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ABSTRACT
This thesis reports absolute rate constants for the
ionization of xenon atoms in well defined high Rydberg
states by collision with a variety of electron attaching
targets.

Theoretical models view such collisions as being

dominated by the interaction between the Rydberg electron
and the attaching molecule, with the xenon ion core
playing only a minor role.

It is thus predicted that if

the ion products of a collision between a Rydberg atom
and an attaching molecule are identical to those resulting
from a collision of a free electron with the same molecule,
then the rate constant for collisional ionization of the
high Rydberg atom colliding with an attaching molecule is
the same as the rate constant for free electron attachment
to the same molecule, providing the free electron has the
same energy as the Rydberg electron,

A

time of flight

technique has been employed to identify the charged pro¬
ducts of the observed reactions in order to verify the
applicability of the theory.

The present results are

compared with free electron attachment data, and the
results in many cases confirm the theory.
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Chapter 1
Introduction

This chapter briefly outlines the important features
of highly excited atoms, their importance in a variety of
environments and applications, and previous experimental
studies that are relevant here.

Methods of production

and detection of high Rydberg atoms that have been
developed are discussed also.

1.1

Important features of the Rydberg atom.
Normal, ground state atoms in the gas phase behave,

at thermal energies, much like small, hard spheres.

A

typical ground state atom is generally small enough
(mean atomic radius ~ 1 A) that in most pressure regimes
it may travel an appreciable distance before colliding
with another atom.

When it does collide, it scatters

elastically, since there is not enough energy available
in thermal encounters for electronic excitation.
If one of the outer valence electrons of the atom
is excited to a state with a very large principal quantum
number n, however, it assumes properties altogether
different and fascinating.

To gain an understanding of

the nature of the high Rydberg atom, one may appeal to
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the hydrogen atom.

(Since the Rydberg electron spends

most of its time very far from the core, the potential it
sees is almost pure Coulombic, and the structure of the
core is unimportant.

If the Rydberg electron has a low

angular momentum quantum number, however, penetration of
the core by the Rydberg electron may be significant.)
As is well known from elementary quantum mechanics,
the expectation value for the radius, r, of a hydrogenic
wave function is
a

<r>
n jto

0
2
=
[3n - jl(& + 1)]
2 1

where a^ is the Bohr radius, 0.529 £.

(1.1:1)

For n = 50 and

A = 3, this yields a radius of ~ 2000 A.

This is on the

order of the size of a large biological molecule.

It is

interesting to note that because of this great size, the
probability of finding another atom "inside" the Rydberg
atom is appreciable, even at low pressure.
The geometric cross section of the atom is given by
2
n <r> „ .
n Am

For n = 50, A = 3, this gives a cross section

of ~ 1.2 x 10

7 o2
0 2
A or 1.2 x 10
cm .

The energy of the hydrogen atom is given to good
accuracy by the expression

(1.1:2)
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(ignoring relativistic corrections) where R is the
Rydberg constant.

Again, for n=50, E = - 5.4 meV.

There is thus plenty of energy available in thermal
collisions to ionize a Rydberg atom, and such atoms are
thus very fragile.

The separation between adjacent

energy levels at n = 50 is about 0.22 meV, so selective
production of a single n state requires a very energy
selective excitation process.
The motion of the Rydberg electron is, in general,
complicated to describe using wave mechanics.

However,

due to the large value of n of the electron, Bohr's
correspondence principle may be invoked.

This principle

states that the Rydberg electron may be viewed as a
classical particle moving in the central field of the ion
core.

Thus the motion of the electron may be accurately

described by classical Kepler orbits.^
Referring once more to the hydrogenic model, the
probability per unit time that an atom in state |nim>
will decay to state |n'j&'m'> is given by the Einstein A
coefficient where

A

nn '

3h

Ie rl 0
(1.1:3)
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In the above expression, vnn, is the frequency of the
n -• n' transition.

The total probability per unit time

for spontaneous decay of the state |njtai>, written as
n
is just the sum over all the transition probabilities,
A

,, for which n > n':
nn'
(1.1:4)

= 2 A ,
T
n n'. nn'
Thus

rn

is the lifetime against radiative decay of state

|nj£m>.
High Rydberg atoms have been observed to have long
(2,3,4)
lifetimes. This can be explained very easily
in the following manner.

For states close to the Rydberg

level, the transition probabilities AnnI are small
because vnn, is very small.

For low lying states, the

transition probabilities ARn, are also small because the
overlap between the Rydberg state wavefunction and the
wavefunctions of the low n states is very small (thus
implying that the electric dipole matrix element in
equation (1.1:3) is small).

Thus the transition proba¬

bilities to all states are small and

TR

is correspond¬

ingly large.
A quantum mechanical analysis of the hydrogen atom
indicates that for a given %, the lifetime increases as

U)

n .

These calculations further show that the A = 1 (p)

sublevel has the shortest lifetime for a given nf and
4 5
that the lifetime averaged over all A increases as n * .
To apply these results of the hydrogen theory to
more complex atoms, quantum defect theory predicts that
one need merely substitute the atom's "effective" quantum
number for the integer n.

(3)

Experimental measurements of

(2 ' 4) high Rydberg lifetimes have
sodium (3)
and xenon'
verified the expected hydrogen-like behavior.
If one places a Rydberg atom in a low angular
momentum state in an electric field, one might expect
that the original angular momentum state would be mixed
with other A states, causing a notable lengthening of the
radiative lifetime of the atom.

This has indeed been

observed for the case of xenon high Rydberg atoms.

1.2

(4)

Importance of high Rydberg atoms.
Due to their long natural lifetimes and huge

geometric cross sections, high Rydberg atoms can play
very important roles in a number or environments.
Examples include interstellar nebulae,^ stellar
atmospheres, laboratory plasmas,^ and flames.
To accurately model any plasma, one requires a
knowledge of how the various energy levels of the atoms

6

in the plasma are populated.

This in turn requires a

knowledge of the cross sections for all of the reactions
which influence the population of these energy levels.
Depending on whether the plasma is tenuous or dense,
there may be a large number of possible interactions
taking place,

in the general case, one needs information

on collisional ionization and photoionization of excited
states, radiative and three-body recombination to form
excited states, collisions which change the quantum
state of an atom, and spontaneous and stimulated emission.
The purpose of the present experiment is to shed light
on the process of collisional ionization of atoms in
well-defined high Rydberg states, although the atomic
species used here are not of astrophysical interest.
High Rydberg atoms have also been studied for use
in neutral particle injection devices for use with fusion
reactors

and in connection with isotope separation.

Another important use of high Rydbergs may be as a
source of extremely monoenergetic low energy electrons.
As has already been asserted, and as will be elaborated
on in the next chapter, the Rydberg electron may be
regarded as being a free electron whose velocity distri¬
bution and energy are determined by its quantum state.

7

Reactions involving high Rydberg atoms may then shed
light on the problem of low energy free electron scattering.

Previous work

(13 14)

'

has suggested that this is

indeed true, as does the data presented here.

1.3

Production of high Rydberg atoms.

There are basically three different techniques that
have been employed to produce highly excited atoms in the
laboratory.

These are electron impact excitation,

electron capture by fast positive ions, and optical
excitation.
Electron impact on atoms has been widely used to
produce beams of high Rydberg atoms with an unknown
mixture of n and i quantum numbers.(15-27*

Electron

collision with molecules has also been used to produce
either highly excited molecules, or, if the molecular
Rydberg state has a dissociative ion core, highly
.

. . (17,25,28-36)

>4
exerted
atoms.

High Rydberg atoms may also be formed by electron
transfer from a neutral donor to a fast moving positive
(37-41)

ion.

This method requires the positive ion to be

moving very fast, however, which limits the usefulness of
this technique in many applications.
Both of these techniques, however, suffer from the

8

inability to produce high Rydberg atoms in a well-defined
quantum state.

Although some n selection may be obtained

by field ionization techniques after the Rydberg formation
process, the value of l is completely undefined.

This

deficiency can only be overcome by the application of
optical excitation techniques.
There are a number of sufficiently monochromatic
sources of light available today that are capable of
inducing resonant transitions to highly excited states.
The first work in this area was accomplished using
highly dispersed light from continuum sources.

(42 43)
'

It has been the growing use of tunable lasers, however,
that has been responsible for the recent surge of activity
(44-51)
in this field. Laser technology currently
available to most laboratories is capable of producing
o
tunable, coherent radiation down to about 2300 A.

This

corresponds to a photon energy of slightly above 5 eV.
Consequently, it usually requires two or more photons to
excite most atomic species (although some of the alkalis
have been excited to Rydberg states using only one
photon

(48 49)
' ).

devised.

Other techniques, however, have been

In one approach, ground state xenon atoms are
3
excited by electron impact to the
metastable state

9

from which excitation to high lying Xe|nf> states is
(4 13 14)
completed by use of a pulsed tunable dye laser' ' '
(Figure 1.1).

Another two-step technique involves

forming a fast beam of hydrogen atoms in the 2s state
via charge transfer in

.

(52)

A fixed frequency CW laser

beam is then directed colinearly with the atomic beam so
as to merge with it.

By varying the velocity of the

atomic beam, the H(2s) atoms may be Doppler-tuned into
resonance with Rydberg states.

This technique has been

extended to helium atoms originally in the (Is 10 A)
state.<53>
Although optical excitation is capable in this way
of exciting single, well-defined high Rydberg states, it
has the disadvantage of being able to populate only
states with small A.

This is a result of the parity

selection rule for dipole transitions and the fact that
the transition usually originates from a low lying (and
hence low JL) state.

However, a method has recently been

developed which circumvents this limitation by forming
(54) The field
the Rydberg atoms in an electric field.
splits the original state into a number of nondegenerate
Stark states, each of which connects adiabatically to a
single angular momentum state at zero field.

There are

10

///////////////////////////

.

Figure 1.1

High Rydberg
States
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no selection rules governing optical transitions to the
first-order Stark states.

Hence by exciting the atom in

the presence of a field which is large enough so that the
Stark structure is resolvable, and then reducing the
field to zero, states with any desired value of & may be
populated.

1.4

Detection of high Rydberg atoms.
A number of methods are possible candidates for use

in the detection of high Rydbergs.

The radiation they

emit may be detected, as may the charged particles that
result from their impact on a metal surface, from collision
with atoms or molecules, or from photoionization.

Fluor¬

escence from high Rydberg states is not very efficient
due to the long radiative lifetimes involved, however,
and the other methods listed suffer from the disadvantage
that they are not absolute.

Consequently, the efficiency

of such a process would have to be known before it would
be useful for measuring absolute rate constants.
To date, the most popular detection scheme that has
been used is field ionization.

It has the advantage that

it is absolute, in that all Rydberg atoms with critical
fields less than or equal to the field being applied are
ionized with 100% efficiency.

Further, since each Rydberg

12

state is characterized by its own unique critical field,
this technique is useful in the identification of
individual Rydberg states.
Field ionization may be understood with reference to
Figure 1.2.

If the potential energy, - e£z, due to the

2
external field is superimposed on the - e /r coulombic
potential energy due to the ion core, the result is the
appearance of a potential maximum, V
, on the "downmax
field" side of the atom.

Classically, for electrons with

energies above the potential maximum, ionization will
occur and the electron will move freely from the ion core.
An electron with energy less than V
will be unable to
max
surmount the barrier and will remain bound to the ion
core.

Quantum-mechanically, of course, the electron

will be able to tunnel through the barrier even though it
has energy less than that required classically for escape.
In general, one may expect that tunneling will affect the
ionization rate for all states with lifetimes longer than
the time required to penetrate the barrier.
Fortunately, however, this does not materially affect
the results of the simple-minded classical approach.

The

penetrability of the barrier in the case of hydrogen has
(55-58)
been extensively studied theoretically, with the

111

A

111

Ul

Figura 1.2

O

Potential veil seen by the Rydberg electron: unperturbed on left;
in an applied electric field on right.

ENERGY
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result that the electric field ionization rate for a given
n is found to be a very rapidly increasing function of the
strength of the applied field.

The field ionization rates

of sodium have recently been directly measured

(59)

and

have been found to increase exponentially with the applied
field, as predicted by theory.

This implies a sharp

threshold for ionization for each particular state,
referred to as the "critical field".

For applied fields

just below the critical field, the barrier is essentially
impenetrable, and almost no field ionization occurs.

With

only a small increment in the field strength, however,
the electron is able to penetrate the barrier with ease
and move freely from the ion core.
This behavior has been observed experimentally
and is demonstrated in Figure 1.3
Xe|28f>.

(4)

(4 47_49)
'

for the case of

As is shown in the figure, further increases

in the field strength beyond the critical field
produce no increase in ion production.

This plateau

implies that all of the Rydberg atoms initially present
were field ionized and detected.
The value of the critical field is a sensitive
function of the state of excitation of the atom.

Thus

field ionization is also useful in identifying the quantum

15

Figure 1.3
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state of the Rydberg atom under study.

A simple classical

calculation gives the following expression for the critical
field for the hydrogen atom:

£c
where

E
=

n

4 e'

4. e

3

4

(1.4:1)

n

is the term energy of the excited state.

The
4
critical field has indeed been found to vary as 1/n for

a number of atomic systems

thus verifying the

predicted hydrogenic behavior of highly excited atoms.
One variation of this technique is to use microwaves
(40 52)
rather than static electric fields to induce ionization; '
Similar sharp onset and saturation behavior is observed.

1.5

Collisional processes involving high Rydberg atoms.
As has been stated before, high Rydberg atoms can

play dominant roles in a number of environments.

Due to

their huge geometric cross sections, low ionization
potentials, and long lifetimes, they may participate in
a wide variety of collisional processes.
Both chemiionization and collisional ionization
involving high Rydberg atoms and molecules have been
observed, and, in fact, these processes were the first
used to detect highly excited atoms.^15'Further
studies of chemiionization have been conducted by a

17
, _ (17,21,43) m.
_
number of groups. The
cross section for such
processes is reported to be about 10

-14 2
cm .

Collisional

(13 14 20
ionization has also been studied extensively. ' ' ' '
23-28,34,43)

Early work involving collisions of high

Rydberg atoms of undefined quantum states produced cross
-13 cm
2 , in agreement with theory.
sections of ~ 10 -12
to 10
Recently, the first absolute collisional ionization cross
sections involving highly excited xenon atoms in welldefined quantum states colliding with a number of mole¬
cular targets has been reported.
Also of great interest are collisions which change
the state of excitation of the atom.

Such collisions

are important in radio astronomy, as they tend to bring
the population of excited states toward thermal equil¬
ibrium, thus reducing the intensity of the observed
radio frequency radiation.

The first measurements

involving n-changing collisions have recently been
completed in this laboratory. Previously, evidence
had been reported

(45)

for the occurrence of ^-changing

collisions in the case of highly excited sodium atoms.
This thesis continues the study of collisional
ionization of highly excited xenon atoms in well-defined
Rydberg states.

In the next chapter, some theoretical

aspects of collisional ionization are examined.
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Chapter 2
Theory of Collisions with High Rydberg Atoms

As was mentioned in the first chapter, one particu¬
larly interesting potential application of Rydberg atoms
is as a source of monoenergetic low energy electrons.
The validity of this approach is derived from theoretical
arguments which view the Rydberg electron as being
essentially free, except that its momentum distribution
is determined by its quantum state.

A brief review of the

relevant features of the theory of high Rydberg collisions
is presented in this chapter.
In the theoretical model, collisions between high
Rydberg atoms and electron attaching targets are viewed
as being dominated by the interaction between the target
molecule and the essentially free Rydberg electron, with
the atomic ion core playing a minor role.

The rate

constant for transfer of the Rydberg electron to an
attaching target is therefore predicted to be the same
as the rate constant for attaching a free electron to the
target molecule.

This result applies only if the

Rydberg atom - molecule collision results in the same
negative ion species as the free electron - molecule
collision.

19

The last chapter of this thesis presents the results
of the present investigation and compares these data with
data obtained from free electron attachment studies of
other authors.

The negative ions created in the present

experiment are also identified to ensure that this
comparison is valid.

2.1

Review of theoretical work.

Collisions of highly excited atoms were first studied
by Fermi,v

' who showed theoretically that the pressure

dependent shift of the term values of the Rydberg states
could be understood in terms of the elastic scattering
of a slow, free electron by a perturbing atom.

Later,

(62)

Alekseev and Sobelman, using the same ideas, studied
the shift and width of Rydberg levels.
Fowler and Preist

(9)

(10)

and Preist

have used a

model, developed for high energy collisions between
elementary particles, to explain qualitatively the large
ionization rates of alkali metals in flames.

The model

assumes that the ionization of the alkali metal atom
occurs from a Rydberg state by collision with an excited
gas atom.
Flannery (^'^) ^as

app^£e(j

the correspondence

principle to develop a semi-quantal treatment of A*-B

20

collisions which accounted for single scattering events
which result in ionization.

He later developed a more

rigorous approachwhich includes multiple scattering
events and excitation as well as ionization.

The types

of interactions he has specifically studied that lead to
ionization are electron-target momentum transfer, and
rotational energy transfer from a molecular target to the
Rydberg electron.
Matsuzawa and Latimer

have examined the

ionization of Rydberg atoms in collisions with molecules
which possess dipole moments.

In collisions of this type,

the energy necessary to ionize the Rydberg atom is
obtained through rotational deexcitation of the target
molecule.

Smaller amounts of rotational energy may be

transferred to the excited atom, leading not to ionization,
but to further excitation of the Rydberg atom to states

^
even nearer the
continuum. (60,63)
Matsuzawa has also studied collisions of Rydberg
atoms with molecules which nondissociatively attach low
energy electronsand with molecules which dissociate

(70)

upon electron capture. Since Matsuzawa is the only
author who directly deals with electron attaching targets,
his theoretical development will be outlined here.
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2.2

Non-dissociative electron capture from highly
excited atoms.
We consider the reaction

A** + B

A

(2.2:1)

+ B

The type of molecule, B, appropriate here is one with
many vibrational and rotational degrees of freedom,

in

diatomic molecules the excess energy of the captured
electron is transformed into vibrational or rotational
excitation of the only available bond.

Unless the

molecule is stabilized by collisional deexcitation or
radiative decay, it will remain in the same vibrationally
excited state into which it captured the electron.
Ordinarily, the diatomic negative ion will release the
captured electron and revert to the neutral molecule in
a time on the order of one vibrational period
, ,„-14 . (71)
(~ 10
sec) .
If, on the other hand, the molecule has many atoms,
and thus a large number of vibrational and rotational
degrees of freedom, the energy of the captured electron
can be distributed among the many degrees of freedom
available.

Thus polyatomic negative ions can be stable

for a period of time long enough to be detectable

22
(72,73) (74)
experimentally (> 1 fxsec) .
Naff et al.
did a
study of lifetimes of polyatomic negative ions and found
that as the number of degrees of freedom increased so did
the lifetime of the negative ions (from 6.9 jusec for
C^Fg to 793 ^sec for C7F14).
For the purposes of this development, therefore, it
is assumed that the Rydberg electron is captured into a
long lived, narrow, Feshback-type resonance state of a
large polyatomic molecule.

Autodetachment is not included

in the exit channel.
The coordinate system for the reaction is shown in
Figure 2.1.

is the distance from the atomic center of

mass to the molecule (initial channel) and R^ is the
distance from the negative ion (B ) center of mass to the
positive ion core (final channel).
The Hamiltonian of the colliding system in the center
of mass coordinate frame is

H

T1 + T1, + H + ^ + Va(r) + Vb(p) + U (R)
n
el
a

(2.2:2)
for the initial channel and

H

+ Ha + ^ + Va(r) + Vb(p) + U (R)
(2.2:3)
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e

Figure 2.1
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for the final channel. and

are the Hamiltonians of

the ion core A+ and molecule B, respectively.

Va is the

interaction between the Rydberg electron and the ion core,
V. is the interaction between the electron and the molecule,
b
and U is the interaction between the ion core and the mole¬
cule.

an<

3

T

el^

are t ie

*

kinetic energy operators of

relative and electronic motion, respectively, in the
initial (final) channel.
The quantity of interest is the scattering amplitude.

flf(K.K->

*

9<e>

=

~2ri

T

fi

(2.2 î4)

(atomic units)
A

A

where K and K' are the wave vectors of relative motion
for the initial and final channels, respectively, 9 is
the scattering angle, T^ is the corresponding element of
the transition (T) matrix, and i and f denote the initial
and final states, respectively.
The present situation is an example of a rearrange¬
ment collision; the species present after the collision
are different from the ones that were present initially.
The reactants have rearranged during the reaction to
form new combinations of constituent particles.

The

asymptotic interaction will of course be different in the
final channel from that of the initial channel.

We thus

25

have a choice of writing the scattering amplitude in terms
of U,i the interaction in the initial channel, or U_, the
l

f

interaction in the final channel.

These two different

ways of writing the scattering amplitude are called the
"prior" and "post" forms respectively (see Lippman

(75)

(76)
and Chen for discussions of the formal theory of
rearrangement collisions).
Thus we have

g(0)

=

jLl.
“ 2n

<

lUi I $i

>

"prior"

fX-

= “ 2^

<

*f lUf 1 *i >

"post"
(2.2:5)

where fx^ and /x^ are the reduced masses of the initial
and final channels,

J/K

is the wavefunction of the initial

state before the interaction, 0^ is the wavefunction of
the final state long after the interaction is over, ^
is the eigenfunction of the Hamiltonian under outgoing
boundary conditions of scattering, which evolves from the
state 0^, and ^ is the eigenfunction of the total
Hamiltonian under ingoing boundary conditions which
"evolves" from the state 0^.
reversed form of

Thus

is the time

We choose to use the "post" form¬

ulation, for we will then be able to make use of
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information on the electron capture properties of
molecule B.
We are now in a position to make the first of a
series of four major assumptions.

First, it is important

to note that the electron transfer process has a high
probability of occurring only when the Rydberg electron
approaches the molecule.

Since the electron is in a high

n state, it has a high probability of being very far from
the ion core.

Thus there is only a very small chance

that the molecule will be close to the ion core while the
reaction is taking place.

Thus we can ignore the ion

core Hamiltonian H , because it is highly unlikely that
GL

the internal structure of the ion core will affect the
outcome of the reaction.

Further, the interaction between

the core and the molecule, U, will, at long distances,
consist only of the polarization energy of the molecule
by the ion and the energy of interaction between
essentially a point charge and a permanent multipole (if
the molecule has a multipole moment).

Both of these

interactions fall off faster than 1/r, and are thus much
smaller than either

(when the molecule is close to the

electron) or the Coulomb interaction
electron and the ion core,

AS

between the

the first simplification,
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we therefore ignore Ha and U in the Hamiltonian.
The second assumption is that the positive ion core
and the negative molecular ion do not significantly inter¬
act in the final channel and that the wavefunction for the
relative motion of the two ions is a simple plane wave,
exp(iK'XR^), not the rigorously correct coulomb wave.
This is equivalent to the well known Born approximation,
which is usually applied to high energy collisions.

It

is also a weak interaction approximation, however, and
insofar as the ion pair are created a great distance from
each other, their interaction is indeed never very large.
The coulomb potential is an extremely long range one,
though, and approximating a coulomb wave with a plane
wave could lead to significant error.

For molecules with

appreciable electron affinities (~ 0.5 eV for SF^

(77)

)

the internal energy of the negative ion may be available
to help overcome the coulomb attraction.

It is uncertain

how this could be incorporated quantitatively into the
theory, however.

Thus far, Matsuzawa has been unsuccess¬

ful in replacing the plane wave with a coulomb wave to
arrive at an exact solution.

(78)

Taking both of these first two assumptions into ac¬
count, we can write the wavefunction for the final state,
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0

, as just the product of the plane wave,

and the wavefunction,

exp(iK'xR-),

0 , of the negative ion in state y,
Y

Thus,
-iK'xRf
, * TT
-+ , ,=>
1
e
0
U- ^
dr dR_
r
y
f
aj8K f

g(0)

(2.2:6)
where a (= n, j&,m)

and £ specify the states of the Rydberg

electron and the molecule B respectively.
We now need to determine the interaction in the
final channel, U^.

We make the assumption that there is

only one set of open channels

(the potential scattering

of the electron by B) and one set of closed channels
(the narrow vibrationally excited resonances)
reaction.

in the

Using a technique first developed by Feshbach,

we then define the projection operator Q onto these
resonance states, and its complement P = 1 - Q, which
projects onto the scattering states.
PHP and QHQ are those parts of the electron-molecule
Hamiltonian which correspond to resonances and scattering
events,

i.e.,

(QHQ)

0

=

c 0

(2.2:7)

(PHP)

<t>

-

e 0

(2.2:8)

where 0 is the resonance state wavefunction for which

(79)
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Q ip = ip, and 0 is the scattering state wavefunction for
which P 0 = 0.
The rest of the Hamiltonian, QHP and PHQ, govern the
electron capture by the molecule and the autodetachment of
the negative molecular ion.

These are the reactions that

are relevant to this problem.

Thus

= QHP + PHQ + V (r)
I
cl

(2.2:9)

We now make the fourth and final assumption; that the
impulse approximation is valid.

The impulse

approximation

was first introduced by Chew^^^ who applied it to high
energy neutron-deuteron scattering.

Pradhamv

’ and later

/OO)

McDowell'

' also have used it to study electron capture

by fast (> 10 kev) protons.

In the context of these

experiments the applicability of the impulse approximation
is evident by analogy with classical impulsive forces.
In the case of a fast proton colliding with H(ls), the
interaction between the binding proton and the electron
is indeed very strong, but if the impinging proton is
fast enough, then this interaction is negligible during
the very short reaction time over which the large delta
function potential of the travelling proton is exerted.
The relationship between the preceeding example and
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the case of a thermal collision between a molecule and a
highly excited atom may at first be somewhat obscure, but
the validity of the impulse approximation for the present
reaction as well can be established by asserting that
(1) the interaction between the Rydberg electron and the
ion core is small, and (2) this interaction changes very
little over the time it takes the reaction to occur.

Thus,

while the collision is in progress, the potential term
between the ion core and the electron is unimportant
compared to the interaction between the electron and the
molecule.

Unimportant, that is, save for the fact that

the momentum distribution of the electron was determined
by the bound quantum state it was in before the collision
took place.
As a result of the impulse approximation, we are able
to expand in terms of

the eigenfunctions of

H - V (r) :

—

a

*a0K

=

<2">'V2

I

l

^3K

G(a

l3)

d5

(2.2 = 10)

where G(a|q) is the momentum distribution function for an
electron in quantum state a, and q, K are momenta of the
electron and nuclei, respectively, in the absence of V .
Thus,
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g(0) =

-

5/2

J dq G(a|q) <elK'XRf 0 |W
|u -11 Î*

Y

(2TT)

f

(2.2:11)
q£K

can be further simplified if we recall that the

wavefunction of relative motion in the initial channel is
simply a plane wave,
variable from R^,

.+

~

*q0K

=

exp(iKxR^).

r to Rf,
,P x

V’

assuming M^,

A simple change of

p yields

i(K+q)XRf

(2.2:12)

*

» 1.

The matrix element now becomes

<e

i£' XR
r
'XRf 0

+

Y |uJ*
f q£„

(2.2:13)

ei(K+q)xRf>

Removing the plane wave exponentials and performing the
integral over R^, we have

+
q£

(2.2:14)

> (2rr)3 6 (K'-K-q)

The delta function simply insures that momentum is con¬
served.
Since the resonances are very sharp, the coupling
between the open channels is very weak.

Thus

approximately describes the potential scattering of the
electron before it is captured by the molecule.
words,

it is the solution to

(2.2:8).

In other
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Using this fact, it is easy to show that

< «Ylva<r)

> = VV< V* >

=

(2 2:15)

°

'

since the resonance states are orthogonal to the scattering
states.
Further, it can be shown that

< 0|PHQ|0 > = - < 0|p{H-c}P10 > = 0 (2.2:16)

Thus the matrix element < è
|U_1_ > where
r
Y f1 q0
Uf = QHP + PHQ + V&(r) reduces to

(2n)3 ô(K'-K-q) < 0Y|QHP|*^ >

(2.2:17)

But < 0YJQHP|§^ > is just the matrix element for free
electron capture.

Putting this result into (2.2:11),

we have

g(9) = - |U(2n)1/2 G(a|Q) < 0

|QHP|*Q0 > (2.2:18)

where Q is the moment vim transfer wavevector;

Q

=

K' - K

=

q

(2.2:19)
2

The cross section depends on the sum of |g(9)|

over all

the resonance states, but they are so numerous that the
sum is equivalent to an integral:

33

|g(0)|2

=

2

2TTJ*

|G((X|Q)

12

|< </)Y|QHP|$Q0

>|2 p~(er)

(2.2:20)
where p(er)

is the state density of the negative ion.

The lifetime against autodetachment for the molecular
ion can be written in terms of the matrix element for free
electron capture as follows:

7

2

" l< *YIQHPI*Q0 >l2 p0

=

(2.2:21)

where p^ is the state density of the free electron plus
molecule B.

(83 )
From the principle of detailed balance'
'

we have that

kc

1
T p

0

(2.2:22)

P

where kc is the rate constant for capture of thermal
electrons by B.

|<

|QHP |

This yields (see (2.2:21) and (2.2:22)?

>|2

P

(2.2:23)

Substituting this into (2.2:20) yields

|g(0) |2

=

M2|G(a|Q) |2 kc

(2.2:24)

Thus, although we know very little about the explicit
interaction between the electron and the molecule, by
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relating the transition matrix element to experimentally
obtainable data on the free electron capture process, we
arrive at a simple expression for the scattering amplitude.
In the above derivation, it was assumed that the free
electron attachment rate constant does not vary with
electron energy very much.

This is usually reasonable,

since thermal electrons are attached primarily through
s-wave capture.From equation (2.2:24) it is seen
that the angular distribution of the products is deter¬
mined by the momentum distribution of the Rydberg
electron.
The cross section for the transition (a/? -♦ y) Per
unit energy of the negative ion is given by

- y)

O(CL0

=

2TT

““ f | g ( 0 ) |2 sin 0 d0

(2.2:25)

If all j& and m quant tarn numbers are present, we can
average over them, integrate over 0 and

to get as the

final result

CT

k

n

n

= -^ k ,
K c
=

or,

k
c

(2.2:26)

where n is the primary quantum number of the Rydberg
electron.

Thus the rate constant for reaction (2.2:1)
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is the same as that for thermal electron attachment to
molecule B.

This result is not very surprising considering

the number of simplifying assumptions that were made based
on the fact that the Rydberg electron is very far from the
ion core of the atom.
Note that k^ is independent of the excited atom.
This is valid generally, and is of great practical impor¬
tance, since it allows the experimentalist to use whatever
gases are convenient to work with for the excited species.
In the case of dissociative attachment, Matsuzawa^^
describes the reaction in terms of an electron transfer
process from the highly excited atom (A**) to the molecule
(BC) followed by dissociation of the temporary negative
ion (BC ).

The separation of the two processes is a

good approximation, since the electronic transition which
produces the negative ion BC

is a very rapid process

compared with the dissociation of the negative ion.
The theoretical development proceeds very much as
before.

Not surprisingly, the result is also the same:

if the ion fragments that result from dissociative
attachment of Rydberg electrons are the same as those which
result from the dissociative attachment of free thermal
electrons, then the rate constants for the two processes
are equal.
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Chapter 3
Description of Experiment
This chapter describes in detail the experimental
apparatus and procedure that was used to obtain absolute
rate constants for the ionization of xenon atoms in
selected Rydberg states by collision with a variety of
neutral target gases.

A low resolution time of flight

technique is also described whereby the major charged
products of the reaction

Xe |nf> + AB

have been identified.

-

Xe+ + [AB + e“]

(3.0:1)

Finally a method that has been used

to obtain the rate constant for changing the quantum
state of the initially excited Rydberg level by collision
with a target molecule is outlined.

The effect of the

state-mixing process on the present measurements is also
discussed.
All of the studies presented here were conducted in
a high vacuum apparatus, a schematic of which is shown in
Figure 3.1.

AS

previously discussed, one important

feature of high Rydberg atoms as far as collision experi¬
ments are concerned is their finite lifetime against
radiative decay.

It is therefore necessary to conduct

LASER BEAM
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the experiment as soon after their formation as possible.
In the present technique, a beam of xenon metastable atoms
passes within the field of view of an ion detection system
where it is crossed with the output of a pulsed, tunable
dye laser that is tuned so as to excite the desired
Rydberg levels (see Figure 3.1).

The Rydberg atoms are

created in the presence of a few jutorr of the target gas
under investigation.

Charged particles that are formed as

a result of collisions between the Rydberg atoms and these
target molecules are swept up to the ion collector (a
Johnston particle multiplier), and are subsequently
detected and counted.

A detailed description of the

process by which high Rydberg xenon atoms are created is
now given.

3.1

production of high Rydberg xenon atoms.
A beam of neutral ground state xenon atoms is formed

by effusion from a Galileo Electro-Optics glass capillary

g
array.

The array consists of approximately 3 x 10

parallel glass capillary tubes, each one of which is
2 mm long and 5 microns in diameter.

The tubes are fused

together in a uniform and mechanically rigid matrix to
form a disk 13 mm in diameter, 2 mm thick, with an open
area that is about 50% of the total area.

By maintaining
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a pressure of a few microns behind the array a sizeable
flow of xenon into the high vacuum region is established.
The result is a directionally defined thermal beam of
xenon atoms flowing toward the interaction region.
A fraction of the ground state xenon atoms is then
excited to the

3

P

metastable levels by electron impact
Uf 6

in the following manner.

The xenon beam passes through a

beam defining aperture and into the electron gun (see
Figure 3.2).

A thoriated tungsten wire 0.015" thick is

wound around the beam in a single turn about 7 mm in dia¬
meter and is ohmically heated to produce a thermionic
emission current of about 10 milliampères.

The electrons

emitted from the wire are accelerated to about 100 V
along the direction of the beam.

An axial magnetic field

is produced by a four element solenoid which encloses the
gun assembly.

Magnetic focusing causes the electrons to

merge with the neutral beam, and further constrains the
electrons to travel coaxially with the beam until their
final divergence and collection at the collection grids.
The velocity distribution of the metastable atoms is
different from that of the ground state xenon atoms
/OC\

because of the electron excitation process.1 '

Although

no significant momentum transfer occurs, the distribution
function of the metastable atoms must be weighted by a

SOURCE

h,

MULTICHANNEL..
/—J.

^^

,i

COLLECTION

FILAMENT
ACCELERATION GRID
/ (-îoov)y/
(grounded) ELECTRON
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1/v factor to account for the fact that the probability of
an atom being excited to a metastable state is proportional
to the time it spends in the interaction region of the gun.
Thus the velocity distribution function of the raetastable
xenon atoms is

^ (v) dv

where

= ^ v exp(-mv2/2kT)

(3.1:1)

¥(v) dv is the fraction of the total number of

metastable atoms with a velocity in the range v, v + dv,
m is the mass of xenon, k is Boltzmann's constant, and T
is the temperature in degrees Kelvin.
It should be pointed out that the L-S coupling
notation used earlier to designate the metastable states
is employed for convenience only.

More appropriate to the

case of singly excited rare gas atoms is the jA coupling
schemein which the

3

pQ and

3

are designated 5p5 (2P^2) 6s ' [1/2]
respectively.

P2 metastable states
Q

and 5p5(2P3^2)6s[3/2]2

The selection rules for jA coupling for

electric dipole transitions are Aj = 0; AK = 0, + 1; and
AJ

= o, + l, o *y~* 0.
The distance between the metastable source and the

interaction region is quite large (~ 1 meter).

The only

excited states of xenon that can survive the flight time
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from source to ion collector (~ 10 milliseconds) are the
two metastable states and high Rydberg states with n > 100.
Accordingly, two parallel plates are placed transverse to
the beam and a large voltage is applied across them.

The

resulting electric field is sufficiently large (~ 1 kV/cm)
to field ionize and remove any high Rydberg atoms in the
beam.

The plates also serve to remove any

charged

particles from the beam that were not removed by the
collection grids at the end of the electron gun.
The beam, containing only metastable and ground state
neutral xenon atoms, enters the large vacuum chamber in
which the actual measurements are made, passes through
the interaction region of the Total ion Collector (T.I.C.),
and enters a gas cell, shown in Figure 3.3.

This gas cell,

originally used to measure y (the secondary electron
ejection coefficient for a metastable atom impacting on a
/

metal surface), is described in detail elsewhere.v

on

\
’

In the present experiment, it is used merely to monitor
the metastable current in the following manner.

The beam

of metastable atoms passes through the gas cell and impacts
on the stainless steel surface of the back plate.

If I*

is the flux of metastables in the beam, then (yl*)
secondary electrons will be ejected from the back plate.
The front plate, sides, and internal grid wires are biased

+30
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30 V positive with respect to the back plate to draw off
the secondary electrons.

The resulting current leaving

the back plate is measured with a Keithley picoammeter.
Typical currents measured by the picoammeter are
(5 - 10) x 10

-12

amps,

y is not known for xenon meta¬

stables striking a stainless steel surface, but if it is
assumed to be of the order of 0.01,v

' this current

corresponds to a total metastable flux of ~ 6 x 10
metastables/sec.
2
0.12 cm .

9

The cross sectional area of the beam is

The average velocity of the metastable atoms

is calculated from equation (3.1:2) to be 1.73 x 10
cm/sec.

4

Thus the number density of metastables in the

beam is of the order of 1 x 10

6

, 3
Xe*/cm .

Near the center of the interaction region of the
T.I.C. the metastable beam is crossed with the output of
a pulsed, tunable dye laser.
a 400 kW nitrogen laser.

The dye laser is pumped by

Schematic diagrams of the

nitrogen laser and dye laser are shown in Figures 3.4 and
3.5 respectively.
The nitrogen laser is of fairly recent design and will
/ oo\

be briefly described here.v

'

Capacitor bank A (see

Figure 3.4) is charged to a high voltage through a 200 kQ
current limiting resistor,

A

simple three electrode

triggered spark gap B is used to transfer the energy
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stored in capacitor bank A to two secondary capacitor
banks Cl and C2, which are connected across the plasma
tube D.

The plasma tube consists of two polished electrodes

E separated by 3 cm.

Nitrogen is rapidly flowing through

the plasma tube at a pressure of ~ 40 torr.
The voltage across the tube increases until the
nitrogen gas breaks down, resulting in a very low impedance
discharge across the electrodes.

The energy that was

temporarily stored in the low inductance capacitor banks
Cl and C2 is then rapidly deposited in the nitrogen
discharge.
A small inductor, F, is included to limit the initial
discharge rate of capacitor bank A.

This reduces the

electrostrictive shock experienced by the ceramic dielec¬
trics of the 3600 pf capacitors, thereby increasing their
useful lifetime.
The output pulse of the nitrogen laser is ~ 10 ns
wide.

Under the best operating conditions, a stable

output of 4 mj per shot was obtained, implying a peak
output of ~ 400 kW.

The laser is pulsed at 10 Hz.

The output of the nitrogen laser is focused onto the
input windows of a dye cell (see Figure 3.5) through which
_3
flows a 5 x 10
molar solution of Coumarin 102 dye
dissolved in ethanol.

One end of this simple cavity,

47

LASER INPUT BEAM

in
CO

Cü

3

tP
•H1

h

Z

O o

si
O c
îr

o

o

48

/ OQ \

which is based on a design due to HSnsch,v

'

is formed

by a 2160 line/mm echelle grating which serves as a
wavelength tuning element.

The other end is formed by a

fused quartz uncoated étalon which serves as an output
mirror.

A beam expanding telescope is inserted between

the dye cell and grating to increase the beam size on the
grating, and thus enhance the grating's efficiency.
The dye laser is operated in the wavelength range
of 4658 A to 4635 A in order to excite the desired Rydberg
nf states where 25 < n < 40.

The output power of the

dye laser is usually limited to a maximum of ~ 500 ^atts
average power as measured by a calibrated Eppley thermopile.
The pulse width of the laser is ~ 4 ns, which implies a
peak power output of ~ 13 kW.

The linewidth of the laser

is typically ~ 0.5 A.
The average output power of the laser is limited to
500 jtfwatts to insure that the Rydberg production rate is
linear with laser power.

The experimental parameters

outlined above translate into a Rydberg production rate
of ~ 5 per laser shot for n = 40, and up to ~ 13 per
laser shot for n = 25.
The nf Rydberg states referred to above are the
5 3
5p ( P3//2)nf [3/2]

states.

Stebbings et al.

have
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observed the following resonant transitions (see Figure
3.6) :
Xe 5p5(2P1/2)6s'[l/2]0

- Xe 5p5(2P3/2)np[l/2]1, n>ll
- Xe 5p5(2P3^2)np[3/2]1, n>ll
- Xe 5p5(2P3^2)nf[3/2]^ n>8
(3.1:3)

The excited Rydberg levels were detected using a combin¬
ation of photoionization and field ionization techniques, ai
and were unambiguously identified by using a quantum
defect extrapolation from the highest previously tabulated
levels. The quantum defects for the np[l/2]^, np[3/2]^,
and nf[3/2]^ states were calculated to be 3.59 (n > 13),
3.52 (n > 13), and 0.043 (n > 11) respectively.
The observed spectra for large n is greatly simplified
by the fact that production of the p levels with n > 16
is negligible.

The marked decrease in the intensity of

the p transitions is understood (4) as being due to strong
configuration interaction between the unprimed p states
5 2
and the neighboring 5p ( P^y2)7p'[1/2,3/2]^ states in the
primed series.

No significant intensity perturbations

are observed in the f series because the separation be¬
tween the nearest f level and the nf levels is greater than
the 7p' - np separation.

Configuration interaction can
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also produce perturbations in the terra energies of the
levels, but no shift in energy is detected for the
observed p and f states.
It should be noted that the transitions shown in
Figure 3.6 violate the selection rules for electric dipole
transitions in the jA coupling scheme that were given
above (core-switching transitions are forbidden).

Further,

in the case of the nf transitions, the angular momentum of
the Rydberg electron changes from A = 0 to A = 3.

Evi¬

dently j A coupling is not entirely adequate to describe
the Rydberg states, and a superposition of configurations
is required.
As previously states, the range of n states used in
this experiment was from 25 to 40.

The lower limit is

due to the inability of the Rydberg detection system to
efficiently detect high Rydberg atoms with n < 25.

The

upper limit is basically set by the linewidth and stability
of the laser.

For n > 40, the states are so close

together (< 0.4 meV separation, which corresponds to a
change in wavelength of < 0.8 A) that excitation to a
single well-defined state over an extended period of time
is difficult.
The high Rydberg atoms created by the two-step
excitation process described above produce ions in collisions
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with specified target gases.

Quantitative measurement of

the high Rydberg population and of the signal ions
produced is required.

The ion detection system employed

to measure both the number of Rydberg atoms present and the
number of collisional ions produced is the subject of the
next section.

3.2

ion detection system.
The Total ion Collector is shown in Figure 3.7.

It

consists of a stack of grid plates mounted on four
threaded delrin posts which pass through holes in each
plate.

The grid plates are separated from each other by

teflon insulators, so that the potential on each grid
may be independently varied.

The grids are spaced so as

to provide for three wide interaction regions, designated
A, B, and C in Figure 3.7.

Each interaction region has

two plates mounted parallel to the delrin posts and at
right angles to each other.

Each plate has a beam defining

aperture cut into it to allow for the accurate positioning
of both laser and metastable beams.
The middle interaction region (B) is used exclusively
for the measurements described here.

Interaction region

C, however, is very useful in testing the sensitivity of
the ion detection apparatus to electrons,

in between
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grids 9 and 10 is mounted a clean stainless steel surface
supported by a teflon block.

If the T.I.C. is positioned

so that the metastable beam strikes this surface, a
current of secondary electrons is ejected.

If the grids

are biased to sweep up the liberated electrons towards the
multiplier, the electron count rate detected by the
multiplier can be compared to the current leaving the
metastable surface (as measured by an electrometer).

Thus

the ability of the multiplier to detect electrons created
in the T.I.C. may be verified.
The metastable input side of region B is equipped
with three apertures, the first of which serves as the
beam defining aperture.

This plate (labeled 1 in

Figure 3.7) is biased ~ 100 V positive with respect to
ground when the multiplier is biased to look for negative
particles.

Thus, secondary electrons that are ejected

when metastable atoms strike the plate around the aperture
are drawn back into the plate rather than up to the
multiplier.
The laser beam intersects the metastable beam off
center, as shown in Figure 3.8.

The point of intersection

is at the edge of the active area of the multiplier that
is closest to the metastable beam input aperture.

Thus

the high Rydberg atoms that are created at the point of

INTERACTION REGION

LASER BEAM

Figure 3.8
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intersection must travel in front of the entire active area
of the multiplier (2 cm) before they can no longer be
detected.

From the high Rydberg velocity distribution

function (equation 3.1:1) it is easy to calculate that
about 5% of the Rydberg atoms fly out of the field of
view of the multiplier after ~ 40 jusec.
This does not affect the rate constant measurement,
since the signal ions are collected in a very short
interval after the laser fire (~ 5 jusec) during which time
only a very small fraction of the Rydberg atoms travel
2 cm or more and thus cannot be detected.

For ion spectra

measurements which depend on detecting ion signals a long
time after the laser fire, however, the number of Rydberg
atoms which fly out of the field if view of the multiplier
may be important.
By application of appropriate voltages on the grids
bounding interaction region B, charged particles created
in the interaction region may be driven up to the particle
detector.

A commercial Johnston MM-1 CuBe particle

multiplier is employed. The multiplier has a typical gain
Q
of ~ 10 . Multiplier dark current is negligible.
In most experiments involving measurement of absolute
rate constants the multiplier detection efficiency must
be measured for whatever ions are being detected.

In this
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experiment, however, the detection efficiency of Xe

ions

need not be known for, as will be shown in section 4 of
this chapter, only the ratio of two Xe+ ion signals is
needed.

If the impact energies of the two ion signals on

the first dynode of the multiplier are the same, then the
two signals will be detected with equal efficiency.

If

this condition is met, the ratio of the two signals will
not depend on the absolute detection efficiency.

Also,

as will be discussed in section 5, the ion arrival time
studies are only concerned with relative, not absolute,
numbers.
The anode of the multiplier is capacitatively coupled
to an amplifier with a (fixed) gain of 16.

The output of

the amplifier is fed into a fixed threshold (100 mV)
discriminator which provides an output pulse of variable
width (up to 150 ns wide) for every input pulse.

The

discriminator also has an "inhibit" feature which prevents
the production of output pulses for all input pulses
except those which fall within a specified interval of
time (gate).
It is now necessary to develop a detailed description
of the time dependence of the high Rydberg population.
is accomplished in the next section.

This

3.3

Rydberg population dynamics.
There are a number of processes which may contribute

to the depopulation of the initially excited Rydberg level
Radiative decay is often the dominant depopulation process
Each |nf> state is characterized by a unique radiative
decay lifetime, denoted by f.

Radiative lifetimes for

xenon |nf> states have been measured in this laboratory
(4)
using a field ionization technique. Lifetimes for
states |nf>, where 25 < n < 28, and n = 33, were measured,
and lifetimes for the other states in the range
25 < n < 40 were extrapolated from these.

These lifetimes

are good to within + 20%.
Details of the decay process may be of concern.

If

an atom radiatively decays directly to the ground state,
then that atom no longer affects the experiment.

If,

however, an atom in an |nf> state decays radiatively to
a nearby state which in turn decays to another level just
below it, and so on, then the Rydberg population will
contain a significant fraction of highly excitèd atoms
in states different from the original laser-excited state,
each possessing a sizeable collisional ionization cross
section.

To see if this was a problem, the laser was

tuned to |31f>, and field ionization voltages sufficient
to ionize |26f> were subsequently applied to see if there

was a buildup of neighboring states.

There was no

measurable signal from lower Rydberg states close to
|31f>.
Theoretical confirmation of this observation is
desirable.

Unfortunately, calculated transition probabili

ties for high lying |nf> states of xenon are not available
One may gain some understanding of the problem, however,
by examining the oscillator strengths for high level
transitions in hydrogen, for which tables do exist. (91)
Figure 3.9 shows the transition probabilities for the
transition
for n < 40.

H|40>

-> H|n> (averaged over all % values)

It is evident that the probability of H|40>

radiatively decaying to a low lying state (n < 15) is
much greater than the probability of decaying to a
neighboring state.

It is thus assumed that radiative

decay of high Rydberg levels in xenon occurs primarily
via direct transitions to low lying levels, rather than
by cascade.
Radiative lifetimes have also been shown to be
field dependent.

(4,92)
'

This does not affect the present

results, however, as the rate constant measurements are
conducted in field free conditions.

The ion spectra

studies do require a small residual field, but no signifi¬
cant shift in the lifetime is observed for the states

40n ’
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used in the spectra studies.
If there is gas present in the interaction region,
a number of collisional processes may serve to depopulate
the Rydberg state.

Of primary importance for this experi¬

ment is, of course, collisional ionization.

Chemiionization

may also occur, but, as will be discussed later, this
process is far less probable.
The Rydberg atoms may also suffer collisions which
change their quantum state.

This process may involve a

change in either the n or i quantum number of the Rydberg
atom, or both.

Such collisions have been observed to

occur in this laboratory for a variety of target gases.
The rate constant for this process can actually be larger
than for collisional ionization.

Since the resulting

"mixed" states may also have sizeable collisional ioni¬
zation cross sections, this process may also greatly
complicate the present experiment.

The effect of such

state-mixing collisions on these measurements will be
discussed in detail in section 6 of this chapter.

Although

mixing collisions are found to be of negligible importance
in this work, they are retained here for the sake of
completeness.
Thus, taking into account the combined effects of
collisional depopulation and radiative decay, the
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"effective" lifetime with which the original Rydberg state
decays is given by

eff

(3.3:1)

= “ + k. n
T
d

where n is the number density of the target gas and k^ is
the rate constant for collisional depopulation.

The rate

k^ is given by

k

where k
and k

m

c

k

d

c

+ k

m

(3.3:2)

is the rate constant for collisional ionization

is the rate constant for the state changing or

"mixing" process.
It should be pointed out here that it is useful to
conduct the experiment in what are termed "thin-target"
conditions.

This is especially true for the measurement

of collisional ionization rate constants.

Thin target

conditions are thus strictly observed for rate constant
measurements, but are not usually enforced for ion spectra
measurements.

In thë present experiment, thin target

conditions imply that a very small fraction of the atoms
in the initial laser-excited high Rydberg state experience
collisions which would either ionize them or change their
quantum state.
(n = 26).

This is certainly true if n is small

At this extreme the radiative lifetimes are

63

short enough (< 10 /xsec) that collisional depopulation has
less than a 10% effect on

T

Unfortunately, for

n = 40, the radiative lifetimes are so long (r » 35 jusec)
that collisional depopulation may have an effect as large
as 30% or more on r

£.

Thin-target conditions can still

be enforced as far as the experiment is concerned, however,
if the relevant time period over which the measurement is
conductèd is small enough that very few of the Rydberg
atoms undergo either radiative decay or collisions.

If

r eft is large, this is easily done, and the Rydberg
population will be essentially static for the purposes
of the experiment.

In all cases, the correction of

for collisional depopulation has an effect of only a few
percent on the final value of the rate constant.

3.4

Measurement of absolute rate constants.
Following any laser pulse, the population of resulting

Rydberg atoms decays with an effective lifetime,

N(t)

=

N(0) e

1

T

(3.4:1)

where N(t) is the number of Rydberg atoms left at time t,
N(0) is the number of Rydberg atoms created by the laser
pulse at t = 0, and

is given above.

depicts the temporal behavior of N(t).

Figure 3.10(a)
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Figure 3.10
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The ion production rate resulting from collisions of
Rydberg atoms with the target gas is given by

ff

=

N(t) n kc

(3.4;2)

and thus has the same time dependence as N(t).

The ion

production rate is depicted schematically in Figure 3.10(b).
The experiment is conducted over the time interval t
shown on the graph.

The ion signal that is measured is

the integral of dS/dt up to time t, which is just the
shaded area under the curve in Figure 3.10(b).
Performing this integral analytically, the number of
ions produced in the interval t is found to be
t
S (t) =

=

J

N(t) n kc dt

N(0) n kc [1 - exp(-t/Teff)] reff

(3.4:3)

where n is the number density of the target gas and kc is
the collisional ionization rate constant.

This quantity

is depicted in Figure 3.10(c).
Thus, in order to obtain a rate constant, k , three
c
things need to be measured: the number of signal ions
produced in a known time interval, the number of Rydberg
atoms excited by the laser pulse, and the number density
of the target gas molecules.

The radiative lifetime and
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collisional mixing rate constant are measured in subsidiary
experiments.
The measurement of S(t) can be understood with
reference to Figure 3.11.

The laser fires at t = 0,

creating a number of high Rydberg atoms in the presence of
a few jutorr of target gas.

After about 4.5 jusec (t^) , a

small positive collection voltage is applied to grids
8 and 9 (see Figure 3.7) while grids 6 and 7 are kept
grounded.

The resulting field (~ 40 v/cm) is much less

than the critical field needed to ionize the Rydberg state.
Collisional ions formed during this interval are swept up
to the multiplier, requiring a finite time (t^) to make
the journey from interaction region to detector.

A 3 ysec

(At^) wide discriminator gate is opened about 2.5 jjsec
before the arrival of the ions (t^+t^) and closed about
0.5 jusec after.

This sequence of events is depicted at

the top of Figure 3.11.

(Thus S (t) = S(t^ + 0.5

N(0) cannot be directly measured.

sec).)

Instead, N(tp,

the number of high Rydberg atoms present at time t^, is
measured in the following manner.

Approximately 0.5 ^sec

(t^) after the laser fire a large positive voltage pulse
is applied to grids 8 and 9 (see Figure 3.7), while grids
6 and 7 are still maintained at ground.

The resulting

electric field is larger than the critical field needed

Figure

Collection Voltage
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to ionize the high Rydberg atoms.

The resulting field

ions are accelerated toward the multiplier.

A 3 jusec

wide discriminator gate is opened shortly after the voltage
pulse to collect the field ions.

This sequence of events

is depicted at the bottom of Figure 3.11.
This measurement is made in the presence of the
target gas also.

Hence the measured field ion signal at

t£, N(t^), contains a small number of collisional ions
also.

This is a small effect, and can be handled with an

iterative procedure in which the zeroth order formula
(equation 3.4:3) is used, setting

N(0)

=

1
N(t^) exp(tj/r
/T
T

With the value of k

r

c

).

eff;

(3.4:4)

thus obtained, the number of collision-

al ions formed by t£ is calculated and subtracted from
N(t£).

With the aid of programmable calculators, it is

just as easy to solve the exact equation.

The measured

quantity is given by

+ S(t')

N(t£)

NQ(exp(-t

))
(3.4:5)

Thus,

from equation (3.4:3),
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S(t>[exp(-t'/Teff) + n kc Teff(l - exp(-V/Teff»]

= N(t') n kc Teff(l - exp(-t/reff))

(3.4:6)

where the subscript has been dropped from t’, the time
at which the field ions are collected,

A

program has been

developed which solves this equation iteratively.
There are other sources of error in measuring S(t)
and N(t’) that must be taken into account.

Briefly,

spurious signals can arise from chemiionization of back¬
ground and target gases by the metastable atoms, chemiionization of background and target gases by high Rydberg
atoms, collisional ionization of the Rydberg atoms by
background gas, and photoionization or photoexcitation of
the background, target, and xenon gases by the laser.
Penning ionization of the target gas by the high
Rydberg atoms is energetically possible for all of the
target gases presented here.

However, a time of flight

mass analysis technique (section 5 of this chapter) was
used to look for positive ions other than Xe+.

To the

accuracy of the method, no other positive ions were found
for any of the gases (except CH^Br).

Associative and

rearrangement ionization of the background and target
gases by the high Rydberg atoms may also occur, but such
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interactions have been argued to be small by West

(92)

and

Foltz.(93)
Single step photoionization by the laser is not
energetically possible for the xenon metastables or target
gases.

Multistep photoionization is possible, but is very

unlikely since the laser is not very tightly focused, and
since photoionization cross sections are typically very
small (~ 10

“18

2

cm ).

There remains the possibility that

the target gas may be photoexcited by the laser beam,
and subsequently react with the metastable xenon atoms
to produce a spurious ion signal.

Of the targets discussed

here, SF,, CCI-, CH-,1, and CH_Br are known not to absorb
radiation in the frequency range used.(^4*95)
absorption spectra for C^F^ and C^F^4 are not as well
known, so photoexcitation may be taking place.

However, a

reaction that would produce an ion is unlikely, as the
number density of the metastables is roughly five orders
of magnitude less than the number density of target gas.
For S(t), the major source of spurious signal is the
collisional ionization of the xenon high Rydbergs by the
background gas.

This can be accounted for if a measure¬

ment is taken using the same gating sequence as for an
S(t) determination, only with the target gas removed.

If

this signal is subtracted from S(t), then not only is the
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collisional ionization of the background gas taken care
of, but the contributions to the ion signal due to chemiionization of the background gas by xenon high Rydberg
and metastable atoms and photoionization are removed.
N(t') is less susceptible to spurious signals than
S(t) for two reasons.

First, the large number of Rydberg

atoms that are excited in a laser shot ensures a strong
field ion signal.

And, secondly, the measurent is taken

very shortly after the laser fire, before very many
collisional processes can occur, thus ensuring a low noise
rate.

The only noticeable background in N(t') is that

due to chemiionization of the target and background gas
by collision with xenon metastables.

This small signal

is obtained by following the same gating sequence used to
measure N(t'), but with the laser beam excluded from the
interaction region.

This signal is then subtracted from

N(t').
There is yet another important correction to the raw
numbers that are obtained from the experiment.

It should

be evident from the preceeding description of the gating
sequences used to obtain S(t) and N(t’) that at most only
one ion can be detected by the counting system each laser
shot.

If all ions (field or collisional) are created in

about the same location, and are accelerated up toward
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the multiplier by the same field, they are going to arrive
at essentially the same time.

But if two or more ions

arrive at the same time, the multiplier will still produce
only one pulse.

To avoid this difficulty it is necessary

to adjust the counting rates so that the probability of
producing even a single ion is very slight, which implies
that the probability for producing two ions in a laser
pulse is vanishingly small.
But it will never be zero, unfortunately, nor will
the probability of producing three ions a shot, or four,
and so on.

To account for the odd laser pulse which

produced two or more ions although only one was counted,
a dead time correction must be applied.

If one assumes

that the successes (wherein one counts an ion) are
randomly distributed among the trials (laser shots), and
that the chances for a success on any one trial are very
small, then the probability distribution function for
producing n ions in a laser shot is given by Poisson
statistics.

Making this assumption, West

(92)

has derived

the dead time applicable to this experiment.
The count rate was limited to no more than 1/4 ion
per laser shot, which translated into a dead time correction
of 15%.

This is a reasonable count rate for S(t), but

N(t') usually exceeds this limit by an order of magnitude
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or more.

To reduce the field ion count rate to reasonable

levels, calibrated neutral density filters are inserted
into the laser beam.
An explanation of the electronic sequencing and timing
procedure is appropriate here.

The voltage pulses and

discriminator gates are not timed off the laser pulse, as
is implied in the above discussion, but rather off the
command pulse which triggers the laser.

About 4 /Ltsec

after the trigger pulse is sent, the laser fires.

Unfor¬

tunately, it does not fire at the same time on every pulse.
There is a certain amount of jitter in the laser firing
time, as much as +_ 0.3 y sec.

This, of course, translates

into an uncertainty in t and t' in S(t) and N(t').
The timing of the discriminator gates with respect
to the voltage pulses is governed by the ion flight time,
as was discussed earlier.

The flight time of a Xe+ ion

from the interaction region to the multiplier is measured
o
by tuning the laser to 4669 A which excites the
Xe 5p5(2P3^2)6s[3/2]2

-

Xe 5p5(2P3/2)7p[5/2]3 transition.

This is a very strong transition, and if the laser is
focused very tightly, there is a good probability that an
atom that is excited to the 7p level will be ionized by a
second photon in the same laser pulse.

A large number of

two photon ions can thus be created in the interaction

74
region, and their flight time can easily be determined by
connecting the output of the discriminator to an oscillo¬
scope.
The conditions for a field-free interaction region
can be determined in a similar manner.

The two-photon

ions are created in a static-field environment.

If it

takes sufficiently long (~ 30-40 //sec) for the ions to
drift up to the multiplier when solely under the influence
of the multiplier penetration fields, then it is assumed
that conditions are sufficiently field-free to do the
experiment.

These conditions are met if grids 5, 6, and

7 are grounded (see Figure 3.7).
The number density of target gas molecules is measured
with an ionization gauge that has been calibrated against
an MKS Baratron capacitance manometer.

The pressure

cannot be directly measured by the Baratron, as it is
not sensitive down in the pressure regime (~ 2 x 10
of interest.

—6

torr)

If the pressure is raised to the 10 ^ torr

regime, however, a series of pressure measurements may be
made with both the ionization gauge and the Baratron at
several different pressures,

if the Baratron values are

plotted against the pressures obtained from the ionization
gauge, a straight line through the origin results.
slope of the line is the calibration factor. Bp.

The
The
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calibration factors for the gases used in the present
study are as follows?

Gas

B_

P

SF

0.59

CCI4

0.32

CC13F

0.35

CH3I

0.38

C F

0.23

C F

0.31

CH3Br

0.51

6

7 14

6 6

It is extremely important that the Baratron be
temperature stabilized, if a stable, readable output is
to be obtained.

To negate the effects of thermal drifts

in the laboratory, the Baratron pressure head is main¬
tained at a constant 120 °F.

This introduces a minor

complication in that the pressure in the head is not
equal to the pressure in the vacuum chamber.

This effect,

known as transpiration, is easy to correct for in the
following manner.

From the principle of dynamic

equilibrium.

(3.4:7)
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where n

B

(v ) and n
(v )
B
C
C

are

the number densities (average

velocities) of particles in the Baratron head and vacuum
chamber resepctively.

But average velocity is proportional

to the square root of temperature, so

nB VTB

=

nc VTC

(3.4:8)

implying that
n T
B B
n _T

B

(3.4:9)

c c

where p is the pressure in the respective chambers.

If

T_ = 321.9 °K and T = 300 °K, then
B
c

1.038

(3.4:10)

Thus, the number density in the interaction region is
finally given by

n

3.1099 x 1010

x B_ x
F

IG

(3.4:11)

where B„ is the Baratron calibration factor and P ^ is the
F
IG
pressure measured on the ionization gauge (in jutorr).
The present rate constants are believed good to
within + 20% absolutely.
to be + 15%.

The relative accuracy is believed

77
3.5

Ion spectra studies.
If a small (< 4 v/cm) residual electric field is

applied across the interaction region, then the charged
products of reactions occurring in the interaction region
will be continuously accelerated toward the multiplier.
The multiplier signal as a function of time will simply
be dS/dt, the number of signal ions created per unit time.
The shape of the ion signal will thus mirror the temporal
behavior of the high Rydberg population (see equation
3.4:2) yielding important information about the nature
of the reaction taking place.

The ion signal will be

delayed from the laser pulse (t = 0) by the ion flight
time, T.

This is depicted schematically in Figure 3.10(d).

Since the multiplier is capacitively coupled to the
amplifier, the multiplier can be biased to detect either
positive or negative particles.
To obtain this signal, the output of the discriminator
is fed into a 20-bin multichannel scaler (lyiCS).

The

channels of the MCS open and close in succession, to
analyze successive units of time after the laser fire.
The width of the channels may be varied.

The narrowest

channel width used in this study was 1 jxsec, allowing the
ion signal to be analyzed out to about 20 jxsec after the
laser fire.

The widest was 2 jjsec, allowing about 40 jusec
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of signal after the laser fire.
As before, the MCS is synchronized with an external
command pulse that fires 10 times a second, and not with
the laser pulse.

The actual firing of the laser is picked

up by an antenna and displayed on an oscilloscope.

The

time delay between the laser fire and the opening of the
first channel is variable.

Each channel has a dead time

of 100 nsec before and after the nominal closing and
opening of the channel.

This is to ensure that a pulse

that falls in one channel will not be counted in the next.
Accurate measurement of the ion flight time, T, to
the multiplier allows for the determination of the ion's
mass.

For a given (singly charged) ion of mass M, it is

easy to calculate its travel time through the T.I.C. using
elementary electrostatics and Newton's laws.

These values,

however, are consistently longer than the actual travel
times that are observed by about 15%.

This is due to

field penetration of the multiplier voltage through the
grids.

A more useful technique is to calibrate the time

scale using an ion of known mass, such as Xe+, and by
checking for internal consistency between the flight times
of the various ions,

in this manner, ion products may

be determined fairly unambiguously.
The mass resolution of this technique is, however,
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poor for two reasons.

The first is laser jitter, which

has been described previously.

The second has to do with

the finite vertical region over which ions are created.
To avoid nonlinear (i.e., multiphoton)

laser effects, the

laser beam is not tightly focused into a single spot.
Consequently, the Rydberg atoms are excited in a vertical
region that roughly corresponds to the laser input aperture
height (3 mm) .

Since the ion spends over half its time

in the interaction region, small differences in point of
creation translate into measurable differences in travel
time to the multiplier.

For the studies presented here,

the available mass resolution is also limited by the
time resolution (1 ^sec) of the MCS.

Narrower channel

widths are not used since the mass resolution is already
limited by the abovementioned factors.
ion mass is about + 15 amu at the Cl

The uncertainty in
peak (35 amu) and

about 30 amu at the SF^ peak.
In addition to the identity of ion products, ion
spectra studies provide valuable information on the
reaction itself.

If the ion signal decays away with a

lifetime equal to T

^ (neglecting the effects of mixing)

then the observed ions must be due solely to interactions
between the laser-populated Rydberg state and the target
gas, producing collisional ions.

If, however, the ion
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signal decays with a lifetime significantly longer than
T

then some of the observed ions must be due to Rydberg

states with longer lifetimes than the laser-excited state.
This is taken as evidence for the occurrence of collisions
which change the quantum state of a Rydberg atom.

3.6

Study of state-mixing collisions.
The targets presented in this study do not show

evidence of sizable mixing rate constants.

The ion

signals presented in the next chapter all decay away with
lifetimes consistent with for the particular state
excited.

However, if higher pressures are used, and one

examines the ion signal long after the laser pulse, an ion
signal appears that persists longer than would be consistent
with

T

.

This thesis is not directly concerned with the

study of mixing collisions, but the fact that the target
gases presented here do exhibit a finite mixing rate
constant, k^, causes some concern that this process may
affect the results presented here.

In order to show that

this is not the case, an analysis procedure

used for

studying mixing processes is briefly outlined here.
The ion spectra presented in this thesis are concerned
with effects, not absolute numbers,

AS

such they are not

suitable for quantitative analysis,

if, however, one
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were to carefully record the time over which the spectra
were taken, correct the spectra for the dead time between
each channel, allow for the Rydberg atoms that begin to
leave the field of view of the multiplier after an
appreciable time, and carefully monitor the high Rydberg
production rate, the result would be a set of numbers
suitable for detailed study.
To effect such a study a mathematical model is first
constructed which describes the processes believed to be
occurring in a precise way.

The model constructed for this

experiment assumes that each laser excited Rydberg atom
can either radiatively decay, collisionally ionize, or
participate in a collision which alters its quantum state.
The result of a mixing collision is an atom in a mixed
"reservoir" state (assumed to be a mixture of n and i
quantum states).

This reservoir state is characterized

by an effective lifetime,

r'»

and an effective collisional

ionization rate of its own, k^.

It is then straight¬

forward to develop a mathematical expression which gives
dS/dt as a function of time with k , k , k', and
c
m
c

T'

as

adjustable parameters (r is measured separately for the
field conditions used).

One can then fit the experi¬

mental numbers to the theoretical curve, adjusting the
parameters so as to minimize the difference between the
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two.

This is a complicated task, requiring the use of

a computer.
Such an analysis was carried out for CH^I colliding
with Xe|31f>.

The exact numbers that were obtained are

not relevant here since these values are appropriate to
a residual field of ~ 4 V/cm, not zero field.

What is

important is the result that k^ and k^ are nearly equal,
and that they are both of the order of kc, the ionization
rate for the original state.

Thus, the number of ions

that result from collisional ionization of the mixed state
can obviously be ignored since this is a second order
effect.

Further, the effect of mixing on the effective

lifetime of the original state, r

ert

can be neglected

since the r ---- correction due to k. is itself small (see
eff
d
section 3 of this chapter).

If the numbers obtained from

the above analysis are applied to all the rate constants
obtained for CH_I, the value of k obtained using
3
c
k, = k + k is in all cases less than 2% different from
d
c
m
the value that would be obtained if mixing were ignored
altogether.

Hence it is assumed that mixing does not

affect the data presented in this thesis, and k^ is
as siimed equal to kc-
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Chapter 4
Results
This chapter presents the results of the ion spectra
analyses and the collisional ionization rate constants
obtained for SFg, CCl^, CCl^F, C^F^,
CH3Br.

C F

6 6'

an<

^

The collisional ionization rate constants pre¬

sented here are then compared with rate constants for
attachment of free thermal electrons to the same gases.
4.1

Present Results
Tables 4.1-4.5 contain the rate constants for col¬

lisional ionization of Xejnf) as a function of n in
collision with SFg, CCl^, CCl^F, C^F^, and CH^I.

The

rate constants for SFg, CCl^, and CCl^F were first taken
(13 92) (14 93)
by West
* '
and Foltz.
'
The values presented here
incorporate improvements in data reduction techniques and
are identical to those recently reported in the litera(14)
ture. The rate constants presented here for C^F^,
CILjI,

c F

g 6 and CH3Br are original with this thesis, and

have been reported in the literature.Table 4.6 con¬
tains the rate constants for C^Fg and CH^Br colliding with
Xe|26f).
Figures 4.1-4.10 show the ion arrival time spectra of
SFg, CCl^, and CCl^F colliding with Xe|33f), and of CH^I,
C F

7 14

an<

^

C F

6 6

with Xe|26f).

Figure 4.1a depicts a positive ion arrival spectrum
for CCl^ colliding with Xe|33f).

The bias condition

Table 4.1
Xe+ + SFT
6

Xe Jnf> + SF6

n

k

c

(10‘

-7

3

cm sec

3.7 + 0.7

26

4.3 + 0.9

28

•
00

o

4.2 +

31

•
CO

o

u>
•
CO

25

+

3.5 + 0.7

35 + 1

4.3

0.9

*
40 + 1

4.0 +

•
00

±
o

38 + 1

o

•
CO

*

•
to

33
*

)

for n > 34 the angular momentum state is
not determined

(4)

but is probably f.

Table 4.2
Xe

Xe nf> + CCI,

+ CC13 + Cl

.
-1,)
/ln-7
kc (10
cm 3sec

26

2.2 + 0.4

27

2.3 + 0.4

28

2.5 + 0.5

29

2.9 + 0.6

31

3.1 Hh 0.6

33

3.6 + 0.7

34

3.5 + 0.6

37 + 1

4.0 + 0.8

38 + 1

3.7 + 0.7

40 + 2

4.5 + 0.9

41 + 2

4.2 + 0.8

•

25

to

n

+

0.5

for n > 34 the angular momentum state is
not determined

(4)

but is probably f

Table 4.3
Xe|nf> + CCl3F

-

k

n

Xe+ + CC12F + Cl”

c

(10 ^ cm^sec ■*")

25

3.8 + 0.7

27

4.6 + 0.9

28

4.4 + 0.9

29

4.7 + 0.9

31

5.9 + 1.1

33

6.1 + 1.2

37 + 1

5.8 + 1.2

38 + 1

6.3 + 1.1

*40 + 2

6.5 + 1.3

*
*

for n > 34 the angular momentum state is
not determined

(4)

but is probably f.

Table 4.4
Xe|nf> + C7F14

*
*
*

-

Xe+ + (C7F14 + e“)

n

kc (10 7 cm^sec

26

3.1 + 0.8

27

2.2 + 0.5

28

2.3 + 0.6

29

2.2 _+ 0.6

31

2.1 + 0.5

33

1.8 +0.4

34

1.6 + 0.4

36 + 1

1.3 + 0.3

38+1

1.4 + 0.3

39 + 1

1.0 + 0.3

for n > 34 the angular momentum state is
not determined

(4) but is probably f

Table 4.5
Xe|nf> + CH3I

XG

4* CH^ + I

.
,10-7 cm 3sec
-1.)
kc (10

n

*

->

26

2.7 + 0.7

27

2.9 + 0.7

28

2.8 + 0.7

30

3.4 + 0.8

31

3.4 + 0.8

32

3.9 + 1.0

34

4.3 + 1.1

36 + 1

4.2 + 1.1

37 + 1

4.4 + 1.1

*

for n > 34 the angular momentum state is
not determined

(4)

but is probably f.
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Table 4.6

—
/1 n 7 3 -1.
kc (10
cm sec )
v

Target

n

C F
6 6

26

0.30 + 0.08

CHLjBr

26

0.10 + 0.03

s^jun -qJD '
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Figure 4.1a
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employed in this spectrum consisted of applying a potential
of +3 volts on grids 8 and 9, a potential of -130 volts
on grid 5, and grounding grids 4, 6 and 7 (see Figure 3.7).
The spacing between grids 7 and 8 was 1.27 cm, which re¬
sulted in an average field of 2.4 v/cm across the inter¬
action region.

A small extraction field was utilized to

minimize complications that arise from the Stark effect.
Under these conditions, however, a heavy ion may take suf¬
ficiently long to reach the multiplier that its velocity
component along the metastable beam direction may take it
out of the field of view of the multiplier.

To ensure that

the flight time of the ion is small enough that this is
not a problem, the large voltage is applied to grid 5.
The spectrum was obtained by intersecting the meta¬
stable beam with a laser beam in the presence of a few
ptorr of CCI..

Collisions between the resulting Rydberg

atoms and the CCl^ produce ions, which are driven up to
the multiplier by the extraction field, as described in
detail in Chapter 3.

The laser is then blocked, with the

multichannel scalar counting, as before, in synchronization
with the laser.

The background thus measured is then sub¬

tracted from the signal obtained when the laser is admitted
to the chamber.

The "laser-block" signal is, of course,

independent of time, so for greater accuracy all twenty
channels are averaged together, and the result is sub¬
tracted from each "laser-in" channel.
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The spectrum consists of virtually no ion signal from
0-9 iisec, and a sharp onset at 10.5 nsec of a very large
signal that exhibits exponential decay. The arrival time
sec
of 10.5 n
is consistent with the flight time of a singly
charged positive ion of mass 131 amu, equal to the mass of
xenon.

There is no evidence of any positive ion signal

other than Xe+.

That the peak in Figure 4.1a does indeed

correspond to Xe+ is easily confirmed by focusing the laser
sufficiently tightly that an appreciable number of two+
photon Xe ions are created per shot. The arrival time of
these ions is identical to that of the signal in 4.1a.

The

application of a least squares fitting program to the
exponential part of the curve yields an observed lifetime
of 12.4 iisec.
There is an additional background which has not been
subtracted out which is mainly due to interactions between
the Rydberg atoms and background gas molecules.

This sig¬

nal may be removed simply by measuring the counts that
result when the laser is admitted to the interaction region
but the target gas is excluded.

The laser is then blocked,

and the observed noise signal is subtracted as before.
The resulting "Sout" signal is subtracted from the total
"S.in " ion signal. The residue is that portion of the ion
signal that is due to the interaction between the high
Rydberg atoms and the target gas only.
Figure 4.1b depicts the positive ion "sout" signal ob¬
tained when CCl^ was excluded from the interaction region.
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The ratio of the peak heights of the (Figure 4.1b)
and S^n (Figure 4.1a)

signals is given to indicate the

relative sizes of the two signals.

The abnormally large
sec
count rate in the first peak channel at 10.5 n
is due
in part to two-photon ions created by the laser.

The

signal decays away with time, as would be expected if it
were due to interactions of the Rydberg atoms.

In fact,

one would expect an exponential form, but the statistics
of an SQUt run are generally poor, and exponential be¬
havior is usually not discernible.

Indeed, for many SQut

runs, the scatter in the data is sufficiently large that
simple point by point subtraction from the S^n data would
significantly degrade the exponential least squares fit.
Hence some kind of smoothing of the SQut data is required.
In this particular case, is both small enough and
smooth enough that no averaging is required, and point by
point subtraction is employed.

The result is shown in

Figure 4.1c, and is labeled "S. -S^ .The observed life
time of this signal is 11.4 nsec, which is not much
different from the S.xn lifetime.
If one calculates the effective lifetime of the
Rydberg state in this case using equation 3.3:1 (setting
•

kc = kj), the result is that

Cel 1

'^eff

=

l^sec, in

superb agreement with the observed lifetime (since

T,

k

c
and n are known to within ±20%, ±20% and ±15% respectively
Cel

*Teff

should be correct to within ±30%).

However,

this fortuitous result is probably not valid, as can be

Figure 4.1c

Xe|33f>» CCI
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seen by an examination of a plot of the logarithm of the
ion signal as a function of time (Figure 4.Id).

The first

10 points fit very well to a straight line, while the rest
of the data curves upward.

This long-lived signal is

evidence for xenon atoms in states of higher excitation
than the original laser-populated state.

Careful examina¬

tion of this persistent signal yields quantitative infor¬
mation on the state-mixing process, as was outlined in
Chapter 3.
Clearly, the first 10 points reflect the temporal
behavior of the laser-excited state alone, whereas the
last 5 channels contain contributions from more highly ex¬
cited states.

Unfortunately, the 8.9 p,sec lifetime that

is obtained by fitting an exponential through the first 10
points only is in rather poor agreement with the calculated
lifetime of 11.5 usee.

This is due to the fact that k ,

the mixing rate constant, is not negligible with respect
to 1/T + kcn, and hence the true effective lifetime is
shorter than what we calculate assuming k^ = kc«

This

effect has only been observed for these gases at |33f).
A number of spectra have been taken at |25f), J26f>, and
|27f) for which the agreement between the calculated and
observed lifetimes is quite good.

(It may still be the

case, however, that an ion signal due to mixing is observed
at long times.

In such cases, it is assumed that the

observed lifetime is determined from the "early time" data
points appropriate to the original |nf) state.)

Xe |33f > ♦ CCI
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It is appropriate to discuss here some of the pitfalls
in employing the method of subtraction before pro¬
ceeding further.

In order to obtain a usable ion

production rate, it is necessary to operate in a pressure
regime that is not consistent with thin-target conditions.
As was discussed in Chapter 3, this means that there is a
significant probability that a high Rydberg atom will be
collisionally ionized by the target gas instead of radiatively decaying.

Thus there is a good chance that a high

Rydberg atom which might have reacted with a background
gas molecule to produce a noise count when the target gas
is excluded, will instead react with a target molecule to
produce a signal ion when the target gas is admitted.

The

procedure outlined above will thus tend to overestimate
the background signal that must be subtracted.
Additionally, the metastable flux will not remain con¬
stant as the pressure in the interaction region is increased.
Scattering of metastable atoms out of the beam by target
molecules will reduce the density of metastable atoms in
the T.I.C. by as much as 10%.

The number of Rydberg atoms

present during an S^n measurement will be correspondingly
reduced from the number present during an SQut measurement,
and the technique of SQut subtraction will again tend to
overestimate the background signal.

The SQut signal itself

is usually £ 10%, so the error incurred in the SQut sub¬
traction technique is only a few percent.
apply for negative ion spectra as well.

The same comments
From here on, it
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will be assumed that SQuj. subtraction has been applied
where appropriate.
To obtain a negative ion spectrum for Xe|33f) col¬
liding with CCl^, the polarity of the voltages used to
obtain the positive ion spectrum of Figure 4.1 are
reversed.

The spectrum thus obtained is depicted in

Figure 4.2a.

The peak arrival time is consistent with

that for a singly charged chlorine ion.
The time dependence of the signal in Figure 4.2a is
identical to that of the Xe+ signal in Figure 4.1, as can
be seen from an examination of Figure 4.2b.

The lifetime

obtained by fitting an exponential through the first 11
points is again 8.9 (isec.
The agreement between the lifetimes of the positive
and negative ion spectra for a given reaction is usually
very good.

In every reaction presented here, only Xe+

ions have been observed.

As no new information is con¬

tained in the positive ion spectra, they will be omitted
from here on.
The negative ion spectrum obtained for Xe|33f) col¬
liding with SFg is shown in Figure 4.3a.

The arrival time

of the ion peak is consistent with that for SF^."", although
the resolution is not good enough to rule out a contribu¬
tion due to SFçj”.

The observed lifetime is, in this case,

in very good agreement with the calculated lifetime of
12.3 lisec.

As can be seen from Figure 4.3b, there is no

indication of a contribution from mixed states.

o
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The negative ion spectrum for CCl^F colliding with
Xe|33f)is presented in Figure 4.4a.
served.

Again, Cl” is ob¬

The agreement between the observed and calculated

lifetimes is fairly good, and there appears to be no
evidence of a mixing signal (Figure 4.4b).
The following graphs present ion spectra obtained
for CH^I,

c F

i i4

a

nd

C F

6 6

with Xe|26f).

The bias

condition used to collect ions for these targets is
basically the same as the original configuration, except
that the TIC itself is altered somewhat.

Interaction

regions 1 and 2 (see Figure 3.7) are slightly larger, and
both grids 4 and 5 are grounded.

The combined effect of

these changes is to reduce the amount of field penetration
from the multiplier in the primary interaction region (2).
Figure 4.5a presents a negative ion spectrum for
Xe|26f) colliding with CH^I from 0 to 40 nsec.

The spec¬

trum indicates a rather broad peak arriving at 16 nsec.
This is consistent with an ion of the mass of I.

A com¬

puter fit to the observed exponential tail yields a life¬
time of 8.6 psec, in fair agreement with the calculated
lifetime of 7.8 nsec.

It appears from an examination of

a plot of the logarithm of the signal (Figure 4.5b) that
there may be a slight break in the exponential at 16 nsec
after the peak.

If only the first nine points are used,

a lifetime of 8.0 nsec results, in even better agreement
with the calculated lifetime.
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The arrival of the negative ion peak is examined in
greater detail in Figure 4.6.

Again a single, broad peak

is observed, the center of which arrives at 16 jisec after
the laser fire.

The five points available for examination

after the peak arrival yield a lifetime of 7.9 ^isec, in
surprisingly good accord with the expected lifetime of
7.8 |isec.
Figure 4.7a shows a negative particle spectrum for
Xe|26f) colliding with C^F^.

This signal exhibits a very

interesting feature, unique of the spectra presented thus
far.

There are two peaks evident in the spectrum.

The

first is a prompt signal that is apparently due to elec¬
trons, while the second has a delay of <«25 yisec, which is
consistent with that for C^F^

ions.

An examination of

the time dependence of the signals (Figure 4.7b) shows that
both decay with about the same lifetime (6.8 and 7 Usee).
These lifetimes are in fairly good accord with the cal¬
culated lifetime of 8.1 ]isec.
both electrons and C^F.^

This is strong evidence that

ions result from collisions of

C^F^4 with high Rydberg atoms.
To further substantiate this claim, however, other
tests were made to show that the prompt signal is indeed
due to electrons which result directly from collisions
with

C F
7

i4*

The characteristics of the multiplier are

such that electrons are detected most efficiently at low
impact energies (^200-300 eV) while ions are detected
most efficiently at high impact energies (~3000-5000 eV).
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Figure 4.8a shows the results of a run in which a potential
of 300 volts was applied to the first dynode of the multi¬
plier.

The pressure of

as read on the ionization

gauge was maintained at 4.6 ptorr (which is obtained by
subtracting the pressure of the
of the S^n run).

run from the pressure

There is indeed a prompt electron signal

in evidence, but there is no sign of an ion peak.

Figure

4.8b presents the results of a run in which the pressure
of C^F

^4

was the same, but a much higher potential of 3000

volts was applied to the first dynode.

Note the reduction

in the size of the electron peak and the appearance of the
ion peak at ~24 psec.

Finally, Figure 4.8c depicts the

same run, but with the pressure of C^F^ essentially
doubled.

Note that both the electron and ion peaks in¬

crease by about a factor of two.
It should be pointed out that the most obvious test
for electrons, that is counting over the laser fire to
see if the signal really is instantaneous, is not possible
with the present apparatus.

Electronic pickup from the

firing of the nitrogen laser results in a large number of
counts which swamps the signal in the zeroth channel.
The negative particle spectrum for Xe|26f) colliding
with CgFg

(Figure 4.9) exhibits another prompt electron

signal, but this one differs from the one present in the
C7F

^4

spectrum.

This signal is not due to electrons

formed directly from collisions of C^Fg with Xe|26f), but
rather results from electrons liberated from CrFr~ ions
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.
(74)
en route to the multiplier. Naff e_t al_.
' observed that
the ions formed by attachment of low energy electrons to
CgFg had an autodetachment lifetime of 12 psec.

If the

lifetime of the CgFg” observed in this experiment were also
12 pisec, then about 80% of the ions would autodetach en
route to the multiplier and the observed signal would be
qualitatively explained.

The electron signal slowly builds

up until what appears to be the CgFg
The bump at

psec is not due to F

peak occurs at 18 psec.
ions, but is instead

believed due to a small CCl^ impurity.

Another negative

ion run obtained for C.-'F,
b b is shown in Figure 4.10.

This

spectrum exhibits a fairly flat electron background, with
a small ion peak appearing at 18 psec.
As explained previously, the flight time of an ion
through the T.I.C. to the multiplier cannot be accurately
calculated since the electric field an ion experiences
during its flight is not well known.

Identification of the

peaks and bumps appearing in Figures 4.1-4. 10 as being
either Cl”, SFg”, I~,

C

F

J 2.4~'

C F

6 6~

or Xe+

^ons

accom

P”

lished primarily through checks for internal consistency.
In this regard, it is useful to note that, no matter what
the fields inside the T.I.C. are, the flight time of an
ion will be proportional to the square root of its mass.
Unfortunately, positive and negative ions cannot be com¬
pared in so simple a fashion, since the bias conditions
under which they are collected are slightly different.

S|iun qjD

‘1VN9IS
Figure 4.10
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117

118
The bias conditions for the negative ions collected
at |33f) are identical, so they can be compared.

In

Figure 4.11, the arrival time of each ion is plotted
versus the square root of its assigned mass.

It is seen

that both points are very consistent with a line that
passes through the origin.
plotted.

The positive ion Xe+ is also

Although it doesn't fall on the line, it does

arrive before the heavier ion SF^-, as expected.
The bias conditions for all negative ion spectra
which were taken after the T.I.C. was modified are iden¬
tical.

These ions include C^F^-, C^F^-, I-, and Cl-

(a negative ion spectrum, which was not shown, for the
reaction Xe|26f> + CCl^ was taken as a reference).

The

arrival times of these ions are plotted versus the square
root of their assigned masses in Figure 4.12.

Again, all

four points are consistent with a line that passes through
the origin.
The error bars give some idea of the spread of the
ion peaks, and hence of the uncertainty of the arrival
times.

For instance, if one were to draw in a freehand

sketch of the curve suggested by the data in Figure 4.6, it
might look like Figure 4.13.

The half-width at half¬

maximum of the peak is seen to be 2.5 psec.

Hence the

arrival time of this ion is taken to be 16 psec ±2.5 psec.
The ion peaks are assigned specific masses so as to
be consistent with ions observed in free electron attach¬
ment and in other studies involving Rydberg atoms.

By
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itself, however, this technique is of limited value in
discriminating between possible fragment
only slightly in mass.

ions which differ

For instance, if the ion at 12.9

psec in Figure 4.11 were identified as SF^~, one could still
draw a good straight line through the origin.

The line

drawn in Figure 4.12 would not be much affected if the ion
at 16 psec were identified as CH^l” rather than l"~.

(In

fact, the broadness of the I- peak may be an indication
that a mixture of CH^l” and I- ions is being observed.)
4.2

Discussion of Results
In all collisions involving SFg, an ion was observed

with a mass consistent with that of SF ~.
6

Hence the

dominant reaction is believed to be
Xejnf) + SFg - Xe+ + SFg"

(4.2;1)

This result is in agreement with previous work involving
collisions of SFg with highly excited atoms, in particular
(21)
the mass spectrometer results of Hotop and Nxehaus and
Chupka^^) and the time of flight studies of Klots.^^
This is consistent with free electron studies, in
which it is found that free electrons predominantly attach
nondissociatively to SFg at room temperature, although
there is a small probability of dissociative attachment
_ (97)

(forming SF^ ).

In comparing free electron and high

Rydberg studies, however, it is interesting to note that
the lifetime against autodetachment of the SFg” formed
by collision with highly excited atoms appears to be
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significantly longer than the lifetime for SFg” formed by
attachment of free electrons.100)

An

examination of

Figure 4.3a reveals no prompt electron signal, as was ob¬
served in the case of CgFg, indicating that the lifetime of
the SFg” ions is a good deal longer than the 13 psec or so
that is required for the journey from interaction region
. . Klots
(27)' has also observed such long
to multiplier.
lifetimes in collisions between SFg and highly excited
helium atoms.

He suggests that collisions with the ion

core may play a role in stabilizing the SFg

ions.

The time of flight spectra for Xe|nf) - CCl^ colli¬
sions indicate that the reaction is
Xe|nf> + CC14 - Xe+ + CC13 + Cl"

(4.2:2)

.
.
(27)
which agrees with the time of flight data of Klots.
For Xe|nf)-CC13F collisions the observed reaction is
Xejnf) + CC13F - Xe+ + CC12F + Cl"

(3.2:3)

This is in agreement with the observation that CC13F has
a large cross section for the dissociative attachment of
free electrons (producing Cl”).
As was stated before, the rate constants for SFg,
CC14 and CC13F presented in Tables 4.1-4.3 represent only
minor improvements over data that have already been re¬
ds 14)
ported.v ' ' These data have already been compared m
detail with results for free electron attachment, and
will not be discussed here.
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The negative ion spectrum for CH^I exhibits a single
ion peak with a transit time consistent with that of I~.
The reaction is thus believed to be
Xejnf) + CH3I - Xe+ + CH3 + I-

(4.2:4)

This is in agreement with the results of Stockdale e_t
al.who observed only I- ions following collisions of
highly excited argon with CH3I.
The measured rate constants which are listed in Table
4.5 are plotted in Figure 4.14.

The kc values are located

on the energy axis by ascribing to the Rydberg electrons
their time averaged kinetic energy, which is equal to
their binding energy.

These values are consistent with the

—7 3
—I
(26)
value of 8.9xl0- cm sec
obtained by Stockdale et: ad. v '
as an upper bound to the rate constant for ionization of
an unknown mixture of highly excited argon atoms in
collision with CH3I.
Also plotted in Figure 4.14 is the rate constant for
attachment of free thermal electrons to CH3I obtained by
(104)
.
...
Lee. This measurement is consistent with a reasonable
extrapolation of the present data.
Attachment of free electrons by CH3I (giving I~) has
also been observed by Stockdale et al. and by
Blaunstein and Christophorou.The latter observed
a rapid decrease in the cross section as the electron
energy was raised above thermal.
the trend observed here.

This is consistent with
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The reaction that results from collisions between
Xejnf) and C^F^ may be inferred from Figure 4.21a to be
Xejnf) + C?F14 -J* Xe+ + e“ + C?F14
L* Xe+ +

C F
7

(4.2:5)

_

i

(4.2:6)

4

(73)
Asundi and Craggs '
' and Naff (74)
e_t ad.' ' have observed
C F

7 14~ ;'-ons resulting from collisions of free thermal
electrons and C^F^.
The rate constants (for Xe+ production) are plotted in

Figure 4.15, together with rate constants for attachment of
free electrons to C^F^. (105-108) ^ £s evident that the
two sets of data must not be directly compared.

Instead,

the free electron rate constants are to be compared with
that part of the collisional ionization rate constant
that is associated with the production of negative ions
(equation 4.2:6).

In the present work the relative de¬

tection efficiencies for electrons and C^F^- l°ns
known.

are

not

It is therefore not possible to determine

accurately their individual production rates.

Nonetheless,

from observations of the relative peak heights of the two
signals, and knowledge of the multiplier characteristics,
it may be inferred that these rates are approximately
equal.

In this event it is apparent that the present re¬

sults should be divided by approximately two before com¬
parison with the free electron data.

Agreement between

the two sets of data is then seen to be satisfactory.
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The reaction that is observed from collisions between
Xe^jnf) and CgFg is believed to be
Xe|nf> + C6F6 - Xe+ + CgFg'*
il

C6F6 + e"

(4.2:7)

As was pointed out before, the lifetime against autodetach¬
ment of the CgFg"* ion formed in this experiment would
appear to be on the same order as the lifetime for CgFgions formed by attachment of free electrons.

This is in

interesting contrast to the data obtained for SFg (see
previous discussion).
The rate constant for collisional ionization of
Xe|26f) by CgFg is found to be 3x10

cm

sec"

(Table

4.6).

Gant and Christophoroumeasured a thermal
-7 3 -1
electron attachment rate constant of 1.02x10
cm sec ,
.
-7
in excellent agreement with
the value
of 1.06x10 3
cm
sec"'*' obtained by Davis et al. ^^S)

attach¬

ment rate constants correspond to a mean electron energy
of 38 meV, while the present result corresponds to a mean
electron energy of 21.8 meV.

These two results may be

reconciled by an energy dependence of the rate constant
similar to that found in the case of C^F^.
No negative particle arrival time data on CH^Br could
be obtained due to the low ion production rate.

Thus, it

is not known whether the observed positive ions result
from stripping or electron attachment.

Stockdale et al.

129
also were unable to observe any Br

that could be attributed

to collisional ionization of high Rydberg atoms.
The collisional ionization rate constant for Xe|26f)
—8 3 —1
by CH^Br was found to be 1x10
cm sec
(Table 4.6) .
There is currently considerable disagreement in the litera¬
ture as to the magnitude of the free thermal electron
attachment rate constant for CH^Br.

Reported values in¬

clude (in units of cm^ sec"^) 1x10
3.6x10”^, (107)

an£

3#3xl0-^.

7x10

The present value is

larger than any of these, but since it is not certain
that the rate reported here corresponds to electron attach¬
ment, it is not possible to evaluate the agreement between
high Rydberg and free electron data in this case.
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