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SUMMARY

A crossed ion beam-molecular beam apparatus was built and used to
study a low energy electron transfer reaction.

The system selected was

the ion molecule collision reaction between Ne"*~ and ^

which provides an

experimental test of the mechanism of energy conversion in an exothermic
reaction at high reactant ion velocities.

This was a convenient system

for analysis because (1) the excited B state of

is extremely short

lived (undergoing spontaneous radiative transitions prior to leaving the
collision area) and (2) the emission from this transition occurred in a
convenient portion of the spectrum.

This second reason was extremely

important in that it greatly simplified the collection of data.
+

The collision species, N e , was generated by electron bombardment
of neon.

These ions were then drawn away from their place of generation

by a series of accelerating plates.

They were then focused and brought

into collision with a beam of neutral nitrogen molecules.
component of the nitrogen was normal to the path of the N e

The velocity
+

ions.

Some of the excited reaction products underwent a spontaneous radi-8
ative transition in 10

seconds.

(This was rapid when compared to the

time required for the reactants to pass through the collision region.)
The transition of excited N

( B E ) to the ground state (XT, ) resuli
2
u
8
in the emission of radiation in the ultraviolet through visible regions

of the spectrum.

0

Analysis of the emission spectra led to deductions re

garding (1) the kinetic energy dependency of the reaction cross section

viii

and (2) the nature of the relative population distributions of the
vibrational quantum levels of the excited N

+
9

species in the B

2+

state.
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CHAPTER I

INTRODUCTION

Previous Work
Effort has been expended in determining the mechanism of reactions
of the type
A

+

+

+ B - A + B

excited
B

+

,- B
excited

+

+ hv

where the reaction is spontaneously radiative, and hv is in the visible
region of the electromagnetic spectrum.
Past experiments show that, for the collision between N e

+

and the

noble gases, the cross sections for the charge transfer with optical ex
citation are of the same order of magnitude as for the total charge trans
fer (1,2,3).

In this connection, it is significant that the optical

excitation is possible either through conversion of a part of the kinetic
energy of the colliding ion into internal energy or from the heat evolved
due to the reactions exoergicity.

Early studies of optical excitation by

ion impact at higher energies have not revealed the mechanism of reaction
at the lower energies (4). Lipiles and co-workers (2) believe that the
excitation involves a molecular-ion complex formed during collision.
According to Massey, a system will have a maximum probability (to the
first approximation) for transition in a collision when the following

2

equality is satisfied (5).

(fXf) - *
m
Here, AE is the difference in internal energy between the two states of
the system, b is the impact parameter, and
of the colliding particles.

is the relative velocity

It can be seen that the probability for ex

citation decreases very rapidly as the velocity is made smaller than v^.
According to experiments by Schlumbohm (6), the cross section for N e
N

2

is about 2 X 10

-18

+

on

2
-9
cm , or an impact parameter of about 6 X 10
cm.

Using 10 eV as an approximate value for AE, the corresponding velocity
for maximum cross section would be for a 1 keV ion.

On this basis, a

very small cross section should be expected at low energies.

However,

Lipeles points out that, although arguments of this type have generally
been used to indicate that optical excitation with ions can only occur
at relatively high energies, such a conclusion is contrary to work ac
complished by his group (2). By the application of a molecule-ion com
plex intermediate, Lipeles' work can be reconciled with the predictions
of equation (1) (2,33).
The Schlumbohm work previously referenced was concerned with the
experimental investigation of optical excitations in collisions of N e
ions with the molecules N^, 0 , and C 0
2

2 and 250 eVolts).

2

+

(for collision energies between

The work concludes that the reaction cross section

is kinetic energy dependent.

This is basically in agreement with Gus-

tafsson and Lindholm (7) in that Schlumbohm's data can be normalized to
Gustafsson and Lindholm's data for kinetic energies above 150 eVolts.

3

The work also shows that the spectrum is due to emission from the excited
+
molecular

species and that many vibrational levels above v=0 are popu

lated.
Purpose
Of the many questions remaining unanswered with respect to the
light emission from charge transfer type reactions, the ones with which
this thesis will concern itself are (1) clues to the nature of the kinetic
energy dependency of the reaction cross section and (2) the relative popu
lation distribution of the vibrational quantum levels of excited N^"^ in
2
the B E

+
u

state.

This will be for the kinetic energy range of 50 to 450

eVolts.
Such information is essential for future elucidation of the reac
tion mechanism between the above energy limits.

4

CHAPTER II

APPARATUS

Introduction
The experimental apparatus consisted primarily of a double beam
ion molecular collision chamber coupled to electronic devices capable of
measuring electromagnetic radiation in the near ultraviolet through the
low visible wave length spectra.

A total of seven pumps were used to
-3

maintain an operating pressure of about 10

-4
- 10

torr.

ion beam was produced by electron impact in the source.

The primary
Ions exiting the

source were electrostatically focused, energetically controlled between
10 and 450 eVolts, and propelled into a neutral beam of nitrogen injected
normal to the path of the ions.

The charge transfer and spontaneous

radiative transitions of the excited ^

species both took place in field

free space (see Figure 1 ) . The above experimental conditions insured
only single collisions occurred.

Analysis of the light emitted was made

using photomultiplying circuits.

All electronic and glass connections

entering the evacuated chamber were made through a 25.4 mm aluminum flange
bolted to the end of the main portion of the vacuum chamber.
two gas systems was externally controlled.

Each of the

The entire experiment was

enclosed in a protective light tight structure which helped eliminate
stray photons from entering the apparatus and counting circuits.

A more

detailed description of the construction and operation of the individual
components will follow.

5

Ion Source
The primary ion beam, Ne^, was generated in a gas phase electron
impact source constructed of polished 304 stainless steel.

Pyrex glass

spacers were used for electrical insulation, separation between accelerat
ing plates, and alignment of the focusing plate.

The source, with its

plates, was rigidly supported by four stainless steel rods insulated in
the same manner as described above.
assembly are shown in Figure 1.

Schematic diagrams of the source

The ionization chamber itself was cylin

drical and measured 15.88 mm long by 25.40 mm in diameter.

Electrons

were boiled off a directly heated carborized rhenium filament through a
3.18 mm diameter hole (electron inlet hole) perpendicular to the axis of
the ionization chamber.

These electrons were then collected on the oppo

site side of the ionization chamber by a trap.

The filament, a 20 mm

long piece of .127 mm diameter wire, was bent into the shape indicated in
Figure 1 and suspended above the electron inlet hole by specially de
signed mounts.

The area was then covered by a 304 stainless steel housing

maintained at the same potential as the filament.

This housing also served

as a shield in preventing visible light radiated by the flowing filament
during operation from being internally reflected through the apparatus
and into the photomultiplying circuits.

The filament was heated by di

rectly passing 5 to 7 amperes through it.
approximately 11 ma.

This gave a trap current of

Electron emission was regulated by the filament

power supply to - 0.1 ^a by a trap current feedback loop.

The filament,

trap, and repeller were floated from the ionization chamber potential by
the filament power supply.

To prevent reflection of electrons of unknown

LIGHT
SHIELD

CHARGE
TRANSFER
REGION

SOURCE
GAS INLET

1#%

ACCELERATING
PLATES
QUARTZ WINDOW
COLLISION GAS
INLET NOZZLE
FILAMENT
MOUNT
FARADAY CUP

COLLISION C H A M B E R
Figure 1.

Collision Chamber
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energy back into the ionization region, the trap was shielded by a stain
less steel plate containing a 5 mm diameter hole for the passage of elec
trons.

The primary gas inlet port was perpendicular both to the axis of

the chamber and to the electron beam.

The glass to metal connection was

via a 3.00 mm ID Kovar seal attached directly to the stainless steel ioni
zation chamber of the source.

The electron beam impinged on the ion

source gas which was then ionized.

The ions were then forced out of the

chamber through a 3.18 X 15.88 mm slit by a repeller plate located inside
the source.
The ion accelerating system consisted of four accelerating plates.
Each was 0.922 mm thick and spaced 2.74 mm apart.
were used strictly as accelerating plates.

The first three plates

The fourth was vertically

split and could be used for focusing to compensate for beam expansion.
High voltage for the ionization chamber and accelerating plates was sup
plied via a unit designed specifically for this experiment.
individually controllable.
Table 1.

Voltages were

The range of available voltages is given in

The source itself was continually variable from 0 to 450 volts.

Table 1.

Measured Range of Individually Controllable
Plate Voltages in the Source

System

Voltage Range
Min
Max

Source
Al
A2
A3
Focus Left
Focus Right

0
0
0
0
0
0

450
145
144
148
139
139
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Support Electronics
With the target gas off, the primary ion beam intensity was mea
sured using a Faraday cup located aft of the collision region and on the
same axis as the source ion exit port and accelerating/focusing plates.
Measurements were made using a Keithley high speed picoammeter (model 417).
Both the source and Faraday cup were mounted on a 50 mm X 90 mm X 485 mm
aluminum plate which was set inside the chamber in such a position that
the collision region was perpendicular to a quartz window.

Typical operat-

-8
ing primary ion beam intensities were about 10

amps.

Internal pressure

during experimentation was monitored using a Consolidated discharge vacuum
gauge.

The method is discussed in Chapter III.
Gas Inlet Systems
Both the primary ion beam source gas and the collision gas were

introduced into the collision chamber from high purity high pressure
Matheson cylinders.

Each gas flowed from the cylinder through its own

pressure reducing two stage regulator, an Edwards fine control needle
valve (model LB2B), a stopcock, and into 14 mm glass tubing.

The glass

tubing transited the flange and was connected to Tygon inside the chamber.
The neon then entered the source through a Kovar connector while the ni
trogen was jetted into the impact area through a converging-diverging
glass nozzle mounted normal to the path of the ions.
Vacuum System
Four diffusion pumps were used to maintain operating pressure:
two National Research Corporation water cooled silicon oil diffusion pumps
(each rated at 150 liters per second) and two mercury diffusion pumps

9

(each rated at 300 liters per second).

Whenever the system was in opera-

-3

tion below 10

torr, the mercury diffusion pump traps were filled with

powdered dry ice.
The system was evacuated from four locations.

See Figure 1.

Two

65 mm glass pipes connected to the ballast setting directly over the colli
sion region provided the majority of the pumping.

Two other 65 mm pipes

were connected directly to the main portion of the collision chamber; one
aft of the Faraday cup, one forward of the source.

When the system was

to be evacuated, the mechanical roughing pumps were started.

At approxi

mately 1 torr, the four diffusion pumps were started and all seven pumps
operated until high vacuum was achieved.

Several days were usually re

quired whenever the system had been exposed to the atmosphere.
ran continuously during experimentation.
was individually controlled.

All pumps

Electrical power to each pump

If necessary, the system could be vented

without disconnecting any of the pumps or gas inlet devices.
Access to the inside of the tank was through two removable 270 x 6
mm circular aluminum flanges bolted to each end of the cylindrical colli
sion chamber.

A large rubber " 0 " ring was fitted between the flange and

the ground glass end plate of the tank which insured a vacuum tight con
nection.

All leads into the tank passed through one of the flanges.

The

electrical connector leads at the flange were 3KVA Ceramaseal High Vac
electrical feedthroughs and the gas leads were 14 mm glass tubing.

The mercury pumps were manufactured by the Georgia Institute of
Technology glass blowing shop.
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Photon Collection
As collision took place between the ion beam and the neutral gas, a
certain amount of the reactants underwent a charge transfer reaction lead+ 2 +
ing to N„ B E .
2
u

In accordance with the kinematics and dynamics to be

discussed in Chapter V, the excited ^

taneous radiative transition.
seconds.

+ 2
B

+
species will undergo spon-8

Emission of photons will take about 10

As the photons radiated omnidirectionally, a portion passed

through the quartz window mounted into the side of the collision chamber.
They were then collected by an EMI 6256S photomultiplier with a flat spec
tral response in the region of interest.

The photomultiplier was con

nected to an Ortec preamplifier, amplifier, shaper, timer, and counter.
The output from the Ortec electronics was read and recorded.
Special Shielding
As the heated filament radiated extremely high numbers of photons
when compared to those due to collision of the reactants, prevention of
stray light entering the photomultiplier was imperative.

Accordingly, a

series of flutes, baffles, and barriers coated with Aquadag (a paint con
sisting of a colloidal suspension of graphite in an aqueous base) was
strategically arranged to prevent unwanted light originating from filament
glow.

The entire apparatus was also enclosed in a three quarter inch

thick metal and wood housing.

This housing redticed the amount of un

wanted light from sources other than the filament light as well as acting
as a protective shield for the system operator.
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Safety
Extreme care was used in design considerations and construction
with operator safety being of paramount importance.

All high voltage and

current using electronic components were separately fused.

A relay system

prevented the diffusion pumps from operating above 1 torr.

This was ne

cessary since the system continued to pump 24 hours a day.

In the event

of system failure, all electronics were immediately isolated from the
collision apparatus.
special devices.

Critical controls could not be operated without

Also, the entire chamber was always kept inside a pro

tective housing to prevent personal injury in the event of an accidental
explosion or implosion of the glass vacuum system.

Fortunately, no part

of the system concerned with operator safety failed during the entire
experiment.
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CHAPTER III

EXPERIMENTAL PROCEDURES

General
The experimental apparatus and general conditions used to conduct
this series of experiments were presented in Chapter II.

Before meaning

ful data could be collected, however, two determinations unique to double
beam collision experiments using glowing filaments as an electron gener
ator had to be made.

These were the experimental determination of (1)

the effect of a repeller plate in the source on the kinetic energy dis
tribution of the ejected ions and (2) the optimum internal shielding and
surface coatings required to minimize electronic photomultiplier noise
generated by the glowing filament.

Results led to the reaction cross

sections' kinetic energy dependency and the probable vibrational popula
tion distributions at several kinetic energies.

Repeller Correction
Since a repeller was used to eject the N e

+

ions from the source,

the kinetic energy of the ions was higher than expected from the voltage
difference between the source potential and ground.

With an applied ion

repeller voltage, the source chamber is not an equipotential volume and
ions exit the source with a kinetic energy proportional to the repeller
voltage.

This proportionality constant can be determined using standard

techniques (8). The energy of the electron beam is also increased by the

13

repeller potential as it enters the ionization chamber and results in an
apparent lowering of the ionization potential of the neutral gas target
from its spectroscopic value.

This measured energy difference, between

spectroscopic and experimental ionization potentials, can be used to ob
tain the repeller contribution to the ion kinetic energy.

It was found

that the ions exited the source with 0.44 eVolts per applied repeller
volt.
Internal Shielding
When current in sufficient amounts to cause electron emission is
passed through the filament, the filament glows white hot, acts as a black
body radiator, and floods the visible spectrum in the same vicinity where
the spontaneous radiative transitions to be studied take place.

The neces

sity to prevent great numbers of photons from the filament from entering
the counting circuitry is of paramount importance.

Failure to properly

do so results in electronic noise and causes a reduction in the signal to
noise ratio.

Too low a ratio would have prevented collection of useful

data.
A series of flutes, baffles, and barriers coated with Aquadag was
continually rearranged until optimum shielding was achieved.

Verification

of such was demonstrated by placing a strip of Kodac type 103A F spectro
scopic safety film over the quartz window and exposing it for 24 hours
using different internal shielding and surface coatings.
was operated at the intended experimental temperatures.

The filament
The final arrange

ment with the Aquadag coating produced no significant film exposure.

Also,

there was no appreciable increase in the noise level recorded (in the ab-

14

sence of reactants) when the cold filament was compared to the emitting
or hot filament.

Cross Section Kinetic Energy Dependence
The ionic species N e

+

was generated in the source by electron bom

bardment of neon (Matheson Research Grade, the only impurity being helium
in abundance of 12 ppm) . The ions were ejected from the source by the
repeller plate set at a specific potential.

Once clear of the source,

the ions were accelerated through a series of charged plates, a collision
region, and into a Faraday cup where they were collected.
generated was recorded.

This measurement was later used to normalize data

collected at different primary ion beam currents.
-8
values ranged from 10

The current

Typical recorded

-9
to 10

amperes.

Incident to the path of the primary ion. beam, the neutral collision
species

was injected so that collisions would take place.

sion gas N

2

The colli

was Matheson Prepurified Grade, 99.9 percent minimum N .
2

Operating pressures were regulated by first measuring system pressure
without gas flow, then with just the ion source gas, and finally with both
the ion source gas and the collision gas.

By this method, it was unneces

sary to rely on readings from the series of pressure reducing devices in
order to determine exact operating partial pressures of the gaseous reac
tants.

All pressures were recorded during each experiment and used in

the compilation of data.
As collision and reaction took place, a portion of the omnidirec
tionally generated radiation passed first through a quartz window, then
through interchangeable optical filters, and finally into a photomultiplier
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tube.

The amount of radiation generated was recorded.

The modus operendi

was generally to start at minimum source potential and, using a given
repeller voltage, maximize primary ion beam current, allow system stabili
zation, and record all pertinent readings.

Source potential was then in

creased with the above process repeated until an entire scan of all avail
able kinetic energies was made in both the increasing and decreasing direc
tions.

The "reversing" was so that any abnormal (9) conditions attribut

able to phenomena such as space charge, electronic drift, etc. would be
detected.

There were none.

All data necessary for the determination of

the reaction cross sections' kinetic energy dependence were now available.

Probable Vibrational Distributions
The previous experimental procedures were then repeated holding
the source potential constant and changing the. glass optical filter lo
cated between the quartz window and the photomultiplier tube.
data were then collected.

Comparative

The three filters used were the Corning CS 7-60,

Corning CS 7-51, and the Bausch and Lomb 33-78-39.

The filters were then

placed in a Cary 14 where their percent absorbance was measured in the
spectral region concerned.

With additional information obtainable from

current literature (10,11,12), the probable relative vibrational popula
tion distributions could be determined.
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CHAPTER IV

RESULTS

Introduction
We are basically concerned with the transition probabilities in
the first negative band in the N

+
2

system.

The probability of a transi

tion from one vibrational level in an electronic state to another vibra
tional level can be expressed as the total eigenfunctions for the two
states.

Letting
v

1

= initial vibrational level

v" = final vibrational level
i

initial electronic state

j

final electronic state
eigenfunction of Initial state

tyj =» eigenfunction of final state
= electronic dipole moment operator
the probability (P) for the transition can be written as

(2)

where the integral is taken over the configuration space, T (12).
Herzberg has shown that the total eigenfunction of the state can be
written as the product of the electronic and vibrational eigenfunctions
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(i|f and \|i) neglecting the rotation of the molecule (13). Within the
v

framework of the Born-Oppenheimer approximation, it can be assumed that
the nuclear motion is separable from the electron motion.
letting R equal the internuclear distance and R

Therefore,

equal the electronic

dipole moment from i to j , expression (2) can be reduced to

dRdT

P

2

(3)

iJJ W>feV*V el

iv\jv" ~

The integral over the vibrational wave functions (which depends only on
R) is the "Franck-Condon factor" (also referred to as the square of the
£

overlap integral).

The second integral in expression (3) is R

Note

that it is taken over the volume space of the electron coordinates.

R . . = | Ji i , ^ „ d T
n
J e e e" e
6

T

(4)

T

£

The electronic transition moment, R „ , will, to a first approximation,
vary slowly with R .

Therefore, we can replace

r

6

^ J

with an average value,

£

R

Expression (3) now reduces to
dR

p

iv'

> J V

"

-(Ajil VV l

2

5

<>

or more simply,
Elee

tr ni

Factor) (f ? <;°cY
a

Probability ~ (Franck-Condon

era

\Transitron Moment /
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The intensity, I, of an emission of the type dealt with here is defined
as the number of photons emitted by the collision source (or the point of
reaction) per second.

The first negative band of the

emission spec2

+

trum deals with many different vibrational transitions between the B E
2
and X 2^

u

+
electronic states.

The intensity of the emission in photons

per second is given by the relation:
v

V

(6)

N ,(E , „) (^TT) iJ v v » i "
3

i

, -

v

a

v v

The term N^, is the population of the v
quantum required for the v ' V

1

level and E , ,, is the energy
v

transition.

v

Inclusion of the constant C,

which is dependent on the experimental geometry, allows for simplifying
expression (6) to the following equality,

I

s

v

V

, - C(N ,)(E ,) (P. ,
v

v V

v

) j v

„)

(7)

6

i s

Because the average electronic transition moment, R ^j>
vary with a v ' V

assumed not to

transition in a given band, the ratio of I of any two

lines will be as the frequency of the emissions cubed times the ratio of
the Franck-Condon factors of the transitions times the ratio of the rela
tive vibrational populations.

Since E is proportional to the wave number

V
..
Ratio =
x

I i it
v'v"

3

CN ,(E , „) P. , . ,,
v' v'v " iv .iv"
=
g
^
v"v»"
^ V ' ^ V V ^ ^iv'^jv"
1

1

or,

1

1

/ O N

(8)
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N
Ratio -

.11

v
N

v

(9)
II

II i
iv", jv'

Note that the ratio is independent of the experimental geometry.

Using

this theoretical model (corrected for the actual transmittance of the
filters used) and data collected, the following results were obtained.

Reaction Cross Section
The three filters used in the experiment were the Corning CS 7-60,
the Bausch and Lomb 33-78-39, and the Corning CS 7-51.

Using a Cary 14,

the percent transmission curves for the filters were determined, see
Figure 2.

The initial experiment was conducted (using the Corning CS 7-60

filter) to determine reaction cross section as a function of ions kinetic
energy, see Figure 3.

The collected data were normalized to a curve pre

sented by Schlumbohm (3). With this particular filter, data were col
lected down to 12 eVolts.

The shape of the curve below 100 eVolts is

quite similar to others presented in the literature (7,3).

There is

agreement that the cross section decreases rapidly below about 30 eVolts.
However, the same literature predicts no change in cross section above
150 eVolts.

The results of this experiment are not in agreement with

those findings.

Instead, a gradual increase in the cross section was re

corded above 200 eVolts.

When the same experiment was repeated using the

Bausch and Lomb filter, the increase began at about 300 eVolts.

This in

creasing cross section continued at a fairly constant rate until the upper
energy limit of the experiment, 450 eVolts.

The method used to normalize

the Bausch and Lomb filter data to the Corning filter data was to (1) re
cord data at a given kinetic energy, (2) immediately change filters, and

Figure 2.

Percent Transmission of Experimental Filters

o

KINETIC E N E R G Y ( in eV x 10' )
Figure 3 .

Kinetic Energy Dependency of the Reaction Cross Section
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(3) after insuring the system was unchanged, again record data.

Relative Population Distributions
The percent transmission at each transition wavelength for each of
the filters is tabulated in Table 2.

From the literature it was known at

what frequencies the transitions of interest occurred and what the re
spective Franck-Condon factors were (10,11,12).

Tabulation of these data

is in the appendix, Table 3.
With reference to equation (9), the only unknown left was the dis
tribution (the ratio of intensities being determined from experimental
data).

To establish a distribution (at a given kinetic energy) that, when

used with the theoretical model, gave the same intensity ratios as those
determined experimentally took considerable time and effort.

The method

was as follows.
Using the Corning CS 7-60 and the Bausch and Lomb 33-78-39 filters,
an intensity ratio was experimentally determined.
satisfied that ratio was then selected.

A distribution that

Now, if the selected relative

population distribution was by chance very close to the actual distribu
tion, it should be able to be used to correctly predict intensity ratios
yielded from other filters.

After much time and effort, distributions were

determined for two different kinetic energies, see Figures 4 and 5.

Using

Corning CS 7-60 and CS 7-51 filters, the experimentally determined inten
sity ratios were in general agreement with the predicted intensity ratios.
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Table 2.

Transition

The Percent Transmission at Each Transition
Wavelength for the Three Filters Used in the
Experiment
Wavelength
in A

Percent Transmittance
CS 7-60

33-78-39

CS 7-51

4,1
3,0
4,2

3076
3078
3294

0
0
22.4

0
0
6.9

5.5
6.5
54.5

3,1
2,0
5,4

3299
3309
3533

23.4
22.5
61.5

6.7
6.5
3.5

55.4
58.2
83.5

4,3
3,2
2,1

3538
3548
3564

62.0
62.4
63.0

3.5
3.5
3.5

83.8
84.0
84.5

1,0
4,4
3,3

3583
3818
3835

63.6
33.0
27.1

3.5
12.5
15.5

85.0
77.0
74.4

2,2
1,1
0,0

3858
3884
3914

20.0
12.6
5.8

20.0
25.7
37.3

71.5
62.0
57.5

6,7
5,6
4,5

4111
4121
4141

0
0
0

3.5
3.1
2.3

3.2
2.3
7

3,4
2,3
1,2
0,1

4167
4199
4237
4278

0
0
0
0

1.5
0.8
0.3
0

0
0
0
0

V*0
Figure 4.

1 2 3 4 5 6 7 8 9
Relative Population Distribution of the Vibrational
Quantum Levels at a Kinetic Energy of 70 eVolts

•4

V=0
Figure 5.

1 2 3 4 5 6 7 8 9
Relative Population Distribution of the Vibrational
Quantum Levels at a Kinetic Energy of 200 eVolts
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CHAPTER V

ANALYSIS AND DISCUSSION

Kinematics and Dynamics

+
The Ne
state.

ions entering the collision region were in the ground

Work by Hagstrum with metastable ions of the noble gases has

shown that metastable states of sufficient lifetime do not exist for the
neon ion (14).

When neon ions collide with neutral nitrogen molecules,

approximately 80 percent of the positive ions produced are molecular
N2"*" (15). Thomas and co-workers show about 5 percent of these ions to
2 +
be formed in the B

excited state (12), whereas Philpot and Hughes

believe the figure to be closer to 15 percent (16). Nevertheless, the
importantly germane phenomenon to this experiment was that no transitions
2 +
that cause a cascade population of the B
excited state take place
+ 2 +
(13).

Therefore, all emitted photons analyzed came only from the N

2

B

species generated by collision of Ne"*" in the ground state with nitrogen
gas.
Radiative lifetimes of the excited states of many species have
been studied.

Lawrence used an electron-excitation phase shift apparatus

specifically designed to measure excited state radiative lifetimes in the
approximate range of one to two hundred nanoseconds (17). This same
By the use of the word "metastable," Hagstrum implies an ion
which is in a very short-lived excited state and not an unstable complex
ion which rapidly falls apart into one or more atomic or molecular frag
ments .
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method was later used by Hesser who determined that, for the transition

2

B E

+

2

- X E

u

+

g

for N

+
0

2

with v

the radiative lifetime was 59.2 ± 6.0 x 10

1

being 0.
6

sec and cascade free (18).

Later work by Desesquelles, Dufay, and Poulizac gave a lifetime of
9

66.6 ± 0 . 1 3 X 10

sec for the same transition (19). Thus, definite evi

dence exists to show the spontaneous radiative nature of the excited
species generated in the collision chamber.

Even if we assume a complex

intermediate of the type (^'Ne)"*", it is easily shown that species ex2 +
cited into the B £
state could not travel out of the collision region
u
&

prior to photon emission.

With a 50 eVolt Ne* ion, the velocity and mo

mentum at the instant of collision are in the order of 2 x 10^ cm/sec and
7 X 10 ^

gm-cm/sec.

and 21 X 10 ^

For a 450 eVolt ion, the values are 6 X 10^ cm/sec

gm-cm/sec.

Assuming a thermal distribution of the target

gas and that all kinetic energy of that gas goes into translational motion
of the complex, there is still time for numerous rotations prior to the
complex being able to exit the collision area without photon emission.
An approximate complex velocity would be in the order of 10^ cm/sec;
the time for complex rotation, about 10 ^

sec.

Therefore, the complex

-4
travels about 10

cm for every rotation.

Previous workers have shown

long lived complex formation is not a significant mechanism and the reac
tion to be spontaneously radiative at high kinetic energies (12). Since
2
the area seen by the photomultiplier is over 60 cm , there is practically
+ 2 +
no chance for an ^
emitting a photon.

B

species to exit the collision area prior to
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Franck-Condon Comparison
Jain and Sahni used the best available wave functions to calculate
Franck-Condon factors for the ionization of N

2

(using Rydberg-Klein-Rees

potential energy curves) (20). For the reaction

V V
X 1

+(B

" " 2 VW.2.3...
e

H

a specific vibrational population distribution dictated by the FranckCondon factors will result.

In other words, the ionization of N

2

gives a

specific vibrational distribution in each state in which the products are
formed.

+ 2 According to Jain and Sahni, the ionization of N« to the N B 2
2
2
u
0

state puts about 88 percent of the species into the v=0 vibrational quan
tum level (20) for a Franck-Condon type transition.

However, the data

collected from the present experiments show only about 42 percent occupa
tion of the v=0 level at 70 eVolts and only about 37 percent occupation
at 200 eVolts.

This conclusively shows that the reaction mechanism was

not a Franck-Condon type transition.

The Ne~*" ion beam did not ionize the

nitrogen gas via the same mechanism that governed the photoionization
work of Turner and May (21,22), who used monoenergetic photons to ionize
molecules.

In certain cases, they were so successful that vibrational

structure could be resolved and used to check theoretically predicted
Franck-Condon factors for accuracy.

From spectral bands for the ioniza-

+ 2 +
tion of N

2

into the N

2

B 2^ state, two peaks (from which Franck-Condon

factors of 0.90 and 0.10 for the v=0 and v=l transitions were elucidated)
were sharply evident (21). There were in very good agreement with Jain
and Sahni's theoretically predicted values of 0.89 and 0.11.

Our experi-
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mental values were 0.42 and 0.28 at 70 eVolts and 0.22 and 0.22 at 200
eVolts (see Figures 4 and 5) and appear to be more in agreement with a
model based on a complex intermediate.

Perhaps the best such model is

the Phase-Space approach which will be discussed in some detail in the
next section of this thesis.

The values predicted by that model are

and .071 at 70 eVolts and .076 and .074 at 200 eVolts.

.075

The experimental

results tend to favor the phase-space model.

Phase-Space

Comparison

Several years ago, Light and co-workers compared results gotten
from statistical phase-space calculations to averaged quantities measured
in ion-molecule reactions

(23).

Results indicated that this theoretical

approach would be useful in understanding those reactions.

Fullerton and

Moran later applied the statistical phase-space theory to molecular and
dissociative charge-transfer reactions of the rare gases with nitrogen
molecules

(24).

Comparisons between calculated and experimental cross

sections for the molecular charge transfer channels indicated an incomplete
mixing of statistically available N

2

product ion electronic states.

Cross

sections computed for endoergic dissociative channels of reaction were in
good agreement with their experimental results.
Calculations of this type are based on the assumption of a "strong
coupling" collision in which the probability for formation of a particular
reaction channel is proportional to the ratio of phase-space
to a given product divided by the total phase-space.

available

One rational for

applying this model depends on the existence of a long-lived complex in
which available energy is distributed randomly among all degrees of freedom,
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another is the hardness of the collision which may be ergodic with respect
to species momenta (25,26).

If collision times are short, the relative

positions of particles do not vary appreciably and averages over small
variations in the parameters and phases may give cross sections correlat
ing with available phase-space (24). The phase-space available for form
ing a given product state, i, in a given vibrational state, v^, consistent
with conservation of total energy, E

and total angular momentum, J

t o t

has been shown to be as follows (27,28).

1+

=JJ[

'iCWtofV

(rT)

2

(^ff)T*

"

tot

d J

r o t -z.rot

<"»

tot

The limits of integration are determined by the system (29). The total
energy must be conserved.

E

1

tot

The superscripts

o

and

i

J

(11)

refer to the reactant and product channels,

respectively, and Q . is the exothermicity of reaction.
'
oi
K

1

= E°
+ E°
+ E° . = E*
+ E .. + E . - Q .
trans
vib
rot
trans
vib
rot
oi

x

J

Since E?"
trans

must be positive, the upper bound on the rotational angular momentum is
given by
2

J

.
21

= E

1

tot

- E .. + Q . = e
vib
oi.

(12)

The limit on rotational energy to prevent the molecule from dis
sociating is
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1

where D is the dissociation energy of the diatomic molecule from the
v
vibrational level, v.
Under the influence of the ion induced dipole potential, the re
quirement for product separation dictates that the final translational
energy (E?"
) equal
trans
O J

E,,. , and be equal to or greater than V(r*) where
final
^
°
'

s

v ( r

.) =

[ E

( b

flnal final
2e a

) a ] a
(

w

)

2

^final ^

S

t

^

ie

P

r o

^

u c t

m

i P

the neutral species.

a c t

parameter, and

By
taking
J
y
&

r

o r

a

is the polarizability of

, equal
to [uv
. i,b_.
_
n
r f
final.] and Jtot
r

jj

J

i n a

along the z axis,

J

2

orb

2

= J

+ J

tot

2

rot

- 2(J

J(J
tot

)
z,rot

(15)

Using equations (12) and (13)

2

J
E_.
= e (l - - ^ - )
final
\
2Ie /

(16)

a

and the constraint on the z component of rotational angular momentum is
given by the relationship

J
J

„ S - ^
z,rot

2

' . [ ( s e ^ e Y l

+ J

^

£
2J

(17)

^
tot

Using these constraints, the phase-space integral in equation (10)
can be evaluated to obtain the phase-space available for forming a prod
uct diatomic stable with respect to dissociation (19,30).

The total
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phase-space is found by summing over all product states.

r

<"tof tot> =Ul
J

(E

J

( 1 8 )

tot' tofV

The probability for the forming of diatomic state

i

in vibrational

level v is

where r\ is the phase-space for forming a stable diatomic species in
state

i

and vibrational level v.

The cross section a is then

c(E°
,i,v) = 2rr |
trans' '
J

P(E_ _,J _,E° ) b db
tot' tot' vib

(20)

where b is the impact parameter in the reactant channel and b
is the
max
r

r

maximum impact parameter calculated from the ion induced dipole poten
tial (31,32).
Using phase-space theory, two distributions were calculated for
the reaction studied in this thesis.

The computed phase-space vibra

tional population distributions are given in Figures 6 and 7 for the
reactions of 70 and 200 volt N e

+

ions.

Final Comments
There appears to be better agreement between the measured popula
tion distributions and those predicted using the statistical phase-space
model than computed population distributions arrived at via the best

VFigure 6.

0 1 2 3 4 5 6 7 8 9
The Phase-Space Calculated Relative Population Distribution
of the Vibrational Quantum Levels at a Kinetic Energy
of 70 eVolts

u>
u>

200 eV

V'
Figure 7.

0 1 2 3 4 5 6 7 8 9
The Phase-Space Calculated Relative Population Distribution
of the Vibrational Quantum Levels at a Kinetic Energy
of 200 eVolts
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available Franck-Condon factors.
It should again be pointed out that one of the assumptions used in
applying the phase-space model involves the existence of a collision com
plex in which available energy is distributed randomly among all degrees
of freedom.

The alternate Franck-Condon type mechanism assumes that

little perturbation of the nuclei takes place during an electron transfer
reaction and that the population distribution can be computed from the
overlap of the vibrational wave functions describing isolated nuclei.
It is therefore reasonable to propose that, since the measured
vibrational distributions were intermediate between those predicted by
the two extreme mechanisms, the reaction pathways were a combination of
the two.
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APPENDIX

Table 3.

Wavelengths and Franck-Condon Factors for the
Vibrational Transitions Associated with the
+

2

+

+

2

+

Reaction N ( B E ) - N ( X £ ) + hv
2
u
2
g
0

0

Transition

Wavelength
(A)

Franck-Condon
Factor

4,1
3,0
4,2

3076
3078
3294

.007
.002
.166

3,1
2,0
5,4

3299
3309
3533

.106
.045
.331

4,3
3,2
2,1

3538
3548
3564

.379
.414
.406

1,0
4,4
3,3

3583
3818
3835

.301
.007
.002

2,2
1,1
0,0

3858
3884
3914

.051
.223
.651

6,7
5,6
4,5

4111
4121
4141

.020
.048
.093

3,4
2,3
1,2

4167
4199
4237

.156
.229
.286

0,1

4278

.259
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