing value of n. The lifetime Tn

b

of states with quantum numbers n and ¢ is

3
n
Tt (2.10)

for fixed low value of & (Bl). The average lifetime of the nth quantum
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state, which is a statistical average over the orbital sublevels, is

given approximately by (B1)

IR e SRR (2.11)
n n,%
For circular-orbit states (where % = n-1), Smith (S1) has shown that
T . n (2.12)
n,n-1

Since HR atoms are hydrogen-like, the lifetimes of HR atomic
states should be simiiar to those of the corresponding states of hydro-
gen. Deviations from hydrogenic lifetimes are expected to be most
pronounced at low values of & , where the HR electron wave function has
maximum overlap with the core ion. Gallagher, Edelstein, and Hill (G1,
G2) measured the Tifetimes of sodium atoms in high Rydberg s and d
states with 5 < n < 13, and p states with 4 < n < 7. They found the

3 dependence, similar to the n3

Tifetimes to be consistent with a n*
dependence for fixed Tow & in hydrogen and in agreement with the predic-
tions of quantum defect theory. Stebbings et al. (S4) obtained values
of high-Rydberg xenon lifetimes (24f to 28f) and found that they were
very nearly hydrogenic. These authors observed that the lifetimes were
very sensitive to residual electric fields. For example the 25f life-
times was found to vary from 8 usec to 24 usec when an electric field
was increased from 0 to 25 V/cm. This effect was attributed to Stark-
induced mixing of g¢-substates.

Gallagher and Cooke (G3) demonstrated that high-Rydberg lifetimes
were affected by 300° K background blackbody radiation. They measured

lifetimes of the 17p and 18p states of sodium to be one-third of the
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expected theoretical values, and accounted for the reduction by includ-
ing the effects of 300° K blackbody-radiation-induced stimulated emis-
sion and absorption to nearby s and d levels.

The 1ifetimes for lithium atoms in high Rydberg states have been
compiled by Smith (S1), who extrapolated measured low-n s and p life-
times to higher-n values and measured lifetimes for high-n states of
unknown, but high, values of & . Since his experiments utilized some
of the same methods and apparatus as the present research does, these
data are of significant value to this work. Figure 4 is a plot of
Smith's results for the decay rates T' = 1/T. The lifetimes of lithium
states are not of direct interest in this research. It is only neces-
sary that they be long enough so that signal loss in the atomic beam
experiments due to radiative decay is not a large factor. The fraction
of Li* population remaining at time t after their creation, P(t), is

obtainable from

P(t) =e~TT | (2.13)

where T o 103 sec™! for n ~x 30 (from Figure 4). This value for n is
near the beam average. An average flight time is obtainable by divi-

sion of the flight distance (L = 35 cm) by the average beam velocity

(V=2x 10° cm/sec). The fraction of signal surviving this flight

distance is then

etk = 0.84 . (2.14)

Thus approximately 16% of the Li* atoms radiatively decay in flight.
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2.4 Excitation

Electron impact excitation, charge transfer collisions, and photon
absorption are the processes most frequently employed in the production
of HR atoms and molecules. Some examples of these three methods will
now be discussed.

In electron impact excitation, a beam of atoms or molecules is
bombarded by a transverse beam of electrons in an excitation region.
Ions, dissociation fragments, and HR atoms or molecules can be found.
This method has been used by many researchers. The noble elements
thus far have been most often employed as HR sources. Eermék and Herman
(C1), Kupriyanoy (K3, K4), Hotop and Niehaus (H3), Stockdale et al.
(S5), and Klots (K5) have produced HR states of the rare gases.

Electron bombardment of molecules can lead not only to molecular
excitation but also to dissociative excitation, with one or more
fragments in HR states. This occurs when a molecule is excited to an
unstable dissociative molecular state. Much of the electronic energy
absorbed in the collision can be released as kinetic energy to the
fragments. Kupriyanov (K6) has produced HR states of H, C, 0, and N
by electron impact with H2, C0, and N2. Similarly, Kocher and Fair-
child (K7), and Smyth, Schiavone, and Freund (S6), have produced HR
nitrogen atoms from N2.

Electron impact generally produces HR states with a wide range of
principal quantum numbers. Population distributions have been measured
by Shibata, Fukuyama, and Kuchitsu (S7) for helium excited by 100-eV

electrons, and by Schiavone et al. (S8, S9) for all the rare gases.
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The Tatter work includes time-of-flight distributions, absolute excita-
tion cross sections, excitation functions, and 2-changing cross sec-
tions in addition to the n-state distributions. Excitation cross

20 2

sections were measured to be of the order of 10°°" cm” for 20 < n < 80,

with a n'3 dependence. Cross sections for g-changing collisions be-
tween HR atoms and electrons were esfimated to be about 10'10 cmz. The
population distributions measured by these authors are in agreement
with those determined in this research for 1ithium HR states (Section
3.7 of this thesis). Smith (S1) has measured the excitation function
for electrons in collisions with 1ithium atoms and observed an excita-

17 cm2 averaged over all n.

tion cross section of 10~
A comprehensive theoretical treatment of electron impact excitation

is not available. Vainshtein (V1) has calculated, in Born approxima-

tion, excitation cross sections for several transitions in hydrogen and

16 2 for 2 <n < 9. Fano

sodium, with values typically of order 10~
(F1) has suggested that excitation by electrons should lead primarily
to Tow-% states, unless the bombarding energy is very nearly equal to
the ionization energy. In this case the low velocity of departure of
the exciting electrons allows for exchange of angular momentum suffi-
cient to populate high-% states (T2).

Production of HR atoms by charge exchange is accomplished by fast
ions passing through a neutral-gas-filled region. In collisions with
the neutral atoms or molecules, some of the jons capture electrons into

high-n states. A review of the theory of charge exchange collisions is

given by Fedorenko, Ankudinov, and I1'in (F2). The cross section for
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charge transfer depends on several factors, including the relative
velocity of the collision partners and the HR state under formation.

At large relative velocities charge transfer into s states is preferred
and the cross section scales as n™o.

Riviere and Sweetman (R1) formed H* atoms (9 < n < 23) in charge
exchange collisions of 50- to 100-keV protons with hydrogen molecules
and the rare gases. I1'in et al. (I1, 12, I3) formed He* and H*
atoms (9 < n < 17) by similar techniques using alkali vapors and noble-

3 dependence of

gas targets. Their results are in agreement with a n~
the production cross section. Bayfield, Khayrallah, and Koch (B4)
used 7- to 60-keV protons in collisions with atomic hydrogen to produce
H* atoms (13 < n < 28). They found the production cross section to be
very nearly equal to that for rare gas targets. The observed cross
section had a maximum at 30 keV, with a typical value of 10'20 cm2.
Photo-excitation is the newest method for production of HR atoms.
Unlike the two methods described previously, pure HR states with
definite values for n and 2 can be populated by proper selection of pho-
ton energies. The advent of high power tunable dye lasers has made this
method feasible. A great deal of current research with HR atoms is
carried out with the aid of lasers. Presently, lasers are restricted
to wavelengths longer than 2300 R, so that photon energies are about
5 eV or Tess. Hence the highly excited states of most atoms are not
directly accessible in a single-photon absorption from the ground state

with a laser. Several methods have been devised in order to overcome

this problem.
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Stebbings et al. (S4) have used electron impact followed by photon
excitation to produce high Rydberg atoms of xenon. In these experi-
ments a beam of xenon atoms was excited with an electron beam, produc-
ing metastable atoms in the 3Po state. These atoms were then irradiated
with 1ight from a pulsed tunable dye laser, resulting in highly excited
states with n selectable in the range 8 to 40. Boulmer et al. (B6)
have produced high Rydberg states of helium using technigues similar to
those of Stebbings et al.

Gallagher et al. (Gl1) have used a two-photon process to populate
high Rydberg states of sodium. They used two pulsed dye lasers excited
by a single nitrogen laser, with one dye laser delayed by 4 nsec from
the other. The first laser is used to populate the 3p state, while the
second_]aser excites transitions from this state to high-lying s and d
states, with 5 < n < 13. Essentially the same methods were used by
MacAdam, Crosby, and Rolfe (M3) to produce HR sodium atoms with
20 < n < 34.

2.5 Collisions

Collision processes involving HR atoms have been a subject of much
recent interest and are central to this thesis. Several different out-
comes have been noted in collisions of HR atoms with atoms, molecules,
and charged particles. State changing in HR atoms (both n and 2 states)
has been observed in many experiments. Ionization and deflection of
Rydberg atoms and excitation exchange with collision partners have also

been reported. A review of theoretical and experimental findings will

now be presented.



24

The large size of HR atoms suggests that large cross sections may
be observed for some processes, especially those which involve the HR
electron. Angular momentum mixing collisions were first reported by
Gallagher, Edelstein, and Hill (G4, G5), who studied collisions between
HR sodium atoms and heljum, neon, and argon. Their method consisted of
mixing a rare gas with sodium vapor and then exciting the sodium atoms
to specific HR states by a two-photon process, 3s to 3p followed by
3p to nd or ns (5 < n< 15). The photons were supplied by two tunable
dye lasers pumped by a single nitrogen laser. They monitored the
fluorescence from the nd to 3p radiative transition to obtain lifetimes
as a function of target gas density and Rydberg quantum state n. As a
result of elastic collisions with the rare gas atoms, initially popu-
lated nd states were mixed with all of the nearly degenerate & > 2
substates of the same n. Two decays were noted, a fast decay and a
slow decay. The slow decay was described as representative of the
decay of & > 2 states, and from this they determined the average life-

4'55, in excellent

time of the £ > 2 manifold of states to scale as n
agreement with the theoretical predictions of Bethe and Salpeter (B1)
for the hydrogen atom (Section 2.3).

The dependence of the fast decay rate on target gas density was
measured, and from this the %-changing cross sections were determined
for each of the target gases. Up to n = 10, the cross sections in-
creased very nearly in proportion to the size of the HR atom, exhibiting
an n4 dependence,and thus suggesting that %£-changing collisions involve

the HR electron. The cross sections were measured to be of order
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-13 cm2 for 5 < n < 15, much larger than the more typical atomic

cross section of 10'16 cm2. Cross sections were about the same for

10

all three target gases. O0lson's close-coupling calculations (01) have
accounted for the measured cross sections. The agreement of this
theory with experimental results confirms the notion that 2-mixing
collisions involve the quasi-free HR electron and the rare gas atom,
with the core ion not participating in the process.

Collisions with particles other than rare gas atoms can also cause
2-changing in HR atoms. In addition to jonization, %-changing can

occur in collisions with charged particles. Schiavone et al. (S8, S9)

10

have estimated &-changing cross sections to be around 10~ cm2 for

30 < n <80 in collisions of electrons with rare-gas HR atoms. The
cross sections scale approximately as n4, in agreement with theoretical
predictions (H4). MacAdam, Crosby, and Rolfes (M3) bombarded Na* atoms
(20 < n < 34) with He' ions of 450- to 600-eV kinetic energy and ob-

8

served ¢-changing cross sections of order 10~ cm2 and varying roughly

as n5. This faster-than-geometric n dependence was theoretically pre-
dicted by Percival and Richards (P1). Matsuzawa (M4) has calculated
cross sections for ¢ -changing collisions between HR atoms and polar

molecules at thermal velocities, and obtained values ranging from 10'11

to 10'14 cm2. A1l of the above processes have been described in terms
of collisions with the HR electron.
Since 2-changing cross sections are generally large for most colli-

sion partners, it is difficult to conduct any collision experiment in

which g2-changing is not a factor. The experiments performed in this
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laboratory are no exception. High- g states appear to be present in

the beam even when there is no target gas present (K8) although it is

generally accepted that predominantly low- g states are initially

populated (F1). The presence of high- g states helps account for the

stability against radiative decay of the Li* beam produced here.
Ionization of HR atoms in collisions with polar and electronega-

tive molecules has been observed in several laboratories. Experimental

results with highly electronegative molecules such as CC]4 and SF6

have been published by Stockdale (S5), Klots (K5), and Foltz et al. (F3).

Ionization occurs by electron attachment according to the process

e maxt e, (2.15)

where X# denotes a Rydberg atom and M represents an electronegative
molecule. The measured cross sections are of order 10_11 to 10'12 cm2,
and are only weakly dependent on the Rydberg quantumstate n. Matsuzawa
(M5, M6) has published theoretical work describing the process as a two
body collision between the nearly free HR electron and the molecule,
with the core ion uninvolved. Matsuzawa's prediction that the rate con-
stant for transfer of the slightly bound electrons from HR atoms should
equal the rate constants for attachment of free electrons with similar
velocities is supported by the results of Stockdale et al. (S5).
Ionization of Rydberg atoms in collisions with polar molecules has
also been observed, and is another example of a collision process in-
volving the HR electron and a molecule and excluding the HR core ion.
0-12

Hoptop and Niehaus (H3) reported cross sections of order 1 cmé in
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collisions of the form

* + -
X + M=>X +M+e” . (2.16)

In their experiments, M was H20, NH3, 502, or CZHSOH‘ The n-state
distribution of high Rydberg atoms, produced by electron impact with
rare-gas atoms, was not known, and consequently the n-state dependence
of the cross sections could not be determined. Matsuzawa (M1) has
proposed a theory to account for the results of Hotop and Niehaus. In
his model ionization occurs when a single quantum of molecular rotational
energy is transferred to the electron through an interaction of the
permanent dipole and electron. The problem is treated in Born approxi-
mation, with the requirement of single-quantum energy transfer. For a
given n-state, jonization will occur if there is sufficient energy
difference between two adjacent rotational states of the molecule to
overcome the Coulomb binding energy of the HR atom. The molecular rota-
tional states have a thermal population distribution, and the energy
separation between adjacent levels depends on the rotational quantum
state and the moment of inertia of the particular molecule.

*
Foltz et al. (F4) also measured ionization cross sections in Xe -

polar molecule collisions. They populated discrete HR states by
electron bombardment of xenon to the metastable 3PO state followed by
photo-excitation to states with 25 < n < 40 using a pulsed tunable dye

12 cm2 with molecular

laser. They measured cross sections of order 10~
targets of NH3, HZS’ H20, and 502. The cross sections increased

sharply with quantum number n.
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Smith et al. (S10) directly observed absorption of single quanta
of rotational energy by Xe* atoms in collisions with NH3 molecules,
thus confirming the process described by Matsuzawa. In this experiment
a discrete HR state was populated and the Xe* atoms were allowed to
collide with NH3 molecules. By an electric field ionization technique,
Xe* atoms were detected in states with n values greater than that of
the initially populated state. The energy differences between the ini-
tial and final Rydberg levels corresponded very closely to the energy
separations between adjacent thermally-populated rotational levels in

NH This experiment has established the conversion of single guanta

3
of rotational energy to electronic energy. Rate constants of order 10"6
to 10'7 cm3/sec were reported for both ionizing collisions and n-changing
collisions.

This thesis includes a report of measurements qf jonization cross
sections in Li*-polar molecule collisions. Many of the molecules men-
tioned above were studied - for example, NH3 and 302. Data have been
analyzed in a manner suitable to allow comparison with the predictions
of available theories. The results will be presented and discussed in
Chapter 5.

The preceding discussion has pointed out processes in which the
interaction is with the HR electron. The possibility exists for inter-
actions involving the core ion, with the excited electron being essen-
tially uninvolved. Reports of such collision processes have appeared

recently in the literature. Koch (K9) produced 6- to 13-keV kinetic

energy HR deuterium atoms (35 < n < 50) by the charge exchange method.
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These atoms were allowed to collide with thermal velocity nitrogen
molecules. At the stated kinetic energy, the D* velocity is much
greater than the orbit velocity of the HR electron. Theoretical con-
siderations (B6) indicate that the electron should scatter as a free
electron, independent of the quantum state of the D* atom. This was
observed to be the case, and the data also suggested that the core ion
scattered as a free ion.

Boulmer et al. (B6) studied excitation exchange in collisions of

helium Rydberg atoms with ground state heljum, with reactions

He(n) + He(1) — He(1) + He(n) (2.17)

They found the excitation exchange rate to proceed at the charge ex-
change rate, implying that the interaction between HR and ground state
helium atoms involved the HR ionic core, with the excited electron re-
maining a spectator.

In other experiments Gallagher and Cooke (G4) and Humphrey et al.
(H5) observed collisional depopulation of e;cited sodium atoms (ns states,
5<n < 11) in collisions with rare gas atoms and nitrogen molecules.

15 cm2 and

These n-changing collisions have cross sections of order 10~
were explained by consideration of the perturbing effects caused by
interaction of the atoms or molecules with the sodium core ion.
Kocher and Smith (S1, K1) reported deflection of Li* atoms in
collisions with rare-gas atoms and nonpolar molecules. When such a

target approaches a HR atom it can cause %2-changing by an interaction

with the excited electron and can result in deflection of the core ion
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(and hence the whole Rydberg atom) by a momentum-transferring elastic
collision. In the Tatter case a dipole moment is induced on the neutral
target by the ionic charge, and the interaction results in an attractive
force between them, leading to momentum transfer. Kocher and Smith

measured cross sections of order 10'14

cm2, and provided a classical
theoretical analysis which adequately explained the data.

In this research additional data have been gathered with a variety
of rare-gas atoms and nonpolar molecules. Deflection of Li* atoms by
these targets has been observed directly. In addition, certain polar
"molecules have been found to cause deflection of Li* atoms in colli-
sions with the ionic core. The results obtained with the atomic and

nonpolar molecular targets will be presented in Chapter 4 and the

studies with polar molecules are the subject of Chapter 5.

2.6 Detection

The common method of detection of HR atoms is to ionize the atoms
first and then detect the resulting ions or electrons. Ionization can
be accomplished by several means, including field jonization, surface
jonization, and collisional ionization. Another method of detection is
by optical techniques in which fluorescence from the decay of HR states
is monitored. This method was used exclusively in early work with high-
ly excited atoms.

In the jonization methods above, the ions formed are mass-analyzed,
collected in a Faraday cup,or counted by a single-particle detection

system. Kupriyanov (K3, K6) produced HR atoms and molecules by electron
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impact excitation and jonized them in collisions with other molecules
and metal surfaces. By mass analysis of the resulting ions he was able
to identify the formation of HR atoms. Hotop and Niehaus (H3) studied
ionization of rare-gas HR atoms in collisions with polar molecules in
much the same manner as Kupriyanov. Surski and Kupriyanov(S1l) and
Kupriyanov (K3) demonstrated the ionization of HR atoms near metal
surfaces. Chaplik (C2) has claimed that the mechanism for metal sur-
face ionization of HR atoms is that of charge exchange between the
atom and the metal.

Field ionization is probably the most widely used method for de-
tection of HR atoms. The experiments of this work utilize electric
field ionization and a charged particle detector to record the arrival
of individual HR atoms. Riviere and Sweetman (R1) and I1'in et al.
(I2) used field ionization followed by a scintillation detector in HR
studies of hydrogen and helium. Their experiments and other aspects
of field ionization are discussed in Section 2.2.

Monitoring the fluorescence as an atom decays to a lower-lying
level is an excellent means of detecting individual HR states. Through
the use of interference filters, the decay of single HR states can be
studied, making this method highly specific. This method is very use-
ful in conjunction with photon excitation to HR states by means of
tunable lasers. Gallagher et al. (Gl, G2) measured nd and nf life-

times of sodium directly by observing the nd to 3p decay as a function

of time after excitation.
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3. APPARATUS

The experimental work described herein utilized a thermal-velocity
lithium atomic beam, with the atoms excited to high Rydberg states by
electron impact. The equipment necessary to realize the experiments
includes a vacuum system, atomic Tithium source, excited atom detector,
and various other electronic and mechanical components. This chapter

describes the apparatus and experimental design.

3.1 Vacuum System

A diagram of the vacuum chamber is shown in Figure 5. The
vacuum chamber consists of two horizontal tubular copper sections
hard-soldered onto opposite ends of a circular middle section, which
is the source chamber. Each tubular section is 55 cm in length
with a diameter of 8 cm, and the source chamber, also copper, is 32 cm
in diameter and 5 cm in width and fits snugly between the poles of a
research electromagnet. Twin pumping stacks are connected vertically
to each end of the vacuum chamber, thus supporting it. Each pumping
stack consists of a butterfly gate valve, liquid nitrogen trap,
thermoelectrically-cooled baffle, and oil diffusion pump, all of
which are manufactured by the Edwards Company. Both diffusion pumps
are connected by metal forelines to a single mechanical backing pump.

The source chamber contains the oven, machined from molybdenum,
which is the source of the atomic lithium beam. An electron gun and

moveable collimating slit are also contained in the source chamber.
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The collimating s1it is about 7 cm in front of the oven exit opening
and is suspended from a shaped brass rod which becomes external to the
vacuum system after passing through a flexible brass bellows. The
collimating slit can then be moved horizontally across the lithium
atomic beam by external adjustment of the rod position. It is by
movement of the collimating slit that beam profiles are obtained.
These profiles are important in establishing scattering processes
occurring in experiments with various iarget gases. A detailed account
will be given in Section 3.8.

Electric field plates and an excited atom detector are located
approximately 25 cm and 35 cm downstream from the oven, respectively.
"Downstream" is the flow direction of lithium emanating from the oven.
The other end of the vacuum chamber, upstream from the oven, contains
only the oven and electron gun electrical lead wires.

Elastomer O-ring seals suitable for high vacuum work are used
throughout the system. High quality silicon base fluid (Dow Corning
704) is used in the diffusion pumps. Pumpdown of the system follows
a standard procedure. First the mechanical pump is used to reduce the
pressure to around several millitorr in the vacuum chamber and pumping
stacks, and then the diffusion pumps are turned on to complete the
pumpdown cycle. Pressure inside the system is measured by both a
Bayard-Alpert type ionization gauge (Troy-onic , model T0-75) and a
MKS Baratron capacitance manometer (model 310 BHS-1 sensor), which
measures absolute pressure and thus can be used to provide calibration

for the ion gauge. These gauges are connected to a 2.5-cm diameter
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copper stem protruding from the source chamber. The system base pres-
sure is about 2 x 10'6 Torr,which is sufficiently low for the

experimental purposes here.

3.2 Atomic Beam Oven and Electron Gun

The main features of the Tithium oven and electron gun are shown
in Figure 6. The oven is made of molybdenum, following general oven
design principles outlined in Ramsey (R4). The cylindrical well is
4 cm deep and 1 cm in diameter. The beam channel is 3 mm in diameter
and intercepts the well about 1 cm from the oven top and just below
the access plug. The oven is electrically heated through Sylvania
radio tube heaters. These heaters are made of 0.013 cm-diameter
tungsten wire and are placed within ceramic tubes to prevent short
circuiting to the oven. The 16 well heaters (2.5-cm length) are joined
in series, as are the six channel heaters (5-cm length). The heaters
are interconnected by spotwelding to intermediate short lengths of
tantalum wire, with the final ends brought out to two pairs of termi-
nals (one pair for each circuit) mounted on a boron nitride block
attached to the back of the oven. Combined cold resistances are 9 @
(well)and 7 @ (channel). The heaters are connected in parallel to a
single power supply, with an additional variable resistance added in
series with the well heaters so that the channel may be kept at a
higher temperature than the well if desired. Under normal operating

conditions the heaters dissipate a total of about 100 W of power.

The mounting base plate for the oven is thermally insulated from

the rest of the oven by Tong thin stainless steel screws, and the base
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plate is isolated from the vacuum chamber wall by a boron nitride slab.
In this manner oven heat loss by conduction is reduced to a minimum.
The oven temperature during operation is about 470° C and is monitored
by a copper-constantan thermocouple inserted into a small hole at the
back of the oven.

A full oven load consists of about 1 gm of lithium. At an operat-
ing temperature of 470° C, a simple kinetic theory calculation shows
that this amount would be totally vaporized in about 500 hours. Reduc-
ing the oven temperature to 300° C when the beam is not in experimental
use considerably lengthens the oven depletion time. In three yea}s of
use in this study, the oven was filled twice. In operation and while
at standby temperature, the channel is kept hotter than the well, so
that it will not be blocked by condensed 1lithium.

The electron gun consists of a Philips-type porous tungsten dis-
penser cathode (manufactured by Spectromat), a grid, and a collector.
The cylindrical cathode is 0.5 cm in diameter and 1 cm in length and is
emissive on all exterior surfaces. It has an open end through which
a coiled tungsten heater is inserted. Up to 15 W of power can be dissi-
pated in the heater. The grid is a very simple two-wire structure
mounted directly onto the oven. Electrons emitted by the cathode are
accelerated between the cathode and grid when a negative potential is
applied to the cathode and the oven is grounded. The collector is
located on the other side of the oven and is used to monitor the elec-
tron current flowing from the cathode and across the front of the oven.

This permits a determination of cathode efficiency.
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The function of the electron gun is to create Li* atoms. In the
experiments where Li* time-of-flight (TOF) distributions are deter-
mined, a 10-usec duration, 10-eV kinetic-energy pulse of electrons is
directed across the oven channel opening, where the electrons collide
with emerging lithium atoms. The collisions produce a corresponding
pulse of Li* atoms and Li* ions. Since all of the Li* atoms are
created at virtually the same time for each individual pulse, it is
possible to catalogue Li* arrivals at the detector, 35 cm from the oven,
according to flight time. The distribution of Li* atoms as a function
of flight time is a TOF distribution.

The electrons from the electron gun are focused in the uniform
magnetic field of the electromagnet, whose pole faces sandwich the
source chamber. The magnetic field, maintained at 1.5 kG, is along the
direction of the electron beam. Electrons having a velocity component
perpendicular to the magnetic field are caused to spiral about the
beam axis by the Lorentz force (see Figure 6). The magnetic field also

o,
serves to remove Li ijons from the beam.

3.3 State Selector and Excited-Atom Detector

The technique of electron impact excitation produces HR atoms with
a wide range of n-values. One method for state selection, which is
used here, is electric field ionization. Figure 7 depicts the arrange-
ment of the electric field plates and excited atom detector. These are
located about 35 cm downstream from the oven. Equal positive and nega-

tive voltages with respect to ground are applied to the plates to ensure
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nearly zero potential on the atomic beam symmetry axis. The field
plates are separated by 1.0 cm and extend 3 cm along the beam direc-
tion. The transverse field is nearly uniform between the plates.

In passing through the plates, all Li* atoms in states with

quantum numbers n >nes where n_ = (FO/F)1/4, are ionized in the elec-

c
tric field F and removed from the beam (Section 2.2). In most of the
TOF experiments, the electric field strength was set at 20 V/cm. This
value was chosen not for state selection but mainly to sweep away any
ions or electrons residual in the beam and thereby prevent them from
reaching the detector. This field will ionize states with n > 75, and
the great majority of the Li* atoms were produced with n< 75. State
selection was seldom utilized in the TOF experiments. However electric
field ionization (state selection) has been used to obtain the n-state
population distribution present in the Li* beam. The details of how
this is accomplished will be left to Section 3.7. Knowledge of the
population distribution is necessary in analysis of the data of the

TOF experiments with polar molecular targets.

The excited-atom detector, shown in Figure 7, is immediately
downstream from the field plate region. Li* atoms which survive to
this position in the beam are field-ionized by an electric field up to
about 5 kV/cm between a 1 cm x 1 cm grounded copper plate and the
cathode end (at -2400V) of a continuous channel electron multiplier
(Galileo Channeltron, model 4028). The resulting ions are accelerated

into the input cone of the Channeltron and counted. The detector cir-

cuitry is shown in Figure 8. The Channeltron is essentially a glass
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helical capillary tube of about 1 mm inside diameter with a cone-shaped
cathode at one end. The inside surface material has a Tow work func-
tion so that secondary electron emission is favorable. When an ion
strikes the surface at the cone, electrons are ejected from the surface
and accelerated into the Channeltron by the electric field due to the
potential difference between the Channeltron ends. Because of the
curvature, the electrons will strike the inner surface many times as
they traverse the Channeltron. Each collision by an electron with the
emissive surface has a high probability of ejecting other electrons
ffom it, resulting in charge multiplication. At a typical operating
voltage of 2.4 kV, the electron gain is about 107. Hence each ion (or
each HR atom) results in a charge pulse at the collector end of-the

12C. Thisvpulse is sufficient to drive elec-

Channeltron of about 10~
tronic circuits, and is much larger than most background noise encoun-
tered in the experiments. The output pulse width is about 20 nsec.
Since the Channeltron is exposed to the target gases used in the
experiments, it is desirable that the electron gain be insensitive to

3 Torr. Smith (S1)

gaseous environments up to a pressure of about 10~
has observed that this is the case, and this conclusion has been veri-

fied elsewhere (E2).

3.4 Gas Handling

The system for allowing target gases into the vacuum chamber is
diagrammed in Figure 9. It basically consists of an aluminum reservoir

of approximately 2¢ volume, a 0-to-100-Torr-range manometer (Wallace-
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Tiernan, model FA 160) for monitoring gas pressure in the vessel, and a
set of valves, fittings, and small-diameter copper tubing for control-
ling gas flow. Also, a mechanical pump is used for evacuation of the
vessel and all gas lines.

This system is required in order to allow for the controlled intro-
duction of target gases into the vacuum chamber. A high precision
variable leak valve (Granville-Phillips, model 203) permits the flow of
gas from the reservoir into the vacuum system. The pressure within the
reservoir is always maintained at much less than atmospheric pressure,
usually around 40 Torr. Therefore the pressure difference across the
variable leak valve (bleeder valve) is small enough so that good valve
performance and excellent control of gas flow into the vacuum system
are achieved. Target gas pressure uncertainties in the experiments are
almost entirely due to instrumental effects and not to poor flow control.

Gas from manufacturer-supplied cylinders (at pressures exceeding
1 atm) is first let into the reservoir (previously evacuated) until a
desired pressure is reached, usually around 40 Torr. The reservoir valve
is closed and all lines are pumped out. Following this, valves to the
pump are closed and the reservoir valve is opened, thereby allowing
gas to flow up to the bleeder valve. Gas flows continuously into the
vacuum system when the bleeder valve is opened, and the gas is pumped
out by the diffusion pumps. Adjustment of the bleeder valve controls
the flow rate so that any desired constant pressure can be maintained
inside the vacuum system, provided that the pressure is not too high.

A typical target gas pressure of 10-4 Torr is easily maintained.
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After experimental work with the gas in completed, the bleeder
valve is closed and the reservoir and all lines are evacuated of the
remaining unused gas through the mechanical pump. Another gas can
then be admitted into the reservoir and the process repeated. On pump-
out, residual gas pressures of much less than 0.1 Torrare attained, so
that upon introduction of a different gas, contamination by mixing
with the previous gas 1s.a1ways much less than 1%. This is sufficient
purity for the scattering experiments considered here.

Gas is allowed into the vacuum system at a point just above the
downstream pumping stack. Since the maximum target gas pressure in

4'Torr' the molecular (or atomic) mean

the experiments is about 2 x 10~
free paths are greater than 10m, which is larger than any dimension
of the vacuum system. Hence gas flow inside the vacuum chamber is free
molecular (or atomic) flow, and there should not be significant pres-
sure differences between any portions of the chamber. An experimental
test was performed to check this. With a target gas flowing into the
system from one end of the chamber, first the butterfly valve above one
diffusion pump was closed, and the target gas pressure was measured by
the ion gauge, located near the center of the chamber. Then this valve
was re-opened and the butterfly valve above the diffusion pump at the
other end was closed. Again the pressure was read from the ion gauge.
There was no noticable difference between the two pressure readings,
indicating that gas flow was symmetric across the chamber, with insig-
nificant pressure gradients.

The gas pressure inside the vacuum chamber is measured by a

Bayard-Alpert type ionization gauge calibrated with the Baratron
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capacitance manometer. The operating principles of ionization gauges
have been discussed by Dushman (D2). Basically these gauges function
by ionizing a portion of the residual gas and collecting the ions. The
gas pressure is then proportional to the ion current. The gauges are
sensitive to the composition ot the residual gas however, since
different gases have different ionization potentials and cross sections
for ionization. Thus ion gauge readings are only proportional to the
absolute pressure, and must be corrected %or the gas composition in
order to obtain the correct pressure. Ion gauges are reliable in the

3 t0 10718

pressure range 10~ Torr. In applications where the pressure
is 10'6 Torr or less, these gauges are used almost exclusively.

The Baratron capacitance manometer used in this laboratory mea-
sures absolute pressure in the range of 1 Torr to 10'6 Torr. However,
instrument drift makes it unsuitable for measuring pressures below
about 5 x 107 Torr with confidence,and much of the experimental data
were obtained at pressures lower than this value, where only the ioni-
zation gauge is reliable. The following procedures were developed in
order to calibrate the ion gauge with the capacitance manometer.

With no gas in the vacuum chamber, the Baratron was zeroed. The
particular target gas of interest was then allowed into the chamber and
the Granville-Phillips bleeder valve was adjusted until a stable pres-
sure of around 7 x 10™% Torr determined by the Baratron reading, was
established. The Baratron is very reliable at this pressure. The

ionization gauge was then adjusted (by varying the filament current)

to give the same readina as the Baratron, or a convenient multipie of



47

this reading. This action calibrates the ionization gauge for the
particular target gas, and in further work with this gas all pressures
were measured with the ionization gauge. These procedures were followed
for each individual target gas.

Figure 10 shows a plot of ionization gauge pressure reading versus
Baratron pressure reading obtained with acetone vapor in the vacuum
chamber. The linearity of the plotted data indicates that the ioniza-
tion gauge readings are proportional to the true pressure over the
range of the plot. This gives confidence to the above procedure of
extending the jonization gauge readings to pressures below and above

the calibration pressure.

3.5 Electronics

The electronic instruments required for TOF experiments are shown
in the block diagram of Figure 11. Details of how the equipment is
orchestrated will be given in the following section. A pulse generator,
triggered by the computer, is used to apply negative voltage pulses to
the heated cathode. Normally pulses of -10-V amplitude and 10-usec
duration are used, resulting in a short burst of electrons that crosses
in front of the oven to excite Li* atoms from the lithium emanating
from the oven. Charge pulses arising from the detection of HR atoms go
from the Channeltron to a charge-sensitive preamplifier, amplifier, and
discriminator. If a pulse has amplitude in excess of the discriminator
voltage setting, which is almost always the case if it is a genuine

signal pulse, the discriminator outputs a pulse which goes to a universal
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counter (Tektronix, model DC 503) and a 12-bit binary counter, where
its arrival is recorded. The binary counter is read and cleared every
15 ysec by the computer, with the readings (numbers) stored in succes-
sive computer memory locations. Hence Li* atoms can be grouped accord-
ing to arrival time.

The LSI-11 computer (Digital Equipment Corporation) is central to
the system. It controls the gathering, storing, and display of data.
This is done through machine language programs developed in this labo-
ratory. A great deal of programming was written to accommodate and
expedite the performance of TOF experiments. The data are gathered
and stored in units of 70 contiguous memory locations. Each unit is
called a bank and each memory 1océtion is a channel within the bank.
Each of more than 100 banks can hold a self-contained complete TOF
spectrum. The 70 channels of a bank correspond to specific known Li*
flight times, with each channel spanning 15 psec. No more than 70
channels are needed, since the slowest of the Li* atoms have about a
1 msec flight time from oven to detector. In a bank, the number stored
in any channel is the number of atoms detected as arriving during the
time period spanned by that channel under the particular experimental
circumstances. A plot of these numbers, the Li* signal versus time,
will be referred to as a TOF spectrum.

In the computer memory, the separate banks are adjacent to one
another, and up to about 100 banks of data can be held in memory. A
group of banks, accumulated within the same day, is called a run. In

some runs as many as 50 banks have been used in recording TOF spectra

under different conditions.
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The programming allows for the display of a single bank of data on
an oscilloscope, even during accumulation of data within the bank.

This is done by reading the bank's contents and outputing these numbers
to did%ta]-to-ana]og converters which are connected to the oscilloscope
inputs. Any of the banks can be displayed for examination. The con-
tents of a bank or group of banks can be output to a teletype, line
printer, floppy disk, paper tape punch, or video terminal. An X-Y
recorder is available for plotting individual banks if desired. Some
analysis can be performed by the computer on the data without altering
the contents of the banks. For example, the natural logarithm of a
spectrum or the natural logarithm of the ratio of two spectra may be
obtained and displayed. Usually, however, analysis of the data was
performed using the Oregon State University Cyber 70 computer. The
data were read into the main computer over the laboratory teletype line
using punched paper tape generated by the LSI-11 computer.

The data of each run are also stored on magnetic floppy disks and
labeled according to the date of which the run occurred. Any run can
be recalled into computer memory in its original form from the floppy
disks. A dual disk drive unit (Heath WH-27) is used for reading from
and recording to the disks. Heath-supplied system software and the
analyzer programs for the experiments are stored on floppy disks in

addition to the data.

3.6 Time-of-Flight Experiments

No description of apparatus is complete without relating how it

all works together in the gathering of the desired information. The
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following is an account of how TOF experimental data is obtained.

With the oven set at 470° C, a continuous stream of Tithium vapor
emanates from it characterized by a beam-modified Maxwell-Boltzmann
distribution in velocity. Upon signal from the computer, a 10-usec,
10-V negative pulse is applied to the hot cathode, sending a short
burst of electrons across the Tithium beam, thereby creating Li*
atoms and Li+ jons. A 1.5-kG magnetic field focuses the bombarding
electrons and also deflects ions and electrons from the Tithium beam.
Coincident with the creation of the Li* atoms, the computer begins a
routine which, in effect, times the arrival of the atoms at the de-
tector. It does this by advancing from an initial memory location,
channel zero of some bank, to successive channels in 15-usec intervals
and adding counts (from the detection of Li* atoms) received during
each time interval into the corresponding channel.

The Li* atoms emitted in the proper direction travel from the oven
through the baffles and electric field plates and arrive at the detec-
tor. Because the Li* atoms have a velocity distribution, they do not
arrive at the detector at the same time, even though they were all
created at essentially the same time. Faster atoms arrive first, and
the sTower ones later. When an atom arriving at the detector is field-
ionized, a pulse of charge, representing its arrival, is output from
the Channeltron. This pulse is processed by the preamplifier, ampli-
fier, and discriminator, and then sent to the binary counter where it
is recorded. Remember that during the flight of the atom the computer

was advancing from channel zero to higher channels at a constant rate.
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Counts are allowed to accumulate in the counter for 15 usec, after
which it is read into the computer and cleared (zeroed). The reading,
representing the number of Li* atoms arriving at the detector during
the previous 15 usec, is added into the present channel. The computer
then advances to the next channel and again reads and clears the
counter, and the process continues. The total time required to exe-
cute the addition and advance instructions is 15 usec, and this value
is then the minimum possible time interval between readings of the
binary counter. The counter begins accepting data again immediately
after it is cleared and continues to record counts while the computer
is adding the previous reading and advancing to the next channel.

The process continues and atomic arrivals are duly recorded up to
the 70th channel (channel 69), the last channel of the bank. By this
time virtually all Li* atoms created by the pulse have arrived. The
programming then instructs the computer to return to channel zero and
again pulse the cathode and repeat the entire time-scan sequence through
the 70 channels, adding counts appropriately to the data already ob-
tained. This set of steps is typically repeated 300,000 times before a
halt is called to the data gathering for the bank. The reason that so
many scans are taken is that there are insufficient data available in
much fewer scans. The cathode is pulsed about 1000 times each second.
Typical count rates are about 1000/sec, so that in an average scan only
one channel receives a count, while 69 others register nothing. It is
clear that the experiments are not encumbered by the problems associated

with a HR beam of high spatial density. The time required to take
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300,000 scans is about 6 min, and as many as 60,000 counts have been
accumulated in the peak channel of the distribution in this time.

The Li* counting rate is reduced by the application of a voltage
on the electric field plates, which causes ionization of some of the
atoms and therefore prevents their arrival at the detector. The
presence of a target gas in the region between the oven and Channeltron
also reduces the count rate. In collisions, the target atoms or
molecules can deflect Li* atoms so that they miss the detector, or
the Li* atoms may possibly be ionized in collisions with the target.
In all cases the signal loss is reflected in a reduction of total
counting rate in a TOF spectrum. However, in the case where a target
gas is present, some channels lose relatively more counts than others.
It turns out that more relative loss occurs in the higher-numbered
channels, corresponding to the slower Li* atoms, than in the Tower-
numbered channels. The theoretical analysis of this effect will be
the subject of Chapters 4 and 5. Figure 12 shows an experimental TOF

spectrum obtained with no target gas present in the vacuum chamber.

3.7 Population Distribution Experiments

Experiments were performed to determine the n-state population
distribution produced by the electron impact excitation method used
here. Quantum number distributions were obtained with certain target
gases present within the vacuum system as well as with no target gas
present. Knoweldge of the distribution with no target gas is essen-
tial in analysis of some of the TOF experiments where signal loss

occurs by ionizing collisions with an introduced molecular target. The
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distr%butions with a target gas present can be compared to the distri-
bution with no target gas, and the observed differences or similarities
are a reflection of the processes governing the collisions of Li* atoms
and the molecular or atomic targets. In particular the role of the
valence electron in the interaction of a HR atom with an atom or mole-
cule can be studied.

These experiments are primarily useful in supplementing and sup-
porting the conclusions reached in TOF experiments, and other than the
distributions themselves, they are not a source of quantitative infor-
mation.

The equipment necessary to conduct this experiment is basically
the same as for the TOF experiments. The cathode is operated at -10V
dc, rather than in the pulsed mode, and a continuous flow of 10-eV
electrons bombards the Tithium vapor, creating a continuous Li* beam.
With such an arrangement no velocity information is possible to obtain,
but none is required here. The advantage of continuous bombardment is
that the signal rate is increased by a large factor. High signal rates
can be maintained even with a large pressure of target gas. The field
plates,which serve as an n-state selector, are connected symmetrically
to two power supplies which provide voltages of equal magnitude and
opposite sign, programmable from O to £ 1 kV. The Li* atoms surviving
the electric field are detected at the Channeltron. The field between
the Channeltron and grounded copper plate is sufficient to ionize

Rydberg states with n > 20.
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In experiments with a target gas, the gas is allowed into the
vacuum system in the manner described previously. Pressure is main-
tained constant throughout the run, which sometimes takes two hours.
The LSI-11 computer is employed to gather data and control the volt-
ages applied on the field plates. This requires different programming
from that used in the TOF experiments. The computer is used to sweep
the electric field from O to 2000 V/cm in increments of 4 V/cm. The
sweep rate is set at about 3 increments per second. During each step,
pulses arising from the detection of Li* atoms (which are not ionized
in the field plate region) are counted by the binary counter. At the
end of the step, the counter value, which is the total number of pulses
recorded during the step, is added into a computer memory location. The
counter is then reset to zero, the electric field is incremented, and
the computer memory location is advanced. The process is repeated un-
til the scan is complete, with successive counter values being added
into successive memory locations.

As many scans as necessary are taken in order to obtain a signal-
versus-electric-field distribution having a sufficiently small scatter
of its points. The distribution is displayed on an oscilloscope by
means of digital-to-analog converters and, upon completion, is plotted
with an X-Y recorder. Figure 13 shows some of the distributions which
have been recorded with various target gases. Each of these plots con-
sists of 500 points representing the contents of 500 contiguous memory
locations, with vertical displacement proportional to the number of

counts received in each channel. Since each channel corresponds to a
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known electric field, with the field proportional to the channel number,
the plots of Figure 13 are labeled as Li* signal versus electric field
strength. They show that the surviving Rydberg flux decreases rapidly
and monotonically as the electric field increases. The number of counts
recorded at zero electric field is around 50,000 in all of the plots.
The maximum counting rate, at zero electric field, is maintained at about
4.,000/sec. Loss of counts due to pulse pileup and overflow of the 12-
bit binary counter is avoided when the counting rate is at or below
this figure.

Electric field ionization was discussed in Section 2.2. The thresh-
old field which will just ionize an atom in quantum state n is given

by Equation 2.6,

F
F = i% , (3.1)
"o

where the value F0 = 6.4 x 108 V/cm represents an average over the
Stark sublevels having principal quantum number n. Thus for electric

fields F > F, all Li* atoms in the nth

state or higher will be field-
ionized and removed from the beam. For F < Fn all Li* atoms in state
n or lower will be Stark-shifted but will remain in the beam to be
subsequently detected at the Channeltron.

At a given electric field F, the maximum quantum state surviving
is, from Equation 3.1,
)1/4

n = (FO/F

nax : (3.2)

where it is understood that the integer part of this result is taken.

For the same field F, the signal arriving at the detector is given by



n

nmax max
s=x I P(n) X P(n)dn, (3.3)
1 0y

where K is a constant of proportionality and nq is a constant lower
1imit of integration. P(n) denotes the population of state n, already

summed over sublevels. By differentiation,

ds

) = 1 d§ dS dF
max K dn

= 1ds dF
- K dF . dn . (3.4’)
: n=nmax n=nmax

P(n

The final factor can be evaluated from Equation 3.1, yielding the fol-

lowing relation for the population at a general value of n:

-

JOES [—dQF-S-] . (3.5)

i
F=F,

Hence the relative population distributions can be obtained from mea-
surements of the slopes of the graphs of Figure 13 at various electric
fields corresponding to different quantum numbers. For most of the
gases studied, the data were of sufficiently low scatter for the deter-
mination of relative populations in the range 24 < n < 65.

The state distributions shown in Figure 14 were determined from
the data in Figure 13 and similar data not included in Figure 13. These
distributions were obtained by means of the transformation given in
Equation 3.5. Values of the slopes dS/dF were obtained from computer
printouts of the numbers of recorded counts, with points selected to
coincide with the weighted centers of the graph lines in enlarged
plots of Figure 13 data. No use was made of data points at very low

electric fields, below about 30 V/cm, where accurate values of the
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slopes could not be obtained. The analysis of the various distribu-
tions in Figure 14 will be taken up as needed in Chapters 4 and 5. The
results of the population distribution experiments are also published

elsewhere (K10).

3.8 Beam Profile Experiments

The Tithium vapor exiting from the heated oven has an angular flux
distribution which is proportional to cos 8, where 8 is the polar angle
measured from the beam symmetry axis (R4). Therefore the 1ithium flux
is fairly uniform over a significantly large solid angle. The diagram
in Figure 11 shows a collimating slit which is 7 cm downstream from the
beam oven. This aperature is 3 mm wide and 7 mm in height and defines
the beam direction. The slit is moveable along a line perpendicular
to the beam axis and in the horizontal plane of the beam (see Section
3.1). When the sl1it is positioned off the beam symmetry axis, a new
beam direction is established and the signal rate recorded at the de-
tector is observed to drop because much of the beam travels in a
direction which does not intercept the effective aperture of the
detector, about 1.0 cm diameter. Within a multiplicative factor,
movement of the slit with the detector stationary is equivalent to
movement of the detector with the slit held stationary. Only the
former option is available here.

Deflection of HR atoms in momentum-transfer collisions with rare-
gas and nonpolar molecular targets is beljeved to cause the signal
loss observed in TOF scattering experiments. Direct observation of

deflection of Li* atoms is possible by use of the moveable collimating
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s1it. The computer is not used for these measurements. Since no velo-
city information is required, the cathode is run continuously, as
described in Section 3.7, to produce a continuous beam of HR atoms.
With no target gas in the vacuum system, a profile of the beam is ob-
tained by moving the slit from its original on-axis position to other
equidistant fixed positions off axis. At each position, the Li* count-
ing rate, measured by a universal counter,is recorded. After the
farthest off-axis position is reached, the process is repeated in
reverse order. Averaging is done to reduce the effects due to any
uniform drifts in the signal rate which may have occurred. The ratio
of the counting rate to the on-axis counting rate is plotted versus
slit position to yield the beam profile. A target gas 1s‘then allowed
into the vacuum system and thé measurements are repeated at several
different pressures. Figure 15 shows results obtained with argon as

a target. The spreading of the beam with increased argon pressure is
a clear indication of the deflection of Li* atoms in collisions with
argon atoms. Within experimental error, the beam area is inversely
proportional to the on-axis signal for the data of Figure 15, indicat-
ing that the depletion of the on-axis signal is totally accounted for
by the spreading of the beam. In other words, on-axis signal loss is
due entirely to deflection of the Li* atoms out of the central beam.
This is not entirely certain since there is a large experimental error
and there is some arbitrariness in defining the beam area. The beam
radius here was chosen as proportional to the slit distance where the

signal ratio fell to 0.5.
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Beam profiles have been gathered with many different target gases.
Quantitative, precise information about collision processes, such as
cross sections, are not available from these data. They are most use-
ful in supplementing and supporting the conclusions reached in the TOF
experiments. They allow a determination of whether or not deflection
occurs in collisions involving HR atoms and various targets. The popu-
lation distribution experiments described in Section 3.7 determine
whether or not jonization of HR atoms occurs in the same collisions.
These two sets of experiments provide additional independent data in

support of the TOF experimental results and conclusions.
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4, INTERACTIONS OF HIGH RYDBERG ATOMS WITH NEUTRAL ATOMS
AND NONPOLAR MOLECULES

This chapter contains a description of the collision experiments
performed with atomic and nonpolar molecular targets. The beginning
section presents the scattering cross section based on an ion-atom
interaction model. The derivation of the cross section is available
in Smith's work (S1). This is followed by an outline of the method
of data analysis. The experimental results are presented and discussed

in Tight of theoretical expectations.

4.1 Scattering of HR Atoms by Neutral Atoms and Nonpolar Molecules

High Rydberg atoms are characterized by large sizes. In a state
with n = 30, the atomic radius is about 500 ﬂ, roughly 1000 times that
of typical ground state atoms. The electric forces normally present
in atomic interactions are of much shorter effective range than this
value. Hence it is difficult to observe interactions involving an
atom or molecule and simultaneously the ionic core and outer electron
of a Rydberg atom. Most of the theoretical work published so far has
described collisions in terms of two-body interactions, with the third
member (either the core ion or the HR electron) assumed to have a negli-
gible effect and therefore excluded from discussion.

Consider now a collision between a HR atom and a neutral ground-
state atom. Assume both collision members have thermal velocities
in the laboratory reference frame. Consider first collisions between

the HR electron and the target atom. The kinetic energy of the electron
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is always of the order of several meV, so that excitation of the target
atom in a collision is not possible. Conversely, since the target

atom is in its ground state, it cannot impart energy to the electron

in an electronic transition. Hence collisions between the HR electron
and the target atom are elastic, and exchange of energy in such colli-
sions arises from the motion of the particles, in much the same manner
that energy is transferred in elastic collisions between classical
objects.

The interactions between electron and atom are of short range,
since the atom is neutral. Probably the main mechanism of interaction
is a polarization of the target atom in the electric field due to the
HR electron. The induced dipole moment exerts a force on this quasi-
free electron. It has been argued by Smith (S1) that such collisions
cannot cause any appreciable ionization of HR atoms and that even a
change of n-state, from an initial state to the next-higher-n state,
is not very likely. However, such collisions can lead to changes in
the angular momentum state of the HR atom (Section 2.5). These points
are most easily seen by viewing the collision as a classical one between
two hard spheres of mass m, (electronic mass) and mass m (atomic mass
for the target), with m >> m, - Classical considerations are appropriate
because the collision is elastic, and quantum mechanical details of
the interaction are unimportant in determining the final energies of
the particles. Since the HR electron is in a state with high n, its
orbit motion is nearly classical and its momentum is fairly well defined.

The average orbiting electronic velocity is much greater than that of the
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04 cm/sec, and therefore the

4

target atom, typically 106 cm/sec vs. 1
largest change expected in the electron's velocity is of order 10
cm/sec. This implies an increase‘in the electronic momentum of at

most about 1%. In order for ionization to occur, it is necessary that
the electron's momentum be increased to V2 times its original momentum
(the kinetic energy must be doubled, from the Virial Theoriem). Hence,
jonization and n-changing are not likely occurrences in collisions
between atoms and HR electrons.

One can imagine that such a collision could deflect the electron
and thereby change its direction of travel, without appreciable change
in its position or speed. This gives rise to changes in the angular
momentum state. If changes in £ are unrestricted by selection rules,
the tendency would be to populate higher-% states, since the multipli-
city of an angular momentum state % is 22+1. Hence collisions between
the HR electron and target atom can result in changes of 2-state of
the HR atom but cannot cause any appreciable n-changing or ionization.

After penetrating the outer electronic cloud, the target atom
can interact with the core ion. The electric field of the core ion
acts to polarize the atom. The induced dipole moment of the atom then
interacts with the field of the ion to produce an attractive force
between them, resulting in momentum transfer to the core ion. As a
consequence, a HR atom can be deflected in such a collision. The

electric field at the atom due to the core ion is given by

Foep
r2

, (4.1)



69

where r is the distance from ion to atom. The dipole moment induced

in the atom is given in terms of its polarizability a(p;

D =c<p? . (4.2)
where B is the induced moment which is along the direction of F. The

interaction potential energy is

V(r) = -38-F. (4.3)
Substituting for F and D from Equations 4.1 and 4.2 gives

V(r) = 'jhfi (4.4)
2r4
The experimental design allows for the determination of cross
sections (60) for scattering into angles greater than 90, the half-
angle subtended by the effective detector aperture (about 1.0 cm) at
any scattering point along the 35-cm HR flight path from oven source
to detector. This gives a minimum value of 80 2 1°, A classical
scattering cross section can be derived from the polarization potential
of Equation 4.4. Classical mechanics is valid if the de Broglie wave-
lengths of the colliding particles are small compared to their average
distance of approach. That is, if
A<<b s (4.5)
where A= h/mVr is the de Broglie wavelength and b is the classical
impact parameter. The square root of the observed scattering cross
section gives an estimate of b. For this case, b ~10 ; is appropriate,
as will be shown later in this chapter. Typical values are

23

m= 1.1 x 10°°° gm and V. = 2 x 10° cm/sec, implying A= 0.03 R, and the
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condition »<< b is satisfied. Another criterion for the validity of
classical mechanics, perhaps more appropriate, is that the scattering
angle be sufficiently large. The critical scattering angle below which
classical theory is no longer valid is (H6)

A
BC &—b' . (4.6)

With b = 10 A, the critical angle is calculated to be

8, x 0.1 . (4.7)

Since 60 3_10, the implication is that a classical description.is ap-
propriate for this problem.

The formulation of the cross section for scattering of HR atoms
by the induced dipole interaction potential of Equation 4.4 is given
completely in Smith's thesis (S1). Only a very brief outline of the
derivation will be given here. The scattering angle is related to
the momentum transferred to the HR atom by

o =I0H (4.8)
where P is the relative momentum of the HR atom and target atom and
AP is the momentum transfer, with AP LP. Evaluation of Equation 4.8
gives 8 as a function of the impact parameter b and the relative velo-
city Vr‘

The classical differential scattering cross section is the ratio

of the area of an annular ring, d6”, centered at the scattering site

to the corresponding solid angle, d@, into which particles passing
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through the annular ring are scattered. Hence

dé~. _ 2Thdb

& F7sin 60 ° (4.9)

where 8(b) is determined from Equation 4.8. Evaluation of Equation 4.9

in small scattering angle approximation yields

21

o

%‘:_1 il s eS, , (4.10)
Vr 64 m 67 ]

where m is the 1ithium mass. Equation 4.10 is valid in the laboratory
reference frame.

The HR source and detector arrangement in use here are illustrated
in the diagram below (see also Sections 3.1 and 3.2). The cross section
for scattering into angles greater than 60 is desired. To obtain this,
the differential cross section of Equation 4.10 is integrated over
scattering angles 8, from 80 = I%Y » the half angle subtended by the
detector at an interaction point, to some large arbitrary final value 9 .

This step gives the cross section 6y for scattering of atoms out of the

beam from a point which is at a distance x from the detector.

8
¢, (8,) = g—gz T sin 8de (4.11)
; 90
- X 3 P b
— 5 —] R
1 IR

source detector -
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Since the target gas isuniformly distributed over the entire beam path,
it is necessary to average the cross section G?; over this distance to
obtain an effective cross section G~.

The effective cross section for an increment of beam length dx is

- G dx
dG* x L ° (4.12)
from which
L
¢ -lac-1\ 6. - R u« (4.13)
L X0  L-x ’ :
0

Performance of the integrations in Equations 4.11 and 4.13 gives
7T%1 e2L

1 p
G = |— . (4.14)
Vr 3mR

Since 8 is large, it does not appear in Equation 4.14.
The collision frequency may now be found by integration over the

Maxwell-Boltzmann velocity distribution d3nT/d3 Vv, for the target gas.

The cross section may be written as

K

= ==
V]-

Vyl

where K = G‘Vr is a constant. If P is the population of excited atoms

, (4.15)

in the beam at time t after their creation, the loss of population for
atoms with relative velocity Vr in a short distance dx = Vr dt is
P G‘Vr dt. When averaged over all target atom velocities, the frac-

tional loss of probability becomes
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. 3 oL
d“n . V.-V

*-. S &, %% dt (4.16)
d*V, ;-7

The quantity in square brackets is the gas-kinetic collision frequency.

The integral is simplified by thelvl— dependence of 6. It yields
r

immediately

P knla , (4.17)

where N is the target gas density. At a constant pressure, Equation

4.17 predicts an exponential rate of signal Tloss:

P(t) = Pe , (4.18)

where P0 is the initial population and t is the flight time.

It is interesting to note that the same result for P(t) would be
obtained if the target gas atoms were assumed to be hotion]ess. The
reason is that the product G‘Vr is a constant. In the following section,
use will be made of this fact and in the analysis it will be assumed
that the motion of the target gas atoms is inconsequential.

The classical cross section arrived at here (Equation 4.14) is based
on a model in which the HR core ion and target atom interact via the in-
duced dipole potential of Equation 4.4. The collision is elastic and
deflection of the HR core ion occurs by momentum transfer. The outer
electron of the high Rydberg atom is assumed to be uninvolved in the
interaction. The outer electron remains with the core ion after the
collision, so that the entire HR atom undergoes deflection. The relative

change in momentum between the core ion and outer electron, brought about
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by momentum transfer to the core ion, is always very small compared to
the initial relative momentum, and therefore ionization of the HR atom
is a very improbable event in this case. Since the electron is unin-
volved in the interaction, the scattering process should be independent
of the n-state of the high Rydberg atoms. This notion has been veri-
fied experimentally in earlier work in this laboratory (S1, K1).

The target species for which the preceding scattering analysis
applies need not be restricted to atoms, but can also include nonpolar
and even mildly polar molecules. Scattering by highly polar molecules,
such as NH3, and highly electronegative molecules, such as CC14, cannot
be described by the induced dipole scattering model. In these cases
the strongest interactions involve the HR electron and result in ioni-
zation of the HR atoms rather than deflection. Ionization of high
Rydberg atoms in collision with polar molecules will be considered

in Chapter 5.

4.2 Analysis of the TOF Data

Lithium vapor is used as a HR atomic beam source, as described in
Section 3.6. The lithium atoms emerging from the oven have a beam-
modified Maxwell-Boltzmann thermal velocity distribution. Slightly
more than 5eV of energy is transferred from a bombarding electron
(10-eV total kinetic energy) to a lithium atom when a high Rydberg
state is excited. The change in momentum of a 1ithium atom in absorb-
ing this energy is of order 1% of its initial momentum, hence the Li*

atoms also have the same velocity distribution as the ground state
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lithium atoms. In-flight radiative decay and collisional state chang-
ing affect the Li* beam distribution and thus require consideration.
Initially these factors will be neglected for the sake of simplicity.
Discussion of these effects will follow later.

The velocity distribution for lithium escaping from the oven is

given by (R4)

g(v) dv = v> exp (-4 mP/kT) dv , (4.19)
where g(v) dv is the probability that an atom has velocity in a range
.dv about v, m is the lithium mass, k is Boltzmann's constant and T
is the Kelvin temperature inside the oven (about 740° K). For a fixed
flight path distance L (35 cm), Equation 4.19 may be converted to a
transit-time distribution by using the relations t = L/v and

[dt] = —%Fy! Let f(t) dt be the probability that an atom arrives within
v

time dt about t. From

f(t) dt = g(v) dv , (4.20)
it easily follows that
_X 2,.2
f(t) dt = —g exp (- to“/t%) dt , (4.21)
t
mL2
where t0 V2T and X is a normalization constant. For L = 35 cm

K
and T = 740° K, t, = 2.6 X 1074 sec.

In the absence of collision processes and radiative decay, the
experimental TOF spectrum would have a distribution given by
g(t)=f(t)at with at=15usec, corresponding to the time interval covered

by a single channel of a spectrum (Section 3.6). The number of Li*
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atoms arriving in time interval At about t, N(t), is given by

N(t) = N, g(t) (4.22)

where N0 is the total number of HR atoms in the spectrum.
The effect of radiative decay can be included if the average decay
rate [ for the Li* beam is known. The distribution of Li* atoms

with radiative decay accounted for is then given by

N(t) = N_g(t) e . (4.23)

Figure 16 shows a plot of Nog(t) along with an actual TOF distri-
bution recorded in the laboratory with no target gas present. The
experimental distribution should be represented by Equation 4.23, since
radiative decay is certainly present. If R(t) is the ratio of the
distributions of Equations 4.23 and 4.22, respectively, it follows
that

Tn R(t) = -Tt . (4.24)
Therefore if the natural logarithms of the channel-by-channel ratios
of the two distributions in Figure 16 are obtained, a plot of these
numbers as a function of time has slope -T , and a measure of the
average beam decay rate is obtainable. A plot of 1n R(t) vs t (channel
number) is included in Figure 16. This graph shows that most of the Li*
signal loss due to radiative decay occurs at very early times, before
or just at the beginning of the arrival of Li* atoms at the detector. The
decay rate over most of the time during which there is significant
Li* signal is fairly small. The theoretical and experimental TOF spec-

tra of Figure 16 resemble each other quite closely for this reason.
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Figure 16. (A) is an experimental TOF distribution (no target) and (B)
is the non-decaying theoretical TOF distribution. (C) shows
the logarithm of the channel-by-channel ratio of the distri-
butions in (A) and (B). The slope of 1n R(t) vs t gives the
Li* decay rate [".
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The introduction of a target gas into the vacuum system effects
the recorded distribution of Li* atoms because collisions with the
target gas can deflect the Li* atoms from the beam or can lead to
changes in the angular momentum state of the HR atoms.

The n-state population distributions P(n) obtained with no target
gas and with helium, (A) and (B) of Figure 14 (Section 3.7) demonstrates
the effect of z-changjng collisions. In (A) the distribution peak
is at about n = 35. The decrease in Li* population at low n is due
to radiative decay while the decrease at high n results from the final
state dependence of the Li* production cross section, which varies

approximately as n~3.

The introduction of helium at a pressure of
200 yTorr shifts the distribution peak to around n = 30, as seen in
(B) of Figure 14. This shift can be attributed to g2-mixing collisions
between the helium atoms and the valence electrons of the Li* atoms
(Section 2.5). Such collisions tend to populate higher-g states,
which have longer lifetimes, for a given n, than states of lower g .
The Li* atoms are produced primarily in low-g states (Section 2.4).
Hence many low-n states, which would have otherwise decayed radiatively,
remain in the beam to be detected, resulting in a shift of the peak
to lower n. It follows that the average Li* decay rate is therefore
reduced as a result of £ -changing collisions.

It is generally difficult in the TOF experiments to separate the
effects of g -changing collisions and radiative decay from the scatter-

ing events deemed to be of importance. The deflection cross sections

to be presented in the following section have not been corrected for
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these factors. Smith (S1) has estimated 2- changing cross sections in
his work and his results indicate that the measured deflection cross
sections are not significantly affected by &-changing collisions and
radiative decay. Accordingly, these effects will be neglected in further
analysis here.

A TOF spectrum obtained with a target gas present in the vacuum
system is altered in shape from those shown in Figure 16 because the
target gas atoms scatter the Li* atoms so that they no longer travel
in a direction which allows them to be intercepted by the detector.

The scattering cross section ¢ for the induced dipole interaction model
was developed in the previous section. It is necessary to determine
how scattering events affect the TOF distributions. Complications
arise because the Li* atoms have a distribution in velocity.

In a distribution of Li* atoms, let N (t') denote the initial
number of atoms with velocity such that they would arrive at the detec-
tor in time interval At about t' in the absence of scattering target
atoms. The presence of scatterers leads to a loss of Li* atoms from
the beam. If N (t',x) denotes the number of these atoms remaining
in the beam at flight distance x from the oven, and dN(t ,x) is the

number of Li* atoms scattered from the beam in distance dx from x,

then

dN(t ,x) = - N(t',x) ny G dx , (4.25)

where nr is the density of the target gas atoms and G is the scattering

cross section. Since dx = vdt, the variable x can be replaced with
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the time coordinate t =

< |

Equation 4.25 becomes

dN (t',t) = - N(t',t) 6oV dt (4.26)
which, upon integration over the entire flight time t yields

. - nT.G'v t'
N(t') =N (t') e , (4.27)

Since t' is arbitrary it is not necessary to label it in this manner,
and t shall now be written instead of t . Equation 4.27 becomes, for
general value of t

-nT G- vt

N (t) =N _(t) e (4.28)

o
If the target gas density and the rate constant G v are known
along with the initial number of Li* atoms with velocity such that
they would have arrived at the detector at time t, then the number
N(t) remaining in the beam to be detected during time interval At about
this time t can be determined from Equation 4.28. The value of No(t)
for arbitrary t can be determined to within a multiplicative factor
since the beam-modified Maxwell-Boltzmann distribution is known. From

Equation 4.22,
Ny (£) = Ny glt) (4.29)

where g(t) is determined from Equation 4.21. Therefore the final ex-

pression for N(t) is

-n. G vt
N (t) = N,glt) e : (4.30)

and this equation relates how a TOF spectrum is affected by the pres-

ence of scattering atoms.
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Consider the ratio of two spectra obtained with different target

gas densities nr and nT;

-nT ¢ vt
N0 g(t) e
R(t) = 5 (4-31)
-n' vt
N0 g(t) e
or
-(n.-n7) & vt
R(t) =e T T . (4.32)

If the gas density of the denominator spectrum is zero (n+ = 0), then
-nTGrvt
R(t) = e , (4.33)

and

Tn R(t) = npsvt | (4.34)
Hence a plot of the natural logarithm of the channel-by-channel ratio
of two banks of data (70 channels each), where the denominator bank
is acquired with no target gas, has a slope in time given by ny 6 v.
Both theoretically and experimentally (as will be shown in the follow-
ing section) G~ v = constant, so that In R(t) is a linear function
of time, and a single value of the slope can be assigned. The density
of target gas is always well known and therefore it is possible to
determine experimental values for the rate constants & v.

The following procedures were adopted in order to obtain the experi-

mental values for the rate constants 6°v for the various target gases.
First TOF data were accumulated with no target gas, in the manner des-

cribed in Section 3.6. Then additional data were gathered in succeeding
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data banks with different target gas pressures, starting with a Tow
pressure (about 10 MTorr) and progressing to higher pressures (about

200 MTorr) and then back down to lower pressures again. Typically 10

to 15 banks were required to gather the necessary data for a single
target gas species. The data of the entire run are output by the LSI-
11 computer onto punched paper tape. The paper tape is read into the
Oregon State University Cyber 70 computer over a teletype terminal line,
and the data on the tape are processed with Fortran programs developed
for this puprose.

The programs work with two banks of data at a time. The contents
(numbers) of a bank with target gas present, are divided channel-by-
channel by the numbers in a bank with no target gas. Division must
be between numbers which represent the same time interval in each bank.
This process continues for all 70 channels. The natural locarithm of
each of the 70 resulting quotients is then taken, and these numbers
are plotted as a function of channel number by a Calcomp plotter. It
should be noted that the programs allow for the subtraction of back-
ground noise from the spectra before the channel-by-channel ratios
are taken. The background level is usually, but not always, very small.
Compensation is made for differences in data acquisition times in any
two banks. As will be shown in the next section, several ratios of
different data banks can be plotted on the same graph without fear of
mixup.

The plots of the natural logarithms of the channel-by-channel ratios



83

are visually examined to obtain values for their slopes. Plots of

In R(t) are nearly linear in time (channel number), and thus a single
value can be determined for the slope of any plot. This slope maanitude
is taken to be ny e~ v, according to Equation 4.34. The linearity of
the plots suggests that G°v = constant, consistent with the predictions
of the previous section.

The final step is to plot the graphically determined slope magnitudes
as a function of target gas density ns for all of the data of any
particular run. This again will give a straight line whose slope is
6~ v, the desired quantity. This step helps reduce the error in as-

signing a value for g-v.

4.3 Results and Discussion

TOF data were obtained with eight different atoms and nonpolar
molecules; neon (Ne), krypton (Kr), hydrogen (H2) deuterium (DZ) nitro-
gen (Np), oxygen (0y), carbon dioxide (C02), and methane (CHg). Addi-
tional data were obtained for polar molecules, and these will be the
subject of Chapter 5.

Plots of the natural logarithms of the channel-by-channel ratios
(In R(t)) as a function of channel number (i.e., the time t) are shown
in Figures 17 through 24 for all eight target gases. The experimental
conditions of interest are noted in the figures. Data points below
Channel 6 should be regarded with suspicion, since there are virtually
no Li* atoms which are fast enough to traverse the 35 cm flight path

before 90 msec (Channel 6) elapses, so that there are no reliable data
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below Channel 6. Again, each channel spans 15 usec of time, with Chan-
nel 1 covering O to 15 usec. The scatter in the points in the higher
numbered channels is due to counting statistics.

At low target gas pressures the plots of In R(t) are linear with
channel number over the range of reliable data. At higher pressures,
however, a definite upward curvature is noticeable in most of the figures,
with the deviation from linearity becoming more pronounced as the pres-
sure increases. This deviation implies that more Li* atoms are being
counted in the later channels than are expected from the simple exponent-
ial decay model proposed in Section 4.2. This effect is presently judged
to be due to multiple scattering, which is unaccounted for in the theory.
Figures 17 through 24 indicate that most of the Li* atoms are being
scattered from the beam at higher pressures. Under normal circumstances,
when 1n R(t) = -2, 86% of the HR atoms which would have arrived at that
particular time are lost from the beam, due to deflection collisions
with the target gas atoms. At In R(t) = -3, the loss factor is 95%

(e"3 = 0.05). Generally, the value of -In R(t) is the average number
of deflections through angles e='eo , the detector acceptance angle,
that a HR atom would undergo in travelling from source to detector.
Therefore, whenever 1n R(t) 4 -2, multiple large angle deflections of
this type are likely.

A second collision by one of these already scattered atoms may or
may not result in the atom being scattered back into the beam to be
subsequently counted by the detector. Since the effective detector

aperture is small, solid angle arguments would indicate that scattering
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back into the beam is less likely than the other possibility. However,
it is reasonable to estimate that several percent of the atoms will be
scattered back into the beam. While the detector aperture is small,
the scattering angles are also small (of the order of several degrees),
so that the detector aperture occupies a significant portion of the
accessible scattering solid angle.

Multiple scattering through angles 6 > eo is then seen to result in
Li* signal in addition to the signal expected from the proposed model.
Because of the nature of the logarithm function, only a few percent
of the atoms need to be scattered back into the beam to produce a
noticeable difference. For example, if 98% of the HR atoms are origi-
nally scattered from the beam and 3% of these are scattered back into
the beam, it would be recorded that In R(t) = -3, instead of
In R(t) = -4, which would have been the observed value if not for this
effect.

Deflections through angles 6 < 60 are much more likely than larger-
angle scattering, since the differential cross section is proportional

to 872 (

Equation 4.10). Multiple small angle (i.e. 8 < 60) scatter-
ing results in a loss of Li* signal beyond that accounted for by the
single-scattering model developed in Section 4.2. Hence the two
effects - multiple large angle scattering and multiple small angle
scattering - contribute in opposite senses to the Li* signal. It has
not yet been determined which factor, if either, is dominant. How-
ever, both classes of scattering have the same effect on the linearity

of the Tn R(t) vs t plots; namely, they act to produce the observed

upward curvature.
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Multiple small angle scattering can be modeled as a random walk
process in order to estimate the effect of these collisions. Assume
for simplicity that each small angle collision of a Li* atom with a
target molecule results in a deflection of the Li* atom through some
average angle 8 < 90. Each of these collisions represents a step in the
random walk model. In two dimensions the average displacement (radius)
from the beam axis after N steps (collisions) is proportional to N

(R6). Therefore the cross-sectional beam area is proportional to N2:

& N2 = (nrevt

2
Evt)

A R (4.35)

b

where Ab is the beam area and ¢’ is a small angle scattering cross
section. The number of atoms received at the detector scales as Ab_]’
so that R'(t), the ratio of the number of atoms received at time t with
and without the target gas present, is represented by

-2
)

R'(t) &£ (nro-vt

T R (4.36)

leading to the result
In R'(t) = K In(n&vt) . (4.37)

This factor must be included in the expression for 1n R(t) (Equation

4.34), thereby giving

In R(t) = - ¥t - 1nR'(t) , (4.38)
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or,
In R(t) = -t - X 1n(nTG"vt) . (4.39)

A plot of 1n R(t) vs t from the above equation will produce a
curve which lies below the straight 1ine with slope -Y but which curves
upward towards this Tine as the time t increases. Thus, multiple
scattering through both Targe and small angles are seen as a possible
explanation for the noted curvatures in the plots of Figures 17 through
24. The deviations from linearity may also be partially due to f-
changing collisions. There exists the possibility of correction of
the data for the effects of multiple scattering by proper application
of statistical methods. Such analysis will not be pursued here but
remains as a topic for further research.

Experimentally, the main interest in the multiple scattering prob-
lem is in avoiding it. The method adopted here was to choose the slopes
at earlier channels as the target gas pressure increases. At low pres-
sures there is no problem, but at high pressures the straight lines
drawn through the data to represent the slopes of the curves are heavi-
1y weighted towards the initial data channels. Uncertainties in de-
termining the slopes from the graphs are estimated to be about 10% in
most cases, due mostly to the curvature problem and to statistical
scatter in the data points. Uncertainties in the target gas pressure

determinations are estimated to be 5% in most instances.
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Figures 25 through 32 show plots of the slope magnitudes ' measured
from the previous eight figures as a function of target gas density.
These figures show a linear dependence of the slope magnitudes with
pressure at the lower target gas densities. The slight deviations from
lTinearity at the higher densities are most Tikely due to an inability
to entirely correct for the multiple scattering effects just discussed,
which cause the observed slope magnitudes to be reduced from their true
values. The slopes derived from the graphs in Figures 25 through 32
are the experimental values for G'v for each of the eight target gases.
Error bars on the data points reflect the uncertainty in the slopes
determined from the plots in Figures 17 through 24. .

Table 1 shows the results of this study and includes determinations
of G-v from the previous work (S1, K1). Both theoretical and experi-
mental values of g'v are listed, with the theoretical values determined
from Equation 4.14. The present results for Ne and H2 agree within
experimental uncertainties with the previously determined values of v
for these targets, while the results for N2 are less than twice the
prior measurements. Values of the polarizabilities for the various
target gases were obtained from available handbooks (W1). Figure 33 is
a plot of experimental values of &°v versus\/o%/ao3. The theoretical
curve, again from Equation 4.14, is also drawn on the graph. This figure
allows a visual comparison of theoretical and experimental values.
Within a factor of 1.5, agreement is obtained for He, Ne, H2, D2, 02,

and C0, target gases. The experimental values of g-v for Ar, Kr, N2,

2
and CH4 are within a factor of two of the theoretical expectations.
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Table 1. Experimental and Calculated Values of g v

Target Polariz- : Calculated
Gas ability Experimental alculate
ot'p/ao3 e v (Ref. S1, K1) ¢°v (Present) @V (Eq. 4.14)
(10'9 cm3/sec) (10'9 o’ sec) (10'9 cm3/sec)
He 1.44 1.97 £+ 0.40 1.7
Ne 2.66 1.88 + 0.45 1.7 £ 0.3 2.4
Ar 11.4 2.37 + 0.65 5.0
Kr 16.7 3.3 £ 0.5 6.0
H2 5.53 4.00 = 0.65 3.2 £ 0.4 3.5
02 5.53 2.3+ 0.6 3.5
N2 12.1 2.12 £ 0.60 3.6 £ 0.5 5.1
02 10.9 ' 5.5+ 1.0 4.8
CO2 20.6 8.0 £ £.2 6.7
CH 15.5 3.3£0.4 5.8
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The general agreement is very encouraging and indicates that the inter-
action process has been correctly described. Theoretical values are
subject to corrections from quantum scattering effects, which become
jmportant at the smallest scattering angles, and to corrections at
larger angles due to omission of short range factors from the potential
energy function V(r). For the velocities present in the atomic beam,
the observed cross sections are typically 10'14 cm2.

In support of the induced dipole deflection model presented here,
Figure 15 (Section 3.8) shows a plot of the beam profile with argon
as a target gas determined by the experimental methods described in
Section 3.8. This figure shows essentially the width of the Li* beam
at the detector as a function of target gas density. The beam width
jncreases as higher densities of scattering atoms are allowed into
the vacuum system. This is evidence that Li* atoms are deflected in
collision with the target gases studied here. Within experimental
error, the amount of spreading is sufficient to account for the reduc-
tion in on-axis signal, thereby suggesting that the deflection process
can account for all of the signal loss observed in the TOF experiments
(K1). Kocher and Smith (S1, K1) also observed that the scattering
cross sections for several of the targets studied here were independent
of the Li* quantum state n. This is also consistent with the proposed
model, which describes the interaction as involving the HR core ion
and the target atom and further indicates that ionization of Li* atoms

does not occur in collisions with these targets.

Additional evidence that ionization is not an important process in



106

these scattering experiments is provided by the population distribution
experiments described in Section 3.7. By the electric field ionization
technique, the distributions of high-Rydberg n-states populated by
electron iﬁpact excitation were determined for various targets. Figures
14(A) and (B) (Section 3.7) show the distributions P(n) obtained with
no scattering gas present and with helium at a pressure of 200 uTorr.
This density of helium is sufficient to reduce the Li* signal by a
factor of ten from that observed when there is no gas. The distribu-
tion of quantum numbers P(n) recorded with no target shows a peak at
about n = 35. The introduction of helium shifts the peak slightly

to around n = 30. This shift can be attributed to 2-mixing collisions
between the helium atoms and the valence electrons of the Li* atoms.
Except for the differences in the peak locations, the two distributions
are not appreciably different. This suggests that ionizing and n-
changing collisions do not readily occur. Collision processes involving
the HR electron ought to produce some changes in the n-state distribu-
tion, and no significant change is observed here. A population distri-
bution with argon as a target gas closely resembles the results for
helium. The distributions (A) and (B) of Figure 14 agree well with

the findings of Schiavone et al. (S8, S9), who studied n-state distri-
butions for rare-gas Rydberg states excited by electron impact. They
recorded the same characteristic shape in their P(n) distributions

and also observed a shift of the peak to Tower n with increased target

pressure.

In summary, the beam spreading experiments demonstrate that deflec-

tion of Li* atoms occurs in collisions with these targets, while the
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P(n) distributions show that ionization of HR atoms is not a likely
occurrence. This is consistent with the theoretical model developed
in the initial section of this chapter. The TOF experiments allow

for the determination of rate constants which compare favorably with
the theoretical values derived from the ion-atom scattering model.

The three experiments together provide very strong evidence that the
scattering interaction proceeds as it has been described here. Agree-

ment with the results of previous studies (S1, K1) has been noted.
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5. INTERACTIONS OF HIGH RYDBERG ATOMS WITH POLAR MOLECULES

This chapter describes experimental and theoretical work accom-
plished with polar molecular targets. The presence of the permanent
dipole moment is quite important in determining collision processes.
Deflection of HR atoms as well as ionization can occur, and both effects
are studied here. Experimental cross sections determined by the TOF
method and theoretical cross sections are included for all of the polar

molecules of this study.

5.1 Properties of Molecules

Molecules are groups of atoms which are distributed in some way
over an extended volume. Consequently molecules may possess electronic
energy associated with the individual nuclei and electrons, vibrational
energy due to flexing and twisting of the various molecular parts (atoms),
and rotational energy due to rotation of the molecule about some axis.
Rotations are of primary interest here, because the rotational energy
level separations are comparable to the intervals between HR states.
Molecular electronic and vibrational levels are of less interest because
the corresponding level separations are much larger than the energy
that can be imparted in a thermal-energy collision with a HR atom. To
consider pure rotation of polyatomic molecules it is necessary to neglect
the interaction with vibrational and electronic motion. Molecules
and their properties are discussed at great length in Herzberg's works

(H7, H8, HY9). Most of the material presented in this section can be
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found in References H7 and HS8.

The moment of inertia of a rigid body about an axis is defined
by

_ 2
I= ? mor: o, (5.1)

where r; is the perpendicular distance from mass element m; to the

axis. When the moment of inertia of a body about various axes through
one and the sane-point (usually the center of mass) is determined, it
is found that there are always three mutually perpendicular directions
for which the moment of inertia is a maximum or a minimum. These axes
are called the principal axes, and the corresponding moments of inertia
are called the principal moments of inertia.

If for a molecule the three principal moments of inertia are dif-
ferent, the molecule is called an asymmetric top. If two of the princi-
pal moments of inertia are equal, it is called a symmetric top molecule,
and if all three are equal the molecule is a spherical top molecule.

In addition, there is the special case of a symmetric top molecule in
which one of the principal moments of inertia is zero, or extremely
small, while the other two are equal. This condition holds for linear
molecules, where the moment of inertia about the internuclear axis is
very nearly zero.

By molecular convention, the three principal moments of inertia

are Tlabeled IA, IB’ and IC. Their arrangement within a particular

molecule follows no geometric rule. The only condition is I, < Ig < Ie.
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Corresponding to IA, IB’ and IC are the molecular constants A, B, and

C which are given by

A —
8% CIA
B=+ (5.2)
8T cIB
h
C= —1—
8#2 cIC

where h is Planck's constant and ¢ is the speed of light. The molecu-
lar constants have units of inverse length, and are introduced in order
to express rotational energy term values in units of inverse length
(wave number). The usual practice in molecular physics is to cite and
use the molecular constants rather than the principal moments of inertia.
Since Iy < Iy < 1., it follows that A>B>C.

For linear molecules the moment of inertia about the internuclear
axis is zero. The internuclear axis is an axis of symmetry and is there-
fore a principal axis. The discussion of the preceding paragraph then
implies that the internuclear axis is axis A, and thus IA = 0. It must
also be true that IB = IC, since the two remaining principal axes lie
in a plane perpendicular to the internuclear axis and passing through
the center of mass.

The rotational energy levels of a linear molecule are given by

h2
E(J) = 7@ JJ+1) , (5.3)
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where J is the rotational quantum number corresponding to the rotational
angular momentum of the molecule. The more usual way of writing Equa-

tion 5.3 is in terms of the rotational constant B. This gives

E(J) = hcBJ(J+1) . (5.4)
The energy separation between adjacent levels J and J-1 can be calcu-
lated from Equation 5.4 The result is
Ay = EQ) - E (3-1) = 2hcBJ (5.5)

showing that the separation increases linearly with J.
The thermal distribution of rotational states for linear molecules
is given by the Boltzmann distribution

- EQ)
P(J) =K gd) e kT , (5.6)

where K is a normalization constant, g(J) is the statistical weight
of state J, and E(J) is calculable from Equation 5.4. For linear mole-
cules with a permanent dipole moment, g(J) = 2J+1, corresponding to
the number of magnetic substates of a quantum state with angular momentum
Jh (H8).

Symmetric top molecules have two equal principal moments of inertia
(either Iy = Igor I. = IB). The axis of the third (unequal) moment
of inertia is called the figure axis of the molecule. Usually this
is also an axis of symmetry for the molecule. An example of a symmetric
top is the ammonia molecule, NH3, which has a pyramidal shape. The
figure axis is the symmetry axis passing through the nitrogen atom and
through the center of the triangle formed by the three hydrogen atoms.

For linear molecules the rotational angular momentum vector J is
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always perpendicular to the internuclear axis. In the case of symme-
tric top molecules, 3 need not be perpendicular to the figure axis.
There is usually a constant component of angular momentum in the direc-
tion of the figure axis, since the moment of inertia about this axis

is nonzero. The figure below illustrates the situation for symmetric
top molecules. The component of angular momentum along the figure axis

is Tlabeled E, and the perpendicular component is N.

»/7
. 3
N
/// '
i 7
j e
| r
1”/A///o
— e =0 ——— — figure
c.m. 0 K axis

The rotational energy levels for symmetric top molecules are given
by
2 2
- N Ro /1 1)2
£(0,) = F agae) + <1A IB)K , (5.7)

—_— —

where J and K are quantum numbers for the angular momenta J and K. Equa-
tion 5.7 is most easily made plausible in a semiclassical context. In

classical mechanics the kinetic energy of rotation of a rigid body is

.1 1 1, o2
E = 2 Ixwx *3 Iy “& 7 Iz h& > (5.8)
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or, equivalently,

J 2 J 2 J :
X_ .2y z

E = + ,
2l "2, T 70,

(5.9)

where IX, u& and JX are the moment of inertia, angular velocity, and

angular momentum about the x axis, and similarly for the other axes.

To make the connection between Equations 5.7 and 5.9, use Jz2 = K 2,
N2 - JX2 + Jyz, and N 2. 32 g? (see the above figure). Also,
set Iz = IA and note that this requires IX = Iy = IB‘ By use of the
above relations, Equation 5.9 becomes
2 2
N K
E =5+ , (5.10)
ZIB ZIA |
or, with N2= g2 k2,
E:Jﬁ.;.l(_l___l_) K2 (5.11)
ZIB 2 IA IB
. s 2 2 2 2.2 . .
Finally, substitution of J “—-J(J+1) A% and K “—+ K™h" into Equation
5.11 gives
2 2
_ S A1 1y 2
E = 215 J(J+1) + 5 (IA IB) K=, (5.12)

which is also Equation 5.7. Equation 5.7 is usually written in terms
of the rotational constants as

E(J,K) = hcBd(J+1) + he(A-B) K2

(5.13)
The preceding relation was developed under the assumption that IA
was the unequal moment of inertia. If, on the contrary, IA = IB # IC’

then in Equation 5.7 IC must replace IA and A must be replaced by C in
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Equation 5.13. Since A > B > C, then if A occurs in Equation 5.13
(prolate symmetric top), the second term is positive. If C occurs
(oblate symmetric top), then the second term is negative.

For rotational transitions where AJ =+ 1 and AK = 0, the energy
release for a symmetric top molecule is given by the same expression
as for linear molecules. The energy separation between states (J,K)
and (J-1,K) is

AJ = E(J,K) - E(J-1,K) = 2 hcBd (5.14)

since the second term in Equqtion 5.13 subtracts away. The selection
rules AJd =+ 1and AK =0 will be justified and used later in this
chapter in describing collisions between HR atoms and polar molecules.

For symmetric top molecules the thermal population distribution

of rotational states is given by

E(J,K)
P(J,K) =K g(d.,K)e™ kT, (5.15)

where X is a normalization constant and g(J,K) is the statistical weight
for state (J,K). The statistical weight factor depends on the particular

molecule and may be quite complicated (H7). In the simplest of cases

g(J,K) = 2(2J+1) for K # 0, and g(J,K) = 2J+1 for K = 0. The probability

of state J may be obtained from
J - E(‘JsK)
P(J) =2 X g(J,K) e kT . (5.16)
K= =J
Since the collisions to be discussed later have AK = 0 as a selection

rule, the distribution P(J) is of more direct interest than P(J,K).
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A great majority of polyatomic molecules are in the class of asym-
metric top molecules. Unfortunately these molecules pose the most
difficulty in calculations of their motion and energy levels. The energy
levels cannot be exactly represented by an explicit formula analogous
to that for the symmetric top molecules, since there is no longer a
direction (figure axis) in the molecule along which the angular momentum
J has a constant component. The total angular momentum J of a given
energy state is a conserved quantity, as always. For each value of
J there are in general 2J+1 different energy levels. For only slightly
asymmetric top molecules, that is molecules with B~ A or B & C, the
energy levels will closely match the corresponding levels for oblate
symmetric top (B = A) or prolate symmetric top (B =C ) molecules. As

an approximation, then, the asymmetric top molecular energy levels can

be given as
- }
£(3,k) » he B3B) g + (¢ - BB &, (5.17)
L i
for the case where A~ B, and
£(3,K) 2 he | (54B) a(a+1) + (A - QE—B)J K, (5.18)

for the case where B « C.

Equations 5.17 and 5.18 were used in this study to determine the
energy levels of the asymmetric top molecules HZO’ HZS’ 502’ NOZ’
C3H6O (acetone), C3H0 (propylene), CH,0, (formic acid), CH40 (methanol),
C2H60 (ethanol), C3H80 (methyl ethyl ether), and C3H9N (propylamine).

It is believed that reasonably accurate energy levels have been obtained
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for these molecules, since almost all have two rotational constants
which are nearly equal. The thermal distributions of rotational states
for these molecules were also determined under the same approximations
that they resemble symmetric top molecules.

Table 2 lists the polar molecules studied in this laboratory. The
rotational constants listed there are from Herzberg (H7, H9), and the
dipole moments are from Nelson, Lide, and Maryott (N1).

Later in this chapter the possibility of ionization of HR atoms
in collisions with polar molecules will be discussed. Very simply,
when a polar molecule in rotational state J collides with a HR atom,

a single quantum of molecular rotational energy may be transferred to
the HR electron, leaving the molecule in a final state (J-1). The HR
atom may become ionized if sufficient energy is imparted to the electron
to overcome the Coulomb binding. Whether or not this happens depends

on the high Rydberg quantum number n and on the molecular energy level
spacing.

For the selection rule AJ = -1 (linear molecule) or the pair of
selection rules AJ = -1 and AK =0 (symmetric top molecule), the energy
difference between states J and J-1 is given by

Ag= 2hcBd . (5.19)

The binding energy or the energy required to ionize a HR atom in state
n is given by Equation 1.1,

W

E.=-EFE =—2 . (5.20)
B n 2n2

Hence ionization will occur only if
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Table 2. Rotational Constants and Dipole Moments for Polar Molecules

Molecule A (cm'l) B (cm'l) C (cm'l) D (debye)
co 1.93 0.11
NO 1.7a 0.15
N20 0.42 0.17
NO2 8.00 0.43 0.41 0.32
C3H6 1.54 0.31 0.27 0.37
Cos 0.20 0.71
C3H9N 1.17
C3H80 1.23
CH202 2.59 0.40 0.35 1.41
SO2 2.03 0.34 0.29 1.63
CZHGO 1.29 0.34 0.30 1.69
CH40 1.70
C3H60 0.34 0.28 0.16 2.88
NH3 9.44 9.44 6.20 1.47
HZS 10.37 8.99 4.73 0.97
H,0 27.88 14.51 9.28 1.85
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W
2hcBd > — . (5.21)

0

2n2
For a HR atom in a given n-state, ionization is possible only if the
colliding molecule is in a state of sufficiently high J. The rotation-
al states have a thermal distribution given by Equations 5.6 (linear
molecule) and 5.16 (symmetric top molecule). Plots of P(J) vs J for
NH3, 502, and COS are shown in Figures 34, 35, and 36, respectively.
These were determined assuming room temperature (300°K).

The NH3 molecule has relatively small moments of inertia about its
principal axes, due to the low mass of the hydrogen atoms. As a con-
sequence, NH; has a large rotational constant B (9.44 cm'l), and the
low-J states are preferentially populated. The relatively large value
of B also means that the energy level spacing is large. For instance,
the energy difference between the J=5 and J=4 levels is 11.7 meV, while
the binding energy of a HR atom in state n=35 is 11.2 meV. Hence a

NH., molecular transition from J=5 to J=4 releases enough energy to ionize

3
HR atoms with n values of 35 or greater. Shown in Figure 34 are the

minimum values of n which a HR atom can have and still be ionized in
a collision with an NH3 molecule of the indicated J-value. It is seen
that well over half of the molecular population can ionize a HR atom
in a state with n=35. The n-state distribution of Li* atoms produced
in the experiments has its peak at about n=35.

Molecules of sulfur dioxide, 502 and carbonyl sulfide, COS, have

1

relatively small values of rotational constant B (0.34 cm - and 0.20

1

cm -, respectively). Therefore higher-J states are populated and the
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energy level spacing is smaller for these molecules than for NH3.
Threshold n-values for ionization at the indicated values of J are also
marked on Figures 35 and 36, which show the room-temperature population
distributions. In order to ionize a HR atom with n=35, a 502 molecule
must have J > 132. Likewise for COS, J > 225 is required in order for
jonization of a HR atom with n=35 to occur. From the figures it is

seen that these rotational states are not populated at room temperature.
Hence if the selection rules mentioned are valid, NH3 should be far

more effective in ionizing HR atoms than either 502 or COS, simply from
energy considerations. In fact, Table 2 suggests that the hydrogen-
containing molecules NH3, HZS’ and H20 are in a class of efficient high-
Rydberg atom ionizers, while all others listed there should be quite

inefficient at causing ionization, at least for HR atoms with n R 5.

5.2 Ionization of HR Atoms in Collision with Polar Molecules

The interactions between rotating polar molecules and HR atoms
are of much interest. A collision between a polar molecule and a HR
atom can have several outcomes. If the collision involves the HR elec-
tron, the Rydberg atom may remain bound with a change of (n,f§) state,
or it may be ionized. If the collision is with the HR core ion, deflec-
tion of the atom by momentum transfer is possible.

Since the outer electron of a HR atom is very weakly bound and
at a relatively large distance from the core ion, it is a good first
approximation to consider the electron as being free in analyzing col-

Tisions between it and a polar molecule. A free electron-polar
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molecule inelastic scattering cross section, worked out in first Born
approximation, has been calculated by Massey (M2) and more recently
by Takayanagi (T3) and Crawford (C3). This molecular interaction scheme
will now be considered and then applied to the case of scattering of
HR atoms by polar molecules.

In the collision of an electron and polar molecule, the asymptotic
form of the potential energy V(r) is that due to the interaction of

a charge and point dipole;

V(r) = - £ D-r , (5.22)

where T is the position of the electron as measured from the center

of mass of the molecule and 5 is the permanent electric dipole moment

of the molecule. As the electron passes by the molecule, some of the
rotational energy of the molecule can be transferred to the electron

via the interaction potential of Equation 5.22. This would result in

an increase of the kinetic energy of the electron, with a subsequent
loss of rotational energy by the molecule. Conversely, it is possible
for the electron to give up some of its kinetic energy to further excite
the molecule to higher rotational levels. Let the magnitudes of the
molecular angular momentum and its projection on an axis of quantization
be Jh and Mh, respectively,before the collision and J'ﬁ and M'ﬁ after
the collision. The differential scattering cross section is given by

de _

ol s (5.23)

—

where f(ki,E}) is the scattering amplitude for scattering into an
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element of solid angle d@ 1in the direction specified by E;. The ini-
tial and final electron wave vectors are E; and E}, respectively. The

scattering amplitude, in first Born approximation, is given by

o ke Sikeer | ik, v
£(K. Ke) =ji o (dSF e A M V)| Me |, (5.28)
i oth

where m is the electron mass, V(r) is given by Equation 5.22, kf = ]E}g R

H

and ki = lE}}. Substituting from Equations 5.22 and 5.24 into 5.23 gives
the differential cross section
iq-r
2 2

K
s 'm'y - /meD °f 32 e
d—Q(JMeJM)-(—Z) v gdr 5

<J'M'[r-D]am] (5.25)
2th r ‘

-

D/D, T

A —_ — —_—
where D = r/r, and q = ki-kf. The integration can be carried
out in a fairly straightforward manner. The total cross section is then
obtained by integration over all solid angles and by averaging over M

and summing over M . For linear molecules the result is

&7 [med) > J ke * K;
G- (') = ( ) 2~ In | co—— (5.26)
3k].2 22/ 2041 ke - k;

with the selection rule AJ == 1. If AJ = -1, the electron gains
energy, and if AJ = +1 the molecule is excited to the next higher rota-
tional level. J, is the greater of J and J.

For symmetric top molecules there are three constants of rotational
motion: the angular momentum Kh about the body-fixed figure axis along
with the total angular momentum Jh and its projection Mh on an axis

of quantization. The total inelastic scattering cross section in the
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case of symmetric top molecules is given by Crawford (C3) to be

G (K~ J'k) = 2E nep] 0,22 n e (5.27)
3k12 [hZJJ(2J+1) ke = ki’ :
with the selection rules
AK=0
Ad==+1,0 (K#0), (5.28)
Ad==%1(K=0)

If AJ =0, the scattering is elastic and Equation 5.27 does not apply.
The selection rule AK = 0 results from the assumption that the dipole
moment vector 5 is parallel to the figure axis of the molecule. This
assumption is valid for all known symmetric top molecules (H8). The
other selection rules are the usual ones for electric dipole transitions.
The expressions for the inelastic cross sections for linear and
symmetric top molecules are seen to be quite similar. The cross sections

depend on the square of the dipole moment, the initial electron momentum

(ki) and the rotational energy level spacing of the molecule (through

kf). The final electron momentum is obtained from energy conservation;
kS k2
2m = 2m =AJ =2hCBJ . (5.29)
Solving for kf gives
3
2| 2 4 4m
kf -{% + ﬁz hcBdJ } . (5.30)

The cross sections for inelastic free electron scattering can be

applied to determine ionization cross sections for HR atoms. The
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collisions of interest are of the type

* -

A(n) +X(J) — AT +x() +e (5.31)
where A*(n) is a HR atom in state n and X(J) is a polar molecule in
rotational state J. Since the separation of the excited electron from
its A+ core is so much Targer than the scattering length for collisions
between the electron and molecule or the core ion and molecule, the
molecule does not interact simultaneously with the electron and ion
core. In a collision with the electron, the presence of binding may

be neglected apart from its role in defining the velocity of the elec-
tron. The scattering process can then be simply described in terms

of the corresponding process involving free electrons,

e” (k) + x() = x@) +eTky) - (5.32)

A few adjustments have to be made, however, in order to take into ac-
count the physical properties of HR atoms. The bound, highly excited
electron involved in the collision process does not have a single well-
defined momentum, ﬁki' The cross section must therefore be averaged
over the momentum distribution 9.0 (ki) appropriate to an electron

in a hydrogenic bound state. That is,

.
i

i (5.33)

G’n,g (J9-1) = )

where the integration is over all momentum space.

o - 3.)
6 (J—J-1) gn,ﬂ(ki) d7k;

The form of gn,(ki)is rather complicated, and the evaluation of

the integral in Equation 5.33 for general values of n and { is difficult,
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even with the aid of numerical methods and a big computer. Since HR
atoms are nearly classical in their motion, a simpler method which af-
fords reasonable accuracy is to average the cross section over the var-
jous classical orbits corresponding to the quantum numbers n and {.
Thus, average cross sections are calculated from

S(n,Q)

G‘n,f (J=J-1) = WJ G-(J—J-1) ds , (5.34)
0

where 'S(n,{) is the circumference of a classical orbit of energy E(n)
and angular momentum §h. Similarly, average rate constants E:Vn 9 are

obtained from

T(n,4)

— 1

LA (J=d-1) = 7 MS (G_V)n,X dt (5.35)
0

where T(n,{]) is the orbit period.
S(n,{) and T(n,}) are determined from classical relations given
in Goldstein (G7), for example. In polar coordinates r and © these

quantities are evaluated from:

ds = /(rde)? + (ar)?
ds = d8 /rz +(§g)2 ,
2T >
S(n,1) = st { a0 fr? + (4D (5.36)
0

Likewise, from the equation for the angular momentum,
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2
dt =™ 49
in
o
T(n,g) = \dt = m?-de
9. ﬂﬁ b )
0
where
2,2
™h , (5.38)

r(g) =

me2( 1 + € cos 8)

In Equations 5.37 and 5.38, m and e are the electron mass and charge,
respectively, and € = €(n,) is the classical orbit eccentricity.

The procedure followed here involves the evaluation of the integrals
in Equations 5.34 through 5.37. The calculations were done numerically
using a Gaussian quadratures method (512) and the Oregon State University
Cyber 70 computer. Values for G;\,,Q and G.Vn,f for 20 < n < 75 and
1 < § < n-1 were generated for a range of molecular transition energies.
The value £ = 0 was avoided because of computational difficulties asso-
ciated with zero denominators. The cross sections and rate constants
were then statistically averaged over §- values to obtain §i (J-J-1)

and GV, (J-»J-1) from

n-1
= = D (a6, (0-0-1)
n f:l n"q .
T (5.39)
(28 +1)
2=1
n-1 —_
cV - _3:1 (28+1) 67V ) (J—J-1) -
"l g+ 1) '
1=1
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Figures 37 and 38 show 5';] andG—Vn for 20 < n < 75 and for different
values of A, the energy transferred to the electron from the polar mole-
cule. The values gf A were chosen to equal the ionization potentials
of HR states with n ranging from 24 to 80. Note that for a given A ,
E:Vn is fairly constant over a wide range of n. The value D = 1.5 debye
has been assumed in Figures 37 and 38.

Figure 37 does not represent an ionization cross section but rather
an excitation cross section, since the ionization criterion has not
been implemented. In order for ionization to occur, it is necessary
that the energy absorbed from the molecule be in excess of the binding
energy of the HR electron. That is, 2hcBJ 3_w0/2n2. Hence not all
rotational transitions provide enough energy to release the bound elec-

tron. Only collisions with molecules in states with J > JO, where

Wy
3, = —+ 1, (5.41)
4hcBn®

can lead to ionization. Here [ ] indicates that the integer part of
the quantity in brackets is to be taken.

For a given n-state and for any particular molecule, the ioniza-
tion cross section is obtained by averaging over all rotational states

occupied at room temperature which have J > JO. This gives

(c->n=; PJ) & , (5.42)
J

where P(J) is the fraction of molecules occupying state J at 300° K

and is obtainable from Equation 5.6 or Equation 5.16. The cross section
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Ei depends on J, since it depends on the molecular energy level spacing
A, which in turn depends on the molecular constant B and on J (see Equa-
tion 5.5). The most convenient way of determiningEF; for a particular
value of J is by interpolation from a table of values of’Ei for different
values of A, such as those which make up the plots in Figure 37. Once
this is done, the sum in Equation 5.42 can be performed. Likewise the

average rate constant can be determined from

< G V>n = 3 P(J) eV (5.43)
J

The quantities<.(-‘.?’>n and<'§?'V>n are the theoretical ionization cross sec-
tions and rate constants which can be compared to experimental results
with HR atoms.

Using methods similar to those outlined above, Latimer (L2) analyzed
ionization cross sections for Xe* atoms in collisions with the polar
H

targets NH 25, and 502. The theoretical results, obtained by appli-

3
cation of the free electron model, agreed fairly well with the experiment-
al determinations of the ionization cross sections for NH3 and HZS'
However, theoretical expectations underestimated the SO2 experimental
cross section by several orders of magnitude. The measured cross sec-

2 for all three polar targets. Since the

tions were of order 107 cm
rotational energy intervals in SO2 are much smaller than the intervals

in NH3 and HZS’ it is not surprising that the theoretical cross section
would be much smaller with 502, as mentioned in Section 5.1. No satis-

factory explanation was presented in Reference L2 for the disagreement

of SO, results with theory.
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In collisions with polar molecules, the possibility exists for
the electron to give up some of its kinetic energy in exciting the mole-
cule to its next higher rotational state (AJ = +1). The expression
for the cross section for this case is very similar to Equations 5.26
and 5.27 (M2, T3, C3). However, plots of the average cross section E;;
(J =J+1) obtained in exactly the same manner as the plots in Figure 37
show that the cross section for rotational excitation of a polar mole-
cule by a HR atom ranges from 2 to 15 times less than for the process
where 4J=-1. For 30< n<60 the best estimate is that the cross sections
for AJ = +1 molecular transitions are about an order of magnitude less
than the cross sections for which AJ = -1. Hence this process, in
which HR atoms de-excite to lower-n states,may be difficult to observe.
No observation of such an effect has been noted in this laboratory and
the recent literature contains no reports of AJ = +1 excitation of polar
molecules in collisions with HR atoms.

Matsuzawa (M1) has published calculations which give directly the
ionization cross section of HR atoms in collision with polar molecules.
His model again assumes that the HR electron is almost free and the
collision is described as involving primarily the electron and polar
molecule. The cross section is worked out in first Born approximation
with single quanta of molecular rotational energy being transferred
to the electron. Ionization occurs if there is sufficient energy trans-
ferred to overcome the electronic binding energy. Hence this model
has the same features that are present in the free electron model des-

cribed here.
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In atomic units, the Matsuzawa ionization cross section for a HR

atom in state n is given by

G (n) = 16.5

xl‘é
N
Ceon )
.
o
L)
|:s
o

AT n° , (5.44)

where pu is the HR atom-molecule reduced mass, D is the permanent dipole
moment of the molecule, K is the magnitude of the wave vector of relative

motion, J is the initial molecular rotational quantum number, and o

is the Towest quantum state of the HR atom which would just be ionized

in the transition J-J-1. This model gives G(n) V = constant, since

2

rel

fiKk =P = le;el' The strength of the interaction goes as D™, and thres-

hold ionization is preferred because of the (no/n)8 factor, which is

maximum when n = o and decreases rapidly as n increases. If n < o
the cross section is zero, since ionization cannot occur. Clearly o
depends on the molecular constant B and the molecular state J. The

average ionization cross section for state n is given by
P(J) &) . (5.45)

Matsuzawa compared his theoretical results to the experimental
data of Hotop and Neihaus (H3), who obtained jonization cross sections
for HR atoms in collisions with the polar molecules HZO’ NH3, and 502.
He claims that the agreement is satisfactory. However, in the author's
opinion, the comparison was inappropriately performed, owing mainly
to lack of knowledge of the distribution of n-states present in the

experiments of Hotop and Niehaus.
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The experimental data of this research can be compared to expec-
tations from both the Matsuzawa model and the free electron model suit-
ably modified to represent ionization of HR atoms in collisions with
polar molecules. This model will be referred to simply as the free
electron model for the remainder of this chapter. Though both theories
have much of the same physical basis, they do not predict the same
values for the cross sections, as will be demonstrated in Section 5.4,
Excépt for Matsuzawa's own effort, there appears to be no experimental
confirmation of his predicted cross section. In the author's opinion
again, the cited work of Matsuzawa is difficult to understand and in-
volves delicate and quite complicated approximations. It has been im-
possible to either verify or repudiate the calculations presented therein.
Therefore it is not understood why the two cross sections should predict
different results. A direct experimental test is very useful. A com-
parison of the two sets of theoretical results with the data should
give a strong indication of which theory is more appropriate.

Both cross sections were determined in first Born approximation.

In Equation 5.24 for the scatteiing amplitude f(E},E;) in free electron
scattering, the plane waves e iki'r and eikf'F.are used instead of the
correct but indeterminable initial and final wave functions. This
simplification constitutes the first Born approximation. The validity
of the approximation in the case of free electron-polar molecule inelas-
tic scattering has been discussed by several authors. Massey (M2) has

given avalidity criterion which is not fulfilled by most of the mole-

cules of interest here, so that the validity of the approximation cannot
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be guaranteed from his relation. However, Takayanagi (T3) gives argu-
ments supporting the approximation at low electron energies (§ 1eV).
There is fairly close agreement (2 15%) between the Born approximation
cross sections and other theoretical treatments,including close coupling
calculations (I4), first-order time-dependent perturbation theory (D1),
and a modified Born approximation (R5). These studies indicate that

the first Born approximation is adequate in this instance. Therefore

it should also be valid in the Matsuzawa treatment.

The selection rule AJ = £ 1 no Tonger holds in higher order pro-
cesses where products of matrix elements are involved. As will be seen
later, this rule makes explanation of some of the experimental data
very difficult. Inclusion of contributions to the interaction potential
energy in Equation 5.22 from encounters at small values of the impact
parameter (of the order of several Bohr radii) may also invalidate the
4J = £ 1 selection rule. Usually the cross sections are dominated by
the asymptotic form of the interaction. The studies cited above suggest
this to be the case here.

Direct observation of the transfer of single quanta of molecular
rotational energy to HR xenon atoms has been reported by Smith et al.
(S10). They populated individual high Rydberg levels in xenon atoms
by electron bombardment, followed by laser excitation. In collisions
with NH3 molecules, the Xe*(n) atoms were selectively excited to dis-
crete, more highly excited states Xe*(n'), or were ionized. The states

1
n were identified by a field ionization technique and were found to

be separated in energy from the original state n by amounts equal to
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the rotational spacing of the NH3 molecule. At least four different
transitions could be identified. The rate constants (G v) for both

the excitation process and the jonization process were of order 10'6

7 cm3/sec. This experiment demonstrates conclusively the process

to 10~
described in both the free electron model and the Matsuzawa model,
wherein rotational energy is converted to electronic energy. It also
shows that, at least for NH3, the selection rule AJ = #1 appears to

be valid.

5.3 Scattering of High Rydberg Atoms by Polar Molecules

Collisions between HR atoms and polar molecules do not necessarily
result in the ionization of the HR atom which was discussed in the pre-
vious section. If the molecule is able to penetrate part of the outer
electron cloud of the HR atom without causing ionization, then the pos-
sibility exists for interactions with the core ion. As described in
Chapter 4, polarization of the molecule by the ion core can result in
an attractive force between ion and molecule, resulting in momentum
transfer to the core ion and therefore deflection. When the target
is a polar molecule, there is an interaction between the core ion and
permanent dipole, in addition to the induced dipole effect. This per-
manent dipole interaction is dominant in some cases.

A classical treatment of the interaction of a charge and permanent
dipole is appropriate here, since the validity criterion given before
in the case of scattering by an induced dipole moment is also met here.

In particular, the scattering angle must be larger than a minimum
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critical angle given by Equation 4.6,

0. = 72%— , (5.46)

where A= h/p is the de Broglie wavelength of the incident particle and
b is the collision impact parameter. HR signal is lost in the experi-
.ments when the Li* atoms are deflected through an angle larger than

the half angle subtended by the detector aperture at the position of
the particle (Section 4.1). This has a minimum value of about 6, 1°,

Tem. This

13 .8

while the critical angle is 8.~ 0.1°, if it assumed that b ~ 10~
figure is a conservative estimate, since cross sections of order 10~
have been measured in the laboratory, and a measure of b is given by
b=v6". Thus the scattering angles are always larger than the critical
angle, and classical mechanics should provide meaningful solutions to
the problem.

A typical scattering length for the interaction with a permanent
dipole is 100 R. This is the distance over which the two particles
effectively interact or collide. The time required for the collision,
T , is roughly this distance divided by the relative velocity, about
2 x 10° cm/sec. The value T = 5 x 10'12 sec results. If during the
collision the polar molecule rotates only slightly, the interaction
will be strong. If on the other hand many rotations occur, the dipole
moment obtains many directions and vector-averages to near zero over
the collision interval, and the interaction is reduced accordingly.
Hence a necessary condition to observe permanent-dipole scattering is

that the molecules rotate slowly enough. A reasonable criterion would
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be that the period of rotation T be greater than or equal to the
collision time T.

The period of rotation depends on the molecular constant B ?nd
the rotational state J, and can be determined from

Ing Jh o, (5.47)

where the angular frequency w is given by w = 27/T and IB is the

moment of inertia of the molecule. Recall that

h
I = LU (5.48)
B gl B
From Equations 5.47 and 5.48 it follows that
7.1 (5.49)
2¢Bd

To satisfy the condition T > T =5 x 10'12§ec, it is necessary, in
the case of the NH3 molecule, that J = 0. This follows from Equation
5.49, using B = 9.44 cm'l. Likewise, for SO2 and COS the same condi-
tion requires J < 10 and J < 17, respectively. The thermal distribu-
tions of rotational states for these molecules, shown in Figures 34,
35, and 36, indicate that only a small fraction (0.5%) of the NH3
molecules are in the J = 0 state, while a substantial number of 502
and COS molecules are within the limits given above (13% and 24%, re-
spectively). Thus, charge-dipole scattering is not Tikely to be
observed with NH3 since most of the molecules rotate too fast. On the
other hand, the momentum transfer due to the permanent dipole moment
should easily be observed with more slowly rotating targets such as

SO2 and COS.



140

The preceding discussion can be genefa]ized to include all the

molecules studied here. From the equipartition theorem,

2

1 21
E—IB =58 s (5.50)

where 8 = kT is the product of Boltzmann's constant and the Kelvin

L -
temperature, and|uais the average angular frequency. Using w = 29/T

and Equations 5.50 and 5.48 an expression for T is

T _ ’ h
T= ZBC_B . (5.51)

Hence T« 1/VB*, and the average period decreases as B increases. This
means that molecules with large rotational constants, such as NH3, HZS’
and H20, are much less 1likely to cause deflection of HR atoms via inter-
action with the permanent dipole than molecules with much smaller rota-
tional constants. Except for these three molecules, almost all others

studied here have B ¢ 1.0 cm'l.

It is noteworthy that the rapidly rotat-
ing (hydrogen-bearing) polar molecules, which are effective ionizers

of HR atoms, do not readily transfer momentum in collisions with the

core ion. The slowly rotating targets, conversely, are unlikely to
ionize but do readily deflect the HR atoms in the incoming atomic beam.

A complete calculation for the charge-dipole scattering cross sec-
tion which takes into account the rotation of the molecule during the
collision leads almost immediately to complicated expressions because
of the interplay of the physical variables and the noncentral nature
of the force. Of course the calculations must be done in order to obtain

reliable results over a wide range of parameters. Computer-generated

solutions for the cross section for a variety of input parameters have
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been obtained in this laboratory and are still currently under study.
It is of great value to work out the cross section in the case of a
static nonrotating dipole. The resultant expression for the cross
section is fairly simple and shows the dependence of the cross section
on physical variables. It should give a reasonable estimate of the
true cross section, provided that the static condition is not grossly
violated.

The diagram below illustrates the collision in the center of mass
reference frame (c.m.). The reduced mass and relative velocity of the
ion are u and V respectively, the relative coordinate is ¥, and the
distance of closest approach (impact parameter) is B. The scattering
angle 8 is assumed to be small. The dipole has strength D and the direc-
tion is arbitrary but constant throughout the collision. Since b 1.7,
choose as basis vectors for a right-handed Cartesian coordinate system
the unit vectors B, ;, and 3 X %. The force on the ion is noncentral,

and consequently the final momentum vector is not confined to the plane

of the diagram.

=)
ol
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The electric field at T due to the dipole is
2

E(r) = 3Lrlr-Dr (5.52)

—

The force on the singly charged ion is F = eE(;), and the momentum

transferred to the ion in the collision is given by

AP =\ Fdt . (5.53)
If t = 0 occurs at the distance of closest approach, then-; = b + vt.

Using this relation with Equations 5.52 and 5.53 gives

[e o]

AP =e 9§%D‘G+Vw(§+&)-6w2+ﬁt%J . (5.54)
r

o

Grouping terms in powers of t yields

[e o]

AP = e QEF@BB-M1+H6jﬁ+6®wt(MM

r
+ [?(D.v) ; -'E vé] fz‘f .
The coefficients of the powers of t are all constant vectors independent

of time. Noting that

2
v

5 5/2
P =0 |t? +-b—} , (5.56)
the three terms in Equation 5.55 are easily integrated with the aid of
standard tables of integrals such as those of Dwight (D3). The results

are
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S
-

r 3vb

S -t—%1=o , N (5.57)
r

Substituting into Equation 5.55 gives

4e
3vb4

(3(D:b)b - D b%) + 28— (3(B-V)v - D v¥) . (5.58)

o

AP =

Combining terms and using D=0 ﬁ,'V = v v, and b=bb yields

AP e—g[z; (Db) b - 2D +2 (D) ?/} . (5.59)
vb

>

The unit vector D can be written in terms of the basis set of vectors
-~ A A “~
b, v, and v X b as

A

D= (D.b)

A A D A A A N

A A
b+ (D-v) v+ (D.vxb)vxb . (5.60)
Substitution of this expression into the middle term of Equation 5.59
yields the final expression for the momentum transferA—F;,
—_ A A A A A A - A
s P =22 [(D-b) b - (D-v x b) v x b] , (5.61)
vb

showing that there is no parallel component (along Q) of momentum
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A\
transfer for any orientation of D.

Since A-l; .LF, the scattering angle is given by

) e=A.,PI (5.62)
(7]
In order to determine|AP| , note that
J@%)B-w&xB)QxB = |(Db) b+ (Dvxb)vxb| . (5.63)
However, from Equation 5.60 it is found that
AN A A A A A A A A A
(D-b) b+ (D.vxb)vxbij={D-(Dv)vl], (5.64)
where
A AALA N A2
D - (Dev) v{ =¥1 - (D-v) (5.65)

As a result,

la?] =201 6.2 (5.66)

vb
and, since P = uv, the angle of deflection is given by
o =20 vio(b-0f . (5.67)
MVD

A A
Let & denote the angle between D and C. Then D-C = cosd and

- lsino(l : (5.68)
A
Averaging the scattering angle 8 over all possible orientations of D

gives

=Y

b4

b)
-

2eD 1 l
,uvzbz ar

g =

sinatlsinct da d@ , (5.69)

ls]

C
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v
6= 2% . LysinZadx (5.70)
AVb
0
and, finally,
e=7’e—22 . (5.71)
2w b

The differential scattering cross section is obtained from Equation

4.15:

d_ 2zmb b
& stns @] (5.72)

From Equation 5.71, b (8) can be determined and differentiated:

db _ JeD (
=5 = .o 5.73)
d8 4uv282 weD :

2uv2 2]

From the small-angle approximation sin 8 ~ 6 and the above relations

the differential cross section is

de” _ el (5.74)
da 4LN293

The differential cross section and scattering angle 6 are in the
center of mass reference frame. They are related to measured quantities
through center-of-mass to laboratory frame transformations. The trans-

formation equations are given by Goldstein (G7). The relations are

tang = SN8 (5.75)
lab cos 8+ M

m2
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and

dG” d6” sin 8 de (
- = 2 = —_— . 5.76)
dq dQ2 sin lab de]ab

D

The corresponding small angle approximations for Equations 5.75 and

5.76 are
)
8 X — s (5.77)
lab 1+ Ei
)
and, with the aid of Equation 5.77,
m + 2
de¢ _ des|l™M ™™
q0 = qol— . (5.78)
lab My
The reduced mass M is related to the 1ithium mass m, and the molecular
mass Mo, by
My
U = — (5.79)
m ot m
Substitution of Equations 5.77, 5.78, and 5.79 into Equation 5.75 yields
d6” 7 eD
== = (5.80)
9 12 4mye°
lab

The effect of the transformation has been to replace the reduced mass

by the incident particle mass m (1ithium mass). Since all further
development will involve only the laboratory frame quantities, the label-
ing subscripts can and will be dropped without loss of clarity. Equation

5.80 becomes
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a5 4;“32 03 (-8
The cross section G for scattering into angles larger than the
detector acceptance angle is obtained by integrating dG/da over
these angles and then averaging over the beam path. This is exactly
the same procedure that was followed in Section 4.1 and will not be

reproduced here. The result for the cross section is

2

e =T=3 (5.82)
4 mvR

where L = 35 cm is the beam path length and R = 0.5 cm is the effective
detector aperture radius. The main features of the cross section are
the Tinear dependence on the dipole moment strength D and the 1/v2
velocity dependence.

It must be remembered that the cross section in Equation 5.82 holds
only in the case of nonrotating molecules. Deviations from its predic-
tions should be expected, since a significant population of any of the
molecules studied here rotate completely many times during a collisional
encounter. The 1/v2 dependence will be especially difficult to verify,
since as the relative velocity of a Li* atom and molecule decreases
the collision time increases, allowing more rotation of the molecule,
thereby reducing the scattering of the slower HR atoms, as explained
earlier in this section. Thus the expected increase in the cross section
as the collision velocity decreases is at least partially offset by
the effect of rotation. The linear dependence on the dipole moment

D should be observable if proper precautions are taken. Even with
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rotation taken into account, this dependence is not expected to change.
Molecules with about the same rotation constants should have cross

sections in proportion to the dipole moment D.

5.4 Data Analysis and Time-0f-F1ight Results

The data with polar molecular targets were obtained in exactly
the same manner as for atomic and nonpolar molecular targets. Time-
of-flight spectra in computer memory banks of 70 channels each were
gathered for the molecular gases listed in Table 2. The data for each
molecule always included at least two banks (the first and last) with
no target gas and several others at different gas densities. The TOF
analysis by itself is incapable of distinguishing between different
Li* loss mechanisms, since surviving atoms are detected. The measured
cross sections are a sum of cross sections for deflection out of the
atomic beam and for ionization of Li* atoms. For most molecules, signal
loss is caused primarily by only one factor, and the cross section for
the other process is much smaller. Signal loss by deflection involves
interactions with the Li* core ion, and thus is independent of the HR
quantum number n. Hence the distribution of n states within the Li*
beam is not very important. Ionizing collisions with molecules may be
strongly dependent on the n-state of the Li* atoms. In this case the
n-state distribution is important and must be taken into account in the
analysis of data. Deflecting collisions (momentum transfer) will be

considered first.
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The Li* TOF distribution function is given by the same expression
as in the case of atomic targets (Equation 4.30),

N(t) = N, glt) e : (5.83)

where N(t) is the number of Li* atoms arriving in a small time interval
At about t, N, is the initial number of Li* atoms in the beam, g(t)
is a beam distribution function, Nt is the number density of target
molecules, 6~ is the scattering cross section, and v is the velocity
of the Li* atoms arriving at time t. Experimentally, the time interval
At is 15 usec, the width in time of a single channel in a TOF spectrum.
With no target gas present, ny = 0 and the exponential function is unity.
Radiative decay of Li* atoms and 2-changing collisions when a target
gas is present may modify the function g(t) to a small extent. In the
analysis of scattering data with atomic and nonpolar molecular targets
these factors were omitted from consideration because of their insig-
nificance in determining the cross sections. For the same reasons,
these effects will also be neglected here.

The channel-by-channel ratio of two TOF spectra, with the numerator
bank having a molecular gas at density N and the denominator bank ob-
tained with ne = 0, is given by Equation 4.33,

-nT G vt
R(t) = e R (5.84)

so that

In R(t) = -nT.G'vt . (5.85)

Since there are 70 channels per bank, In R(t) is determined at 70 points
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(times). A plot of In R(t) vs time (channel number) is expected to be
linear only if g°v = constant. Otherwise, it will in general have some
curvature. The deflection cross section developed in Section 5.3 for
static dipole scattering has G e 1/v2, so that G'v el/v o& t. Hence
Ny G~v should decrease with increasing t and In R(t) &« -t2.
It is an experimental result that, regardless of the target mole-
cule, the plots of 1n R(t) vs t are fairly linear. A single value
can therefore be assigned for Ny 6V which is valid over the entire
time interval covered by the experiment. Therefore the rate constants
G" v are experimentally determinable. The linearity of the plots also
suggests that the theory developed in Section 5.3 is not quite complete
or correct. This was already suspected, since the rotation of the mole-
cule during a collision was not taken into account. At present, the
most complete calculations done in this laboratory nearly reproduce
the linear dependence of 1n R(t) on t, but only for short time intervals.
The 1interval of time over which the behavior of 1n R(t) is linear
depends on the choices for input parameters, most notably the rotation
rate. With reasonable parameter values, the calculated cross sections
start to decrease after a time corresponding to no later than 20 chan-
nels (about 0.3 msec), so that In R(t) would increase from a minimum
value after this channel number. This effect is not observed, and ex-
perimentally 1n R(t) decreases monotonically for the entire time inter-
val spanned by a TOF spectrum (about 1 msec). Evidently a more real-

istic model should be considered for these computer calculations. It is

also possible that multiple collision effects should not be ignored.
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The satisfactory solution to this problem remains a topic for continu-
ing research.

Ionizing collisions are generally dependent on the n-state of Fhe
HR atom, since ionization requires removal of the outer electron. Con-
sequently the n-state distribution of the Li* atoms produced in the
TOF experiments must be taken into consideration in the analysis of
signal loss due to such collisions.

The TOF distribution can be generalized to include the n-state

population distribution of the Li* atoms. With no target gas (nT = 0),

N(t) = Nog(t) % P(n) (5.86)
n

where P(n) is the fraction of the HR population in state n. The lower
1imit on the sum (about n = 20) is determined primarily by radiative
decay of the Li* atoms in low-n states, while the upper 1imit (usually
n=75) is determined by the electric field on the plates in front of
the detector. The values n = 20 and n = 75 will be the implied limits
in all of the discussion that follows.

The sum is normalized to unity. With a target gas of density ne

present in the vacuum system,

N(E) = Ng(t) P (m) (5.87)
n
where
| - (G— ) t
') =p(m e T (5.88)

Clearly = P (n) < 1 for ny > 0. The ionization rate constants (G"v)n
n
depend on n, and signal loss proceeds at different rates for different
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Rydberg levels. The natural logarithm of thé channel-by-channel ratio

of two TOF spectra with and without target gas is

-n: (& v) t
In R(t) = 1n £ P(n) e T V)n
n

(5.89)

Again it is an experimental result that for all molecules studied
here Tn R(t) is very nearly a linear function of time. Equation 5.89
has such behavior only if (s'v)n is constant or slowly varying over
the range of n specified by the sum. Assuming this to be the case,
an average ionization rate constant can be determined experimentally

by setting

In R(t) = -Vt = vt (5.90)

where G"v is the average rate constant and7‘(nT) is obtained by measur-
ing the slopes of plots of 1n R(t) vs t for various nT.

Equation 5.86 for the TOF distribution is valid only for a nonde-
caying Li* beam. The effect of 2-changing collisions with target mole-
cules has also been omitted. However, these are probably only minor
errors compared to the neglect of n-changing collisions and their influ-
ence on the HR population distribution. Each high Rydberg level can
gain and lose population by n-changing collisions. The cross sections
for these collisions are of the same order as those for jonization.

The effect of n-changing collisions on the observed ionization cross
sections becomes greater as the target gas pressure increases and mul-
tiple collisions become more likely. The cross sections developed here

do not take into account muitiple collisions. The data most accurately
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reflect the true ionization cross sections at the lowest target gas
densities, where many of the factors not accounted for in theory, 1like
multiple collisions, are minimal.

Figures 39 through 54 show plots of 1n R(t) vs t (channel
number) for the molecular targets listed in Table 2. The target gas
pressures at which the data were obtained are indicated in the figures.
As mentioned before, the plots are fairly linear at all target gas
pressures and for all molecules, allowing a graphical determination
of slope magnitude ¥* for each target pressure. The experimental values
of # are related to the cross sections by ¥ = N 6-v. The uncertainty
in measuring the slopes from the graphs is estimated to be 10% of the
slope value in essentially all cases.

From the values derived from the 1n R(t) - vs - t plots, a graph
of P vs the molecular density was constructed for each of the molecules.
These graphs are shown in Figures 55 through 70. If 6°v = constant
then ¥ should be proportional to nr. Note that this proportionality
is observed for some of the molecules, but not all of them. Departure
from linearity becomes more pronounced as the dipole moment increases
and as the rate constants increase. The curvature makes it difficult
to determine an experimental rate constant and cross section which is
appropriate for the collision process. The curvature can be a conse-
quence of various factors, including multiple collisions at the higher
densities, %-changing collisions, and n-changing collisions in some
cases. It is believed that most of these problems are reduced consider-

ably at the low target densities. Therefore the experimental rate
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constants and cross sections are determined from the slopes of the Y-
vs-nr plots at the Towest molecular densities. 1In all cases this is
the Tocation on the graphs where the slopes are greatest, so that the
cross sections and rate constants are at their largest values.

Recall from Section 5.3 that the theoretical deflection cross
section was proportional to D, the dipole moment. If the rotational
constants for the molecules are about the same, this dependence should
be maintained, even though the static dipole condition is violated.

The equivalence of the rotational constants means a similar distribution
of rotational states for the molecules and thus the static condition

is violated to the same extent by most of the molecules. The molecules

NH3, HZS’ and H20 must be excluded from the above since their constants

are comparatively large.

The experimental cross sections for all of the molecules except
the three excluded above are plotted as a function of dipole moment
in Figure 71. These cross sections are obtained by dividing the rate
constants derived from Figures 55 through 67 by v = 2 x 105 cm/sec,
the average Li* velocity. Also drawn in the figure is a theoretical

line for the cross section obtained from

2
G -Xmegll, (5.91)
4m v- R

where K = 2.3 is a constant chosen to make theory and experiment agree
for the 1inear molecule COS, m is the 1ithium mass, v = 2 x 105 cm/sec,
L =35cm, and R = 0.5 cm. The cross sections do indeed plot nearly

linearly with dipole moment up to about D = 1.2 debye. For dipole
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moments greater than this value, the cross sections are significantly
éreater than those predicted by Equation 5.91 above, except for
C3HgO (acetone) with D = 2.88 debye. Its value is only‘slightly larger
than the theoretical result.

The measured cross sections for CO, NO, and N,0 are of the same

magnitude as those obtained for the atomic and nonpolar molecular tar-

3

gets. The polarizabilities of all three molecules are around 10 a,"s

which implies an induced dipole scattering cross section of nearly

-14 cmz, which is almost equal to the theoretical results of the

5x 10
interactijon between the charge and permanent dipole. The total expected
cross section is not necessarily the sum of the two effects in this
case however, since interaction with the induced dipole results in a
central, attractive force between the Li" core and molecule while the
permanent dipole interaction results in neither a central nor an always
attractive force. For certain orientations of the dipole the two forces
can be seen to partially cancel each other, resulting in diminished
scattering. Both CO and NO have a rotational constant Bez 2.0 cm'l,
which is up to ten times larger than those for the other molecules under
present consideration. These two molecules violate the static condition
more so than the other molecules and charge-permanent dipole scattering
by them is 1ikely to be much reduced. The measured cross sections for
cO , NO, and N20 are consistent with theoretical expectations.

The cross sections for NO,, C3H6 (propylene), COS, C3HgN (propyla-
mine), and C3H80 (methyl ethyl ether) are too great to be explained

by the induced dipole deflection model, for which the largest scattering
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cross sections are about 5 x 10'14cm2. Scattering via an interaction
between the L1'+ core ion and the permanent dipole moment is a plausible
and consistent explanation for these cross sections, since they depend
Tinearly on the dipole moment, and the calculated values assuming a
static dipole are within a factor of about two (K in Equation 5.91)

of the measured cross sections. The theoretical ionization cross sec-

-14 cm2). Figure

tions with these molecules as targets are small (=10
72 shows results of a beam spreading experiment with COS as a target.
The increase in beam width with increasing COS pressure is a clear indi-
cation bf the presence of deflecting collisions. Figure 14 (Section
3.7) contains two Li* P(n) distributions with COS present in the vacuum
system at pressures of 12 and 40 uTorr with the latter amount sufficient
to reduce the Li* counting rate by a factor of 40 from that obtained
without any target gas. Note that these distributions are only slight-
ly changed from that with no target present. The distribution peak

is shifted to about n = 30 from n & 35 and the relative population at
higher n (n & 60) is slightly greater. The shifting of the peak to
lower n is very likely the result of &-changing collisions as explained
previously (Section 4.3), and the population increase at higher n is
probably due to n-changing collisions. The similarity between this

P(n) distribution and the distribution without target gas indicates

that very little ionization of Li* atoms takes place in collisions with
C0S. A pronounced effect on the distribution would be expected if col-

lisional ionization were a dominant process. For example, also included

in the figure is a Li* P(n) distribution with NH, target gas. This
3
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distribution is significantly changed from the one recorded with no tar-
get. NH3 is a well known ionizer of HR atoms and will be discussed
later. The results of the beam spreading and P(n) distribution experi-
ments with COS, together with the consistency of the data for all of

the cited molecules with the permanent dipole scattering model predic-
tions, are strong evidence supporting this scattering mechanism.

The molecules 502 and C2H60 (ethanol) have cross sections exceeding
the predicted values by about a factor of two, while the cross sections
for CH,0, (formic acid), CH,0 (methanol), and C3Hg0 (acetone) are not
significantly greater than theoretical expectations. The relative
smallness of the molecular constants implies closely spaced rotational
levels in these molecules, which in turn means theoretical HR ionizat-
ion cross sections of order 10']4cm2, as calculated by both the Matsu-
zawa and free electron models. However,ionization cross sections of order

-12

10 cm2 have been measured for HR atoms in collisions with SO2 by

other researchers (H3, F4). The cross sections measured here by TOF
analysis include contributions from both ionization and deflection.

The permanent dipole deflection cross section, obtained from the theore-

0°13 cmé for 50,, and the SO,

jonization cross section was measured to be about 7 x 10'13 cm2 (F4)

2

tical Tine on Figure 71 is about 7 x 1

and 4 x 10'13 cm
2

(H3). The total cross section measured here is
1.8 x 10'1 cm2, very nearly the sum of the contributions from the de-
flection process and from jonization. A Li* beam profile obtained with
502 target gas is shown in Figure 73. This figure demonstrates large

scale beam spreading at relatively low target densities and confirms
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the presénce of a deflection process with a cross section which
is large compared to the cross sections observed in the same experi-
ments with rare-gas targets, in which pressures up to 200 uyforr were
necessary to obtain the same amount of beam spreading. Figure 74 pre-
sents the Li* P(n) distribution obtained with S0, target gas at a pres-
sure of 5 yTorr. This amount of S0, was sufficient to reduce the Li*
signal rate by a factor of ten from that measured with no target gas.
In comparing the P(n) distribution with that obtained with no target
present (Figure 14), big differences are noted. The distribution with
502 Tooks quite similar to that with NH3 target gas. The differences
from the no target distribution can only be attributed to n-changing
and ionizing collisions, and thus 502 may have a large HR ionizing cross
section. This notion is consistent with the findings cited above (H3,
F4). The possibility of electron capture by~SO2 will be discussed later.
Beam spreading plots and P(n) distributions are not available for
the other four complex molecules. An explanation for the 502 data con-
sistent with the known experimental facts has been presented, and it
is reasonable to believe that the same explanation holds for these
molecules also. It is hard to understand why some of these molecules
may have Tlarge ionization cross sections, and the factors which deter-
mine these cross sections are not presently known. It cannot be gene-
rally assumed that molecules with large dipole moments have large
jonization cross sections. Theoretically, these cross sections scale
as Dz, but energy considerations lead to the belief that they must also

depend on the rotational energy level spacing. The cross section



RELATIVE POPULATION , P(n)

I T | | f I T
SO2 TARGET
5 /uTorr
L 1 | I 1 | l
20 30 40 50 60 70 80 90 100
PRINCIPAL QUANTUM NUMBER , n
Figure 74. Relative Li* n-state population distribution after passing through SO2 target gas.

Compare with results in Figure 14,



195

recorded here for C3H60 (acetone) is only slightly greater than that
expected from permanent dipole scattering alone (1.7 x 10'12 cm2 VS.
1.3 x 10'12 cm2). For C3H60,which has D = 2.88 debye, the measured
cross section should be about three times that measured for 502 if
the cross section scale as DZ. Instead they are nearly equal.

The three molecules remaining to be discussed are NH3, HZS’ and
H20, all of which have fairly large dipole moments and rotational con-
stants. These molecules are believed to rotate too fast to allow
deflection of Li* atoms by charge-dipole interaction. This is con-
firmed by a Li* beam profile with NH3 target, shown in Figure 75. Al-
though the on-axis signal rate was reduced by a factor of 20 when NH3
was allowed into the vacuum system, no increase was dbserved in the
beam width. Hence the sfgna] loss cannot be due to deflection of. Li*
atoms from the beam. The signal loss must be due to ionization of Li*
atoms.

The experimental cross sections, determined again from the data
points at the lowest target gas densities in Figures 68 through 70,
will be presented near the end of this section in Table 3. The cross
sections measured by Foltz et al. (F4) and by Hotop and Niehaus (H3)
are included in the table. The agreement among the three sets of data
is adequate.

Li* P(n) distributions are shown in Figure 14 for NH3 target gas at
1 uTorr and 6 uTorr pressures. When compared to the P(n) distribution
obtained without a target gas, these demonstrate the effect on high

Rydberg state distributions of collisions with molecules having large
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n-changing and ionizing cross sections. At 1 uTorr pressure, the Li*
signal was reduced by only a factor of two from that observed with no
target gas. Already, however, the distribution peak has shifted upward
to n = 40 and there is increased population in the higher-n states.
This is attributable to n-changing collisions, where rotational energy
is transferred to the Li* atoms in amounts insufficient to cause joni-
zation. As the Li* atoms absorb this energy, the average n increases
for the population distribution. Smith et al. (S10) observed n-changing
and ionization in collisions between Xe* atoms and NH3. In the case
of n-changing, the amounts of energy transferred to the Xe* atoms cor-
responded to the energy differences between adjacent rotational states
in NH3. They observed cross sections of order 10'12 cm2 for both ion-
ization and n-changing.

The distribution with NH3 at 6 uTorr is very interesting. The signal
loss here was tenfold. Two distinct maxima are observed at nx 30 and
n~ 50, with a local minimum near n = 40. The reasons for the double peak
are worthy of consideration. It may be that a significant low-n popula-
tion persists because of 2-changing or n-changing (small An) collisions
with NH3 molecules, which thereby increase Li* average lifetimes for
these low-n states, allowing more to reach the detector. The distribu-
tion peak at n ~ 50 may be due to collisions in which lTow-n Li* atoms ab-
sorb NH3 rotational energy for excitation to higher n-states. The
energy difference between the n = 30 and n = 50 high Rydberg levels

is 9.7 meV, which compares favorably with the 11.7 meV energy separa-

tijon of the J = 5 and J = 4 rotational levels in NH3. These two
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rotational levels are the most populated in NH3 at 300° K. Hence a
large portion of the population at n = 50 may initially have been low-n
Li* atoms. A1l of this is speculative, and there could certainly be
other explanations. Perhaps the main point is simply to recognize

that strong HR jonizers such as NH3 will have a marked effect on the Li*
P(n) distributions. Molecules which do not readily cause ionization

of HR atoms can be identified by their corresponding lack of effect

on the P(n) distributions.

The theoretical ionization cross sections for the free electron
model and Matsuzawa model are given by Equations 5.42 and 5.45, respec-
tively. These cross sections are n-dependent, and since the Li* atoms
have a distribution of n states P(n), the observed cross sections should
represent some average of the cross sections <Gr>n. The averaging

is done by setting.
In R(t) = - N (Grv)tht s (5.92)

where (C;“v)th is the theoretical average rate constant and 1n R(t)

is determined from Equation 5.89,

InR(t) =1nz P(n)e . (5.93)

For specific values of ny and t, Equation 5.93 can be evaluated if P(n)
and (fv)n are known. Figure 14 shows a Li* P(n) distribution with
no target gas, exactly what is needed. This distribution is closely

approximated by
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) =Xe " (5.94)

where K is a normalization constant. The exponential factor cuts off
P(n) quite sharply for n < 30, while P(n) behaves nearly as l/n3 for

n > 40. Because of its computing ease and good accuracy, Equation 5.94
was used to obtain P(n) for 20 < n < 75. The rate constants {&V) o
are determined from Equations 5.43 (free electron model) and 5.45
(Matsuzawa model).

The procedure followed for each molecule considered was to compute
values for &;v%]and then evaluate the sum over n in Equation 5.93 for
an initial Nt and for a series of times, t. The chosen values of Nt
corresponded to target gas pressures of 1, 2, 5, 10, 15, and 20 uTorr,
which are common experimental pressures; the selected values of t were
90 usec < t < 375 usec in 15 usec increments. Thus, t is in the
range from 6 to 25 channels. The sum for 1n R(t) was computed for all
20 values of the time. This gives In R(t) over a range of time and
for a fixed target density ny. The procedure was repeated for all of
the different values of ny. Plots of 1n R(t) vs t for the various
densities were then constructed. Best fit straight lines were shown
through each set of points, with the magnitures of the slopes of these
lines representing P= nT(t3'v)th, which appears in Equation 5.92. The
plots of 1n R(t) vs t were linear for the Matsuzawa case but had some
curvature in the free electron model.

The slopes determined by the above method can be compared to the

values obtained from the experimental plots of In R(t) vs t. Figures 76
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through 79 show plots of ¥ vs Ny for the free electron model and the
Matsuzawa model for the molecules NH3, HZS’ HZO’ and SOZ' Also shown
on the plots are the measured values of ¥ . It is seen that the free
electron model gives results which are in fairly good agreement with
experiment for NH3, HZS’ and HZO' The Matsuzawa model underestimates
the observed vales of ¥ , and therefore the cross sections, by nearly
three orders of magnitude in the case of these three molecules. For
SOZ’ neither model does well, with the free electron model results Tow
by more than an order of magnitude and the Matsuzawa results low by
three orders of magnitude.

The good agreement in the case of the first three molecules between
the free electron model cross sections and the measured cross sections
is'quite heartening. This serves to reinforce the idea that the collisions
involve only the HR electron and the molecule, and that the atomic de-
tails of the HR atom are largely ignorable, to first approximation.

The agreement also gives support to the first Born approximation treat-
ment. The poor agreement with the SO2 results is not understood. The
free electron model prediction for the SO2 cross section is small simply
because the energy difference between adjacent rotational states is
small. Very few states are populated which can release enough energy,
in a AJ = -1 transition, to cause ionization of the Li* atoms. The
experimental result cannot be explained in terms of a transfer of single
quanta of SO2 rotational energy to the Li* atom. Either multiple rota-
tional quanta are transferred, or another inelastic process is present.

For example, about 3% of the SO2 molecules are in the lowest vibrationally
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excited state at 300° K. The energy difference between this state and
the ground vibrational state is about 62 meV, which is enough to ionize
Li* atoms in states with n > 16. A possible explanation for the large
ionization cross section might then be obtained by inclusion of the
vibrational transition. However, calculation of the cross section,
formulated for the case of free electrons by Takayanagi (T3), shows

that it is quite small, about 10'16 cm2. Vibrational energy transfer
is therefore probably not the answer to the problem.

Atomic sulfur has a relatively large electron affinity (about 3 eV)
while the electron affinity for O2 is about 0.5 eV (W1). No values for
the electron capture cross section or the electron affinity of 502 have
been found in the literature. It may be that 502 has a large enough
electron capture cross section to account for the jonization cross sec-
tions measured elsewhere (F4,H3) and the results obtained here. The
electron capture cross section for a molecule depends on the electron
affinity and other properties of the particular molecule, since the
energy resulting from a capture must somehow be dissipated or absorbed.
This possible explanation of the SO2 results has not yet been explored
and perhaps further research is necessary to determine whether or not

the electron capture process is the answer to this problem.

The average theoretical cross sections are obtained from

¢, = L , (5.85)
nTV

where v = 2 x 105 cm/sec and Y' is obtained from the theoretical points
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in Figures 76 through 79. In keeping with the practice established
for the experimental data, only the relatively low plotted values of
N, were used. The cross sections for both models, as well as the
experimental cross sections, are listed in Table 3 for NH3, HZS’ H20,
and 502.

The cross sections derived from the Matsuzawa model fail to describe
any of the results. It is believed that his calculations must be
somehow in error, since the basic underiying ideas are quite similar
to those of the free electron model. The source of error may be in
any of several approximations made in this work.

The experimental cross sections for all the polar molecules studied
here are listed in Table 4. The dipole moments and the primary scatter-

ing mechanism, deflection or ionization, are also listed.
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Table 3. Experimental and theoretical ionization cross sections
for NH3, HZS’ H20, and SO2

T 610712 o)

H,S H,0 SO

NH 2 2

+

This work 1.0 £ 0.3 1.6 £+ 0.5 2.2 £0.8 1.8 £ 0.5

(exp)

Foltz et al.
Ref F& 32 2 I 63 0.7 T 0.4

(exp)

Hotop and
Niehaus

Ref, H3 0.7
(exp)

0. 0.4

+

0.1 1.2 0.1

+
I+

Free electron 2
mode] 0.8 0.4 1.3 5.5 x 10

(This work,theor)

Matsuzawa -3
model 3.7 x 10

Ref. M1
(theor)

-3

1.7 x 1073 6.0 x 10~ 1.2 x 10
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Table 4. Experimental cross sections
Scattering
Molecule D (debye) G:‘igp 5 process
(10 cm®) d = deflection
i = ionization

co 0.11 0.21 £ 0.03 d

NO 0.15 0.40 + 0.03 d

N20 0.17 0.20 £ 0.07 d

NO2 0.32 1.2 +0.2 d

C3H6 0.37 1.2 = 0.3 d

CoS 0.71 3.3 £1.0 d

C3H9N 1.17 5.0 £ 1.5 d

C3H80 1.23 5.0 = 1.8 d

CH202 1.41 7.5 £ 1.4 d,i

SO2 1.63 18 + 5§ d,i

C2H60 1.69 13 = 5 d,i

CH40 1.70 18 + 5 d,i

C3H60 2.88 17 = 7 d,i

NH3 1.47 10 + 3 i

HZS 0.97 16 + 5 i

H,0 1.85 22 + 8 i
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6. SUMMARY

The time-of-flight data obtained with eight atomic and nonpoiar
molecular targets, presented in Chapter 4, are satisfactorily explained
by a scattering model in which the Li* atoms are deflected from the
atomic beam by momentum transfer collisions with the target atoms or
molecules. The interaction involves the Li+ core ion and the target,
with the outer electron of the Li* atom at such a large distance from
the interaction region that it is unimportant in the collision process.
Polarization of the neutral target atom in the electric field of the
Li* core jon results in an attractive force between the core ion and
atom, and thus momentum transfer to the core ion is possible in an elas-
tic collision with the target atom. The collision cross section for
deflection out of the Li* beam is obtainable in a classical calculation.
The deflection model was proposed initially by Kocher and Smith (K1, S1)
in earlier work in this laboratory. The measured cross sections, all

-14 cm2 for these targets, agree within experimental error

of order 10
with previous measurements of cross sections with Ne, H2, and N2 target
gases.

In addition to the TOF data, Li* beam profiles were obtained with
some of the target gases. The increase in Li* beam width with increas-
ing target pressure is direct evidence of deflection of Li* atoms in
collisions with the atomic and nonpolar molecular targets. The Li*

n-state population distribution was determined without target gas and

with different target gases present in the vacuum system. A
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distribution in quantum states in the Li* beam arises naturally because
of the electron impact excitation method used to produce HR atoms here.
The similarities in the P(n) distributions with no target and with rare-
gas atomic target gases at pressures up to 200 uTorr leads to the conclu-
sion that Li* signal loss due to ijonizing collisions with these targets
is very minimal, and thus deflection collisions must account for virtu-
ally all of the observed signal loss.

The scattering of HR atoms in collisions with polar molecules is
the subject of Chapter 5. TOF data were obtained with 16 different
polar molecules with dipole moments ranging from 0.11 debye to 2.88
debye. Li* signal loss with polar molecular targets appears to be caused
by either of two effects; deflection of the Li* atoms from the atomic
beam or ionization of the Li* atoms in collisions with these targets.

For those molecules with relatively small dipole moments, say less
than 1 debye, and with rotational constants less than about 1 cm'l,
the theoretical Li* jonization cross sections are small compared to
the cross sections for deflection out of the Li* beam. A model was pre-
sented which describes momentum transferring collisions between the
Li* core ion and the polar molecule. The interaction is between the
positively charged core ion and the permanent dipole moment of the mole-
cule. This interaction Teads to deflection cross sections which can
be more than an order of magnitude larger than the scattering cross
sections for atomic and nonpolar molecular targets. The theoretical

cross section was developed for the simple but instructive case of a

nonrotating dipoie, and classical mechanics was shown to be an adequate
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method of solution of the problem. For the case of a static dipole the
theoretical cross section is proportional to the dipole moment D and
inversely proportional to the square of the relative velocity of the

Li* atom and polar molecule. The calculated and measured cross sections

-14 cmz, nearly the same as the cross

for D oy 0.2 debye are about 5 x 10
section expected from scattering by the induced dipole. Hence for these
low values of D the two effects probably are comparable.

A plot of the measured cross sections as a function of dipole moment
does indeed show the predicted linear dependence on D up to about
D = 1.2 debye, thus supporting to proposed scattering model. The cal-
culated cross sections are within a factor of about two of the measured
cross sections. For values of the dipole moment greater than 1.2 debye,
the measured cross sections exceed the values predicted in the simple
deflection model by as much as a factor of two. This effect is attri-
buted to ionization of Li* atoms in collisions with these molecules.
HR ionization cross sections with 302 target molecules of order

-12

10 cm2 have been reported (H3, F4). Ionization occurs in addition

to deflection, and the measured cross sections represent the con-
tribution from both effects.

The molecules of NH3, HZS’ and HZO have dipole moments in excess
of 1 debye and rotational constants of order 10 cm-l, much larger than
the rotational constants of the other polar molecules in this study.
For these two reasons, Li* atoms in collisions with these three molecules
have large ionization cross sections. These collisions involve primarily

the outer electron of the HR atom and the polar molecule. The HR core
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jon is essentially uninvolved in the process. The interaction of the
electronic charge and the rotating dipole leads to the transfer of single
quanta of molecular rotational energy to the electron. The amount of
energy of a rotational quantum depends directly on the rotational state
of the molecule and its rotational constant B. Therefore it is very
likely that sufficient energy can be transferred to the HR electron

so that ionization occurs in collisions with NH3, HZS’ or H20 molecules.
Theoretical HR jonization cross sections are presented according to
Matsuzawa (M1) and a modified free electron model (M2, T3, C3, L2).

The modified free electron model gives results very nearly in agreement
with experimental cross sections for the three molecules. The Matsuzawa
model cross sectijons are low by about two orders of magnitude for the
same three molecules.

Several outstanding problems remain to be solved at the completion
of this work. The agreement of experimental data with the results of
the deflection model based on the interaction of the HR core ion and
permanent dipole is not completely satisfactory when the dipole is
allowed to rotate, as it surely must. The reasons for the disagreement
between theory and experiment are not presently understood. It may be
that the interaction has not been completely described.

The explanation for the large ionization cross section measured
with 502 target gas has yet to be discovered. Ionization of a Li*
atom by transfer of a single quantum of 302 rotational energy to the
outer electron of the Li* atom seems unlikely because the energy of

such a quantum is less than the Coulomb binding energy of most of the
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Li* atoms present in the beam. Failure of the first Born approximation
appears to be the most likely reason for the observed results, although
no calculations have been performed to substantiate this claim. If
several rotational quanta could be transferred to a HR atom in a coll-
ision with a SO2 molecule then jonization becomes much more favorable.
Electron capture by the SO2 molecules is another possible explanation
of this problem.

Measurements of the differential scattering cross sections for
those atomic and molecular targets for which deflection of HR atoms
occurs will provide much information not presently available in the
experiments of this research. The fine details of the interaction of
the HR core ion and the atomic target can be probed in this manner.

It may be possible to observe such effects as "glory" and "rainbow"
scattering (M2) by a study of the measured differential cross sections.
The impact parameter at which the polarization potential, in the case
of nonpolar targets, becomes less important than other, shorter-range
potentials is in principal obtainable from measurements of the diff-
erential cross sections. There also exists an enhanced possibility

of studying the 1/v2 dependence of the scattering cross section in

the case of polar molecules such as COS. The construction of the
equipment necessary to measure differential cross sections in our lab-
oratory is essentially completed, and measurements of these cross

sections will in all likelihood commence in the very near future.
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