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STELUNGEN

Hec maken van onderscheid tussen "mind" en "brain" zoals

Greidanus dat doet, berust op eendenkfout.

J.H. Greidanus, Speculations in Science and Technology 2 (1979) 25

F.H. Crick, Scientific American 9 (1979) 181 -- i" - :

2) Oadat in een magnetron'de "aard van de gemeten ionen alleen

indirect wordt bepaald, is het, in tegensteLLing tot wat

Page en Goode beweren, weinig geschikt voor de iduntificatie

van negaticve ionen.

F.M. Page and C.'G. Goode, Negative ions in the magnetron.

Wiley and sons Ltd., London (19b9)

3) De bevering van Hillenius, dac een random mutatie mechanisme

nodig is om gelijksoortige mutatics bij verschiUende dier-

soorten te verklaren, is onjuist. Er worden te weinig levens-

vonnen op aarde aangetroffen om dit plausibel te maken.

D. Hillenius, Een daruinistisch antwoord aan Rudy Kousbroek,

NRC-Handelsblad, C.S. 7-7- 1979

4) Het is onjuist om bij gebruik van een fotoionisatiekamer

de invioed van secundaire electronenemissie door botsingen

van ionen met de wand te verwaarlozen.

J.A.R. Samson and G.N. Haddad, J. Optical Soc. of America

64 (1974) 47

5) De trage voortgang bij het wetenschappelijk onderzoek naar

kankertherapieen is voor een deel te wijten aan vooroordelen

bij de onderzoekers.

6) De interpretatie die Kramer en Dunbar aan de door hen met

I.C.R. opgenomen fotodissociatie spectra geven is, gezicn

de experimentele condities, twijfelachtig.

J.M. Kramer and R.C. Dunbar, J. Chem. Phys. 59 (1973) 3092
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De hantering van het begrip recidive in de Nederlandse recht-

spraak kan in de praktijk aanleiding geven tot rechtsongelijkheid.

Ue toekenning door Tsuji et al. van het bandensysteem rond

330 nm in NjO aan v'-2- v" overgangen van het N* < B V - x V )

systeem is aan twijfel onderhevig, " 8

M. Tsuji, K.Tsuji and V. Nishimura, Int. J. Massspectry.

and Ion Phys. 30 (1979) 175

Hoevel de visies van Kuhn en Popper op de ontwikkeling van

de wetenschap vaak als tegenstrijdig beschouwd worden, zijn

ze veeleer aanvullend van karakter.

I. Lakatos, De controverse tussen Popper en Kuhn, in:

Wetenschapsfilosofie en wetenschapsgeschiedenis.

Boom (Heppel), blz. 91 ev. (ishn 906009 1752 )

Het voorstel van de overheid om alle nederlanders hun diep-

vries artikelen bij de buren te laten onderbrengen past .eerde*

in het kader van een sociaal experiment, dan dat het tot

energiebesparing zal leiden.

Energie, publicatie van het ministerie van Economische Zaken,

oktober 1979
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C H A P T E R

GENERAL INTRODUCTION

Collision processes between electrons and molecules may

lead to the formation of excited molecular states, which decay

through emission of radiation. Study of this radiation pro-

vides information about both the excitation process and the

states involved in the decay. This type of emission has been

studied in the experimental work performed for this thesis.

In the scheme below some of the processes observed in the

experimental work have been summarized. They have been clas-

sified according to the energy E of the incident electrons

relative tc the molecular ionization potential I of the mole-

cule M. For simplicity it has been assumed in this scheme

that the decay processes lead to the molecular or ionic ground-

states .

Non-dissociative excitation:

e~ (E < I ) + M ->• M* + e~ -*• M + hv + e~

2e~ -*• M + + hv + 2e

M**+ e~ -+M++hv+2e~

D i s s o c i a t i v e e x c i t a t i o n

e~ (E < I) + M •*• M* + e~ -*- A* + B + e~ •*• A + hv + B + e~

e" (E > I) +H -»M+*+ 2e~ + A+*+ B + 2e~ ->• A + + hv + B + e~

M *+ e~ -*• A* + B + e~ -»• A + hv + B + e~

In this scheme M is used to denote a superexcited state,

which is a neutral state above the first ionization potential

of the molecule (see Platzmann [1]). A and B denote the frag-

ments which result upon dissociation of the molecule M.

From the above scheme an interesting property of electron mo-

lecule collisions is apparent: an electron may loose part of



its energy in a collision with a molecule, while a photon

which is absorbed looses all of it. The emission spectrum of

molecules excited by electrons which are monoenergetic may

therefore still contain radiation from all excited molecular

states with an energy up to the incident electron energy. The

spectrum might therefore become much more complicated than

the one obtained upon photon absorption. But there is also a

large advantage of electron-molecule collisions as compared

with photon-molecule collisions. In the former not only opti-

cally allowed but also optically forbidden excitations can

be induced. This increases the number of molecular states

accessible for study.

In the experimental work two different techniques were used.

In the first technique a continuous beam of electrons collides

with the molecules to be excited and an emission spectrum is

recorded. For each of the transitions in the emission spectrum

an emission cross section a can be evaluated. In the second

technique the electron beam is modulated and electron pulses

are used for the excitation. This enables the study of the

decay of the emission intensity during the off period of the

electron beam. From this data the lifetime T n v, of the excited

state can be evaluated, where n and v' are the electronic and

vibrational quantum numbers of the state.

At first sight it may appear strange that a thesis on elec-

tron-impact induced emission spectroscopy contains a histori-

cal introduction (Chapter II). To the opinion of the author,

however, the history of physics and chemistry is of vital

importance to the development of science. By studying the

history of science one might be able to circumvent those mis-

takes that were already made in the past. But also the present

state of science can be better understood when its fundaments

are clear. A good example is found in the emergence of the

atomic theory of Bohr [2], This theory itself must be consi-

dered against its background in 19-th century physics, where

the explanation for the artificially introduced classical as-

pects of the theory can be found (see also sections II.4, 5).

Spectroscopy at that time was the most adequate means to test

the various aspects of the new quantum theory.



This early connection between spectroscopy and atomic physics

is not only responsible for the enormous interest in spec-

troscopy in the first decades of this century, it is also the

source of the enormous number of approximations based on the

theory of Bohr, which are still used in the evaluation of ex-

perimental results. Examples are found in chapter III of this

thesis where apart from a description of the experimental set-

up also the evaluation procedures are given.

In chapter IV experimental work on small diatomic molecules

(CO,NO,HF) is,described and in chapter V the triatomic mole-~

cule N-0 is considered. Connected with the two chapters IV and

V is the presentation in chapter VI of;a method of analysis of

dissociative excitation processes in small molecules.

In chapter VII some larger molecules are studied and for

some radiative transitions the upper and lower levels are as-

signed. In chapter VIII some aspects of the sensitivity cali-

bration of optical detection systems are discussed and a long

existing controversy about the magnitude of a for the 4-th

positive bands of CO has been resolved.

REFERENCES

[1] R.L. Platzmann, The Vortex 23_ (1972) 372.

[2] N. Bohr, The theory of spectra and atomic constitution,

Cambridge Philosophical Society, Cambridge (1924) .
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C H A P T E R II

A SHORT HISTORY OF SPECTROSCOPY

II.1. Introduction

In this chapter part of the history of optical spectrosco-

py is desqribed. It can be safely assumed that since the first

quarter of this century the basic principles of spectroscopy

are well established. The aim of the experimental work is now-

adays reduced to the study of details. We shall direct our

attention to the relation between spectroscopy and molecular

(atomic) structure.

Apart from being purely historical, some events are also

considered from the point of view of the philosopher of science.

Two different views will be compared. The first is that of

Kuhn [1j who sees the development of science as a discontinuous

process. Progress is achieved via scientific revolutions, which

make the world before and the world after incompatible. The

other is the more continuous view of Lakatos C2]: He considers

the development as a sequence of research programs, in which

each next one extends the range of the former. Several of such

programs can coexist for some time, but finally the one with

the more "progressive potential" will win. This leads to a

gradual "evolution" of scientific theories.

The basic difference between the two theories is that Kuhn

stresses the sudden change, leading to a new theory (paradigma)

without the possibility of coexisting theories. This difference

will be discussed for the particular cases where in our opinion

the fundaments of spectroscopy were laid.

II.2. The early years (1704-1859)

This chapter describes the period, when no established

rules, neither practical nor theoretical, did exist. In

terms of the theory of Kuhn this might be called a prepara-

digma period. In the beginning even spectroscopy did not exist.
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We choose to start in 1704, when the first edition of

Newtons Opticks [3] was published. In this work the study of

all kind of phenomena related to the nature of light is des-

cribed. In this context the important experiments are those

concerning the dispersion of light. In a series of experiments

a circular hole in a curtain is used as a light source to

display the solar spectrum by dispersion of the light in a

prism. This experiment was improved later by using a slit in-

stead of a circular hole, since this enabled a better separa-

tion of the spectral colour ranges. From this moment on spec-

troscopy was in principle possible but it took a long time

before it really became a part of science.

The first step in this direction was made about a century

later by Wollastone C4]. In 1802 he published an extensive

study of the solar spectrum, using a slit as a light source

and a prism as a dispersing device. In this study the first

dark lines in the solar spectrum were observed. It was Fraun-

hofer C5] who continued the study of the solar spectrum and

could observe more of these dark lines. For this purpose he

introduced a new dispersion apparatus, the grating. At first

he used a simple reflective grating, manufactured by winding

copper wire around a metal cylinder, but later on he made his

gratings by scratching glas plates. With such a diffraction

grating he was able to observe more than 700 dark lines in

the solar spectrum. Since then the lines were called Fraunhofer

lines. He also observed dark lines in the spectra of some

bright stars, which did not all occur in the solar spectrum.

This made him conclude that the observed lines did originate

at the sun or stars themselves and were not introduced by e.g.

the atmosphere of the earth.

A second important discovery of Fraunhofer was made by

studying flame spectra of many compounds. Here he observed

that almost always two bright yellow lines were present in the

spectra at the same place where in the solar spectrum two in-

tense dark lines appeared, which he had called D-lines.

These D-lines will play an important role in the development

of spectroscopy in many respects.

I'"
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Following the work of Praunhofer more experimental flame-

spectroscopic studies were made. Herschell [6] studied the

spectra of many substances and suggested analytical applica-

tions. Fox Talbot [7] (1826) proceeds even further and says

that to his opinion one gaze at a spectrum of a compound must

in principle be sufficient to identify the compound. However,

he was not able to elaborate this hypothesis any further. On

the contrary in later work he even contradicts the insight

which might have been supposed on the basis of his first state-

ments .

The origiji of the spectra observed in flames, was not auto-

matically connected with substances present in the flames.

It was also the omnipresence of the already mentioned yellow

D-lines which has lead to strange speculations. They were

thought of as a property of the fire itself or of a compound,

closely connected to fire in an alchemistic sense, like sulphur.

But also real scientific research was made. In 1835 Wheatstone

[8] was able to show that, in an electric discharge, electrodes

of different metals yield different spectra. This was the first

time evidence was given for the idea of spectra which are re-

presentative for certain compounds. Foucault [9] did also per-

form experiments with electric arcs. He showed that absorption

and emission of radiation were connected to each other. In his

electric arc discharge he could observe D-line emission. How-

ever the emission changed into absorption when D-lines from a

second emission source were sent through the emitting region of

the first. No explanation could be given for these facts.

Angstrom [10] also experimented with an electric arc and ob-

served that although the spectrum around the electrodes was

characteristic for the electrode material, the spectrum in the

centre was that of wet air.

The explicit connection between spectra and chemical com-

pounds starts with the work of Swan [11]. He shows unambiguous-

ly that the yellow D-lines are emission lines of Na-atoms and

that their frequent occurrence is due to the omnipresence of

Na salts. Plucker [12] then extends this to the more general

conclusion that spectra of gases under low pressures are charac-

teristic for those gases or their component elements.

This was the situation at the start of 1859.

7



II.3. The work of Kirchhoff and Bunsen (1859/1860)

The preceding chapter describes the gradual demystification

of light and spectra in the first half of the nineteenth cen-

tury. Thereafter the need for a broader basis for experimental

research became obvious. Many already existing results could

not be explained and a guideline (paradigma) for future re-

search was really urgent around 1859. It was the work of Swann

and Plucker which pointed the direction, but it was Kirchhoff

who laid the theoretical basis of spectroscopy, using the re-

sults of his experimental work with Bunsen as starting point.

The most important features of the work of Kirchhoff and

Bunsen [13] are that they show that the emission lines are the

result of emission of chemical compounds in a flame or dis-

charge. Furthermore they derive that: "Fur Strahlen dsrselben

Wellenlange bei derselben Temperatur das Verhaltnis des

Emissionsvermogens zum Absorptionsvermogens bei alien Korpern

dasselbe ist". This statement is proven by a "Gedanken experi-

ment" and it is the basis for an explanation of the origin of

the Fraunhofer dark lines. In a later paper the emission-

absorption law was derived more generally for a blackbody [14].

The work of Kirchhoff and Bunsen clearly fits the experi-

mental tradition. There were other investigators (Swann, Plucker),

studying the same spectroscopic topics, but not able to realize

the meaning of their results to the same extent as Kirchhoff

and Bunsen. But yet there is no clear discontinuity in the

whole line of thought. So it seems adequate to look at the emer-

gence of this new theory, using the description of Lakatos.

Many research programs did exist at the same time (1859) , not

even always contradictory research programs, but the program of

Kirchhoff and Bunsen was the more progressive of them. Here

the direction of future research was determined.

The work of Kirchhoff and Bunsen also had some drawbacks,

however. First of all they did not use a generally accepted

wavelength scale for the representation of their emission wave-

lengths. Instead they presented them in units corresponding to

the scale of their (Heidelberg) spectrometer, which made their

results almost useless to other investigators.

vv



But also more serious errors were present. They did assume

that the spectrum of a molecule was identical with the sum of

the spectra of its compound atoms. Also was it stated that the

spectrum of a molecular gas is in principle independent of the

temperature and pressure of the gas. It was especially with

respect to these two errors that at a fast rate some improved

versions of the theory were generated. This process could be

expected frcm the point of viev of Lakatos. We shall discuss

these improvements and their investigators in the next chapter.

The work of Kirchhoff and Bunsen triggered a new period of

research. But now the research was governed by some underlying

principles, the priorities were clear now:

1) research for new chemical elements by the study of spectra,

both of stars and of substances on the earth (flame spec-

troscopy);

2) interpretation of spectra by trying to discover regularities

in the emission patterns. This requires fairly accurate

wavelength measurements, and consequently improvement of

the optical detection systems;

3) interpretations of the emission spectra of separate atoms

on the basis of the laws of classical physics. This is clear-

ly connected with the interpretation of the emission-

absorption law at the atomic level.

In the next chapter these points will be discussed separa-

tely. It will then become obvious that especially the third

point caused an enormous number of troubles, which finally

appeared to be unsolvable within the domain of classical

physics.

II.4. Spectroscopy between Kirchhoff and Bohr (1860-1911)

The period following the work of Kirchoff and Bunsen can be

discussed from many points of view. Although we shall mainly

follow the lines of the three priorities mentioned in the pre-

ceding chapter, we shall first comment briefly upon the draw-

backs of the work of Kirchoff and Bunsen.

vs. - -



It had to be expected that the wavelength scale of Kirch-

hoff and Bunsen should not become generally accepted in the

spectroscopic world. It had its small place, together with

that of Fraunhofer, until 1867. Then the Angstrom scale was

introduced, which was based on natural units, with a standard

of 10~ 1 0 m (see Angstrom C151).

The suppositions concerning the equivalence of molecular

spectra to the sum of the spectra of its atomic compounds also

did not live long. Roscoe and Clifton L163 have shown that

molecular spectra are more than the simple sum of their con-

stituent atomic spectra. However, Mitscherlich C17D did show

that this was not in contradiction with the observations of

Kirchhoff and Bunsen. At higher temperatures he found that the

molecules dissociated into the component atoms and it was the

resulting atomic emission that had been detected by Kirchhoff

and Bunsen.

Concerning the temperature and pressure dependence of the

spectra, Lockyer [18] has found that both do influence the

spectrum of a compound in a spark bow discharge. The spectrum

was observed to vary from place to place between the elec-

trodes, due to the fact that the temperature and the pressure

vary at different distances from the electrodes.

So at that moment, 1873, all theoretical errors in the work

of Kirchhoff and Bunsen had been corrected. But the research

triggered by the positive aspects of their work was still on

its way. In the next three subsections we shall discuss this

research along the lines of the three priorities mentioned in

the previous section.

11,4,1, Research for new elements

The research for new elements became very important in the

years after 1860. It was however purely phenomenological and

there existed hardly any connection with the fundamental ques-

tions concerning atomic structure. This research merely

provided a large number of new elements, which could be fitted

in the periodical system of elements; as such they would be-

come of some use in the later development of atomic physiscs.

10
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11,4.2. Phenomenologioal interpretation of spectra

The interpretation of spectra in terms of regularities,

connecting the wavelengths of emission lines in atomic spec-

tra, in the first place required accurate wavelength measure-

ments. We have already mentioned the work of Angstrom [15],

who introduced a useful scale. Furthermore around 1860 photo-

graphic recording of spectra also increased the accuracy of

the wavelength determination in the visible range. So Angstrom

also performed a series of wavelength measurements, that were

thought to be very precise. Afterwards however it appeared

that the accuracy was not as good as Angstrom supposed, mainly

due to a systematic deviation in the scale and to aberration

in the prism and the lenses of the spectrograph.

Rowland [19] resolved the resulting troubles by measuring

these data, using a concave diffraction grating instead of a

prism, which enabled direct focussing on the photographic plate.

The connected improved wavelength scale was used from 1888 to

1907, when it was replaced by the "international system of

wavelength" scale, based on the measurements of Fabry.

The search for regularities in the atomic spectra, especial-

ly before 1888, was a difficult one, due to the inaccuracy of

the available wavelengths. But also no indication of the sort

of regularity to be expected was known. The troubles rose to a

maximum in 1880 when Schuhster [20] showed that on statistical

grounds some regularities will always exist in spectra, even

with no cause for them in molecular or atomic structure. This

result was deduced from a statistical study of the H 2 spectrum.

This discovery stopped the search for regularities for a short

period.

In 1885, however, the breakthrough occurred. Balmer [21]

found his famous relation for the wavelength ratios of what is

now called the Balmer series in the hydrogen atom. The derived

formula was simply: X = An2/(n2 - 4) , where X is the wavelength,

A is a constant and n varies according to Balmer as 3 <n< 15.

This made it possible to determine A.

The same type of dependence was afterwards found for many

other atoms and later also for molecules. The more famous for-

mulas were found by Kayser and Runge [22] and Rydberg [23],

11
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where that of Rydberg is the more general: v =RZ C(l/n2) -

^)], where n ^ n ^ In this expression R is the Rydberg

constant, Z is the atomic number and n 2 and n^ are the prin-

cipal quantum numbers of the states concerned. These new

results lacked all explanation. The underlying theory, clearly

connected with the structure of the atom, was an absolutely

unknown part of nature. So all efforts were directed toward

the discovery of the atomic structure.

II.4.3. The theory of atomic structure

Around 1900 no serious improvements had been made in the

explanation of atomic spectra since the work of Kirchhoff and

Bunsen. First of all this seems to have a mental cause. The

origine lies in the ideas about the atomic structure of matter

at that time. The atom had not changed since Demokritos had

postulated its existence in ancient times. The atom was still

thought of as an unsplittable entity. The only extension was

the fact that it was allowed to move in certain vibrations.

These vibrations could be excited and would emit light with

the same frequency as that of the excited vibration. It can be

understood that an enormous number of such vibrations had to

be supposed in order to explain even the simplest atomic spec-

trum. So the first step towards better understanding was to get

rid of the idea about what an atom ought to behave like, accor-

ding to philosophical tradition.

The first move in this direction was made by Lockyer [18],

who had a dissident opinion and did consider the atom as a

"molecular grouping" of smaller constituents. At higher tempe-

ratures the atom is practically broken up and it are the vibra-

tions of these constituents which provide the vibrations of the

emitted light. He derived support for his theory from coinci-

dences of emission lines in spectra of different compounds,

which he ascribed to vibrations of common simple basic grou-

pings. However, these coincidences were based on the rough mea-

surements of Angstrom and were removed by more accurate later

measurements. The theory of Lockyer was forgotten from then on

and the atom remained unsplittable until 1900.

12



The first real physical evidence for an internal structure

of the atom was provided by Lenard [24] in 1900. He discovered

that a metal, which is irradiated with light of a frequency

above a certain minimum, emits electrons (cathode rays). This

inspired him to work on an atomic model which will be discus-

sed later on in this section.

In the same year, 1900, a very remarkable theory on the

structure of matter was introduced by Planck [25]. Here matter

was considered as existing of oscillators, which were respon-

sible for the emission and absorption of radiation. According

to the law of Kirchhoff, these oscillators must be in equili-

brium as far as emission and absorption are concerned. This

condition led him to the assumption that the emission and ab-

sorption of energy could only occur in certain discrete por-

tions which he called quanta. These quanta then obtain the

magnitude of: h/2iT, where h is a constant called Plancks con-

stant. The energy adsorbed or emitted is then equal to:

E = n hv, where v is the frequency of the absorbed or emitted

radiation and n = 0,l, etc. This hypothesis was in excellent

agreement with all experimental data. It was however considered

to be a purely statistical model of matter and not a physical

model. Therefore other solutions of the problem of the black-

body radiation were looked after, which had firmer roots in

classical physics.

The procedure followed here can be described nicely by using

the work of Lorentz as an example. H.A. Lorentz [26] spends

many pages on the blackbody radiation problem. The theory of

Planck however, is mentioned in a few sentences only. Most of

the pages are filled with a brilliant derivation of the for-

mula for the absorption and emission of radiation of long wave-

length by metals. This derivation is purely classical, using

free electron theory for the absorption part. The emission is

described under the classically plausible assumption that elec-

trons can only radiate when their velocity changes. This is

thought to occur only in the case of collisions between elec-

trons and metal atoms. The formula, found this way, agrees also

with the experimental data and in fact is the long wavelength

limit of the Planck formula. Nevertheless it is clear that to

13



the comtemporary physicist the theory of Lorentz is the more

elegant since it has to do with electrons. It was a pity that

the theory of Lorentz did not work for shorter wavelength

radiation, but it provided new hope that everything would be

solved within the classical physical tradition.

On the other hand the evidence that some properties of

matter could be quantized is getting stronger. A good example

is the fact that the quantization of charge (the existence of

a unit charge!) was readily accepted in the years following

the work of Lenard on electrons . In his work on the Photo-

electric effect, Einstein [28] suggested that radiation might

be quantized in quanta hv, which would explain the required

minimum frequency at which the effect becomes observable. This

minium frequency would be necessary to provide the energy to

overcome the binding energy of the electron to the metal.

From the works of the authors mentioned above it is clear

that it was realized that electrons were a part of the atom.

This means that an atom could no longer be unsplittable and

that it became necessary to construct models of it. Various

models have been proposed in the course of time and we shall

look at the more important ones.

The first was that of Lenard [29], based on his work on

cathode rays. He constructed the "dynamid" model, in which a

positive and a negative electron were bound together to form

a dynamid. An atom with the number N in the periodic system of

elements was assembled from N dynamids with much empty space

in between. This model shows some similarity to the already

mentioned model of Lockyer and since it didn't explain any-

thing else than the cathoderay experiments it was forgotten

as soon as that of Lockyer.

A more successful model was that of J.J. Thomson [27], Here

the atom consisted of a positive core with the dimensions of

the atomic volume, in which the electrons are embedded. This

model was used by Lorentz but it appeared insufficient to ex-

plain the Zeeman effect, which was already known experimentally.

*The full proof for the existence of a unit charge was obtain-

ed by J.J. Thompson [27] in 1907.
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Also the problems concerning stability of the atom and the

(connected) problems of emission and absorption of radiation

could not be solved in this model.

Apart frop:. these two models there existed a number of

"chemical" models, which were extremely statical and did not

explain anything else than the chemical data they had been

invented for.

The first model which had the support of a really over-

whelming mass of experimental evidence was that of Rutherford

[30], which he proposed in 1911. It was based on the results

of collision experiments between a-particles and gold foil.

In this model the atom consists of a small massive nucleus,

where more than 99% of the atomic mass is concentrated and

which is surrounded by electrons, moving in orbits around it.

The nucleus had a positive charge equal to the number of elec-

trons moving around it. Although the experimental evidence

was overwhelming, the model had one serious drawback: it was

highly unstable on the basis of classical electrodynamics.

To understand this, we shall consider the model more closely.

Consider the case of a hydrogen atom, a nucleus with one

electron moving around it. Taking Kepplers law for the rota-

tion of the electron we obtain:

2 3 4
ui = 2 W /ir e m and 2 a = (1)

where w is the revolution frequency of the electron in its

orbit, W the work needed to remove the electron from its orbit

to infinite distance, m the electronic mass, e the unit charge

and 2a the length of the major axis of the elliptical orbit.

Electrodynamics predicts that because of the continuous change

in velocity of the electron in its orbit, it would radiate

energy. This would lead to a continuous increase in W and hence

to a complete collapse of the atom. The whole process would

take less than 10~ 1 2 s. But experimentally the atom was known

to be stable. There seems to be no way out.

We think that the best description of the state of atomic

physics was given by Ritz a few years earlier: The entire his-

tory of the atom is written in its spectrum but is written in

hieroglyphs and we cannot decipher them.

15



II.5. A consistent atomic model. Bohrs theory (1913)

In 1913 the fundaments were laid for a theory which should

dominate atomic physics for a long time. In this year Niels

Bohr made the connection between the unstable Rutherford atom

and the strange quantum theory of Planck. This essentially

meant that the electron no longer behaved according to the laws

of classical electrodynamics,, but obtained some new, quantized

properties. These quantum-properties were the first step in

the direction of an experimental study of the whole subatomic

world, which led to the theory of quantum mechanics. Here we

shall follow Bohr in his first steps.

In his first essay from 1913 (see Bohr [31]) a systematic

approach is presented. At first the phenomenological relations

for emission lines like those of Balmer and Rydberg are discus-

sed briefly. Then the atomic model of Thomson is mentioned and

its insufficiency is described. The Rutherford atomic model is

also discussed, of course with emphasis upon its theoretical

instability. Thereafter the dilemma in the absorption and emis-

sion theories is considered, where especially the work of

Planck is compared to that of Lorentz.

To escape from this enormous mess Bohr decides to use the

Rutherford atomic model but to leave the field of classical

electrodynamics. Applied to a hydrogen atom this leads to the

view of a nucleus, surrounded by one electron. Then the new

assumptions of Bohr are that, when in a spectrum a line of fre-

quency v occurs the energy of the atom must have changed by

an amount E^ - E2 = hv, where E, and E_ are the energies before

and after the radiative process. This can only be effectuated

by assuming many stable states for an atom, while each emission

line corresponds to a transition between two of them. The basic

idea of Bohr was suggested by its formal equivalence with the

energy of the Planck oscillator. There the energy difference is

of course E j - E ^ n h v , where n = n^ - n2, the difference in the

quantum numbers for the energy levels of the oscillator before

and after radiation.

When this idea of Bohr was introduced in the Rutherford

atom the energy of a stationary state for the hydrogen atom

was found as:
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E = -h cn

for the n-th state. Introducing this E n as W in eq. (1)

yields

(l,
2 = 2R 3h 3c 3/Tr 2e 4m n 6

(2)

(3)

where R is the Rydberg constant. It is evident from eq. (2)

that the formula for the transition from the level n-^ to

n~ = 4 is the same as that found experimentally by Balmer.

So the theoretical basis of this type of formulas was present

in Bohrs theory. Furthermore comparison of eq. (2) and eq.

(3) shows the total uncoupling of the radiation frequency v

(found as (E, -E2)/h) and the rotational frequency u. This

is the basic difference between classical electrodynamics and

quantum theory.

However,after this sudden revolution in the scientific

thought it was Bohr himself who did not want to leave all

contact with classical theories. So he introduced what would

later be called the correspondence principle, which we shall

briefly discuss now.

It was known to Bohr that, for slow electromagnetic oscil-

lations, the classical emission theory of Lorentz was equiva-

lent to that of Planck. The relation with the atomic level was

straightforward: From equation (3) it is obvious that for

large values of n the limit %/ u
n + 1 approaches 1. In the

quantum theory transitions between the two corresponding

levels n and n + l occur at the frequency

v= lim Re (1/n2 - =2Rc/n3 (4)

When the quantum approach must be equivalent to the classical

approach in this limit, this means that the value for v of

eq. (4) can be substituted for u in eq. (3). The value then

obtained for the constant R: R= 2ir2e4m/ch3 is equal to the

best experimental or theoretical value known in 1913. This in

fact proves the equivalence of both theories in the long wave-

length limit and opens the range of successes of the corres-

pondence principle.
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Let us turn now to the philosophical implications of the

above mentioned process. Lakatos [2] has considered this case

extensively in the book referred to and he classifies this as

the creation of a new research program on the basis of two

conflicting research programs. This new program appeared the

more progressive and has beaten the others. Of course the

Bohr program had to be apiended many times and was eventually

replaced by the newer and then more progressive theories of

wavemechan.ics etc.

However from the description given in this work it appears

that the moment of creation of the new theory of Bohr is not

represented adequately in this analysis of Lakatos. Our opinion

is that here the description of Kuhn, where the moment of the

birth of the new idea is considered as a discontinuity is more

adequate. We think that here really a scientific revolution

took place. At the moment the new theory existed it became

obvious that the classical electrodynamic research on the

atomic structure was useless, which necessarily meant the end

of that research program. This of course corresponds to the

statement of Kuhn that the old and the new theory cannot exist

together as separate equivalent theories. So contrary to the

Kirchhoff case discussed before, where the theory before and

after Kirchhoff were not mutually exclusive, here the contra-

dictory theories of Bohr and that of classical electrodynamics

make the description of Kuhn more adequate.

fcs;

•A-

w:

II.6. Atomic physics from 1914-1925, the Franck-Hertz

experiment.

In this section we sh. 1 mainly be concerned with the de-

velopment of experimental spectroscopy on the basis of the Bohr

theory. Some points of interaction between theory and practice

will of course be encountered, but these shall be discussed only

briefly. However, even the development of spectroscopy as a

whole would mean too large an area to survey. In this context

it seems most apt to look at the birth and growth of "electron

impact induced light emission of atoms and molecules". The

origin of this work was the well known experiment of Franck
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and Hertz in 1914.

Franck and Herts [323 were the first to perform electron

impact experiments on atoms and molecules. Soon the energy of

the electrons could be varied and ionization potentials were

measured. But also light emission was studied upon electron

impact. Already in 1919 radiation of many atoms had been stu-

died as a function of the electron impact energy. The theore-

tical explanation was easy most of the time, using the Bohr

model. Also some molecules had been studied by then.

A remarkable fact is that almost all spectroscopic features

and the connected theoretical implications were known at this

moment. This becomes obvious when standard works on atomic

physics from this period are studied. Sommerfeld [33] gives

the following data on spectroscopy in 1922: "There exist both

optically allowed and optically forbidden excitations which

can be excited together in electron impact". This difference be-

tween photon and electron impact was explained by assuming

atom—ether coupling. This coupling prohibited excitation of

optically forbidden transitions by photons, but was disturbed

in the case of impact of the much larger electron.

Continuous as well as discrete spectra were known to exist,

and also the difference between rotational, vibrational and

vibronic spectra was mentioned.

The only non-solved difficulty in 1922 was the multiplet

structure of some emission lines. This was first observed for

the famous Na-D lines but later also for many other emissions.

A solution for this problem was found by Uhlenbeck and Goud-

smit [34] in 1925. They introduced an extra degree of freedom

for an electron, visualised as an internal rotation and they

called it electron "spin". This spin completed the Bohr theory

and basically it is still this Bohr model which is used nowa-

days in spectroscopy. In fact the reason for this is that it is

much closer to classical physics than later quantum theories

and, as such, much easier to handle in experimental spectros-

copy.

f
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II.7. Nothing changed since 1925?

It might appear a crude statement but really nothing new

was discovered in the field of electron impact induced light

emission after 1925. Of course there has been a development,

both in theoretical and experimental respect„ But the basis

remained the same. So what did change?

Firstly the quantity of studied molecules increased enorm-

ously. But also the results of the electron impact experiments

became easier to understand as the theory was developed further.

The most important progress was made by the work of Bethe [35]

in 1931. He has shown the formal equivalence of a high energy

electron beam with a white photon beam. This work did influence

the spectroscopic world enormously.

Furthermore the technical progress was enormous. Detection

of low intensity signals became possible with very sensitive

photomuliplication tubes and enabled other signal processing

than was possible with photographic recordings. Also pulse

counting techniques entered the domain of the spectroscopist„

These techniques enabled accurate measurements on the lifetimes

of excited atomic or molecular levels.

As a third influence the enormous advance of fast digital

computers must be considered. This enabled explicit theoreti-

cal calculations of many important atomic and molecular proper-

ties, necessary to interprete experimental data (e.g. Franck-

Condon factors). So it is mainly the technical advancement

which determines the difference between the work in the thir-

ties and that in the seventies.

Apart from this there has also been a shift of interest

in the years between 1930 and 1970. It was first nuclear phy-

sics and later elementary particle physics which were the im-

portant research areas. However, in the last years atomic and

molecular physics is regaining interest. Application of spec-

. troscopic techniques to bio-molecules and to those molecules

which pollute the atmosphere of the earth seem to be highly

interesting new research programs.
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C H A P T E R I I I

EXPERIMENTAL SET-UP AND THE EVALUATION

OF EXPERIMENTAL RESULTS

I I I . l . Apparatus

The experimental set-up used in this work has been de-

scribed extensively before by Beenakker [1] and Mohlmann

T2]. Here only a short description will be given. In fig. 1

a schematic is shown. The apparatus is seen to consist of a

vacuum chamber, pumped by an E04 (Edwards) oil-diffusion

collimator ,
electron gun

—connection tubes to monochromators
i

gas inlet

Faraday cage

magnet coils

fig. 1. Schematic of the apparatus.

pump. Inside this vacuum chamber an electron gun is fitted,

which can produce a mono-energetic beam of electrons (ener-

gy spread 0.5 eV, current 0-600 \iA) having an energy which

can be selected upto 2000 eV. The electrons are directed in-

to a collision chamber through a differential pumping hole.
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The pressure of the target gas in the collision chamber is

measured with an MKS baratron capacitance manometer and can

be varied between 10~5 - 10~2 Torr. The background pressure

is kept in the 10 Torr range.

Under the experimental conditions used to obtain a for

an observed transition, the electron beam current is kept be-

low 50 yA for electron-impact energies below 100 eV and a

small coaxial magnetic field is applied to confine the elec-

tron beam. The energy of the incident electrons is calibrated

against appearance potentials of emissions for which the on-

sets are accurately known, e.g. the 4 S - 2 P transition in

He at 23.6 eV or the first negative band in N_(v' = 0) at

18.75 eV.

The produced light is observed under an angle of 90 to

the electron beam by means of two monochromators (Carl Leiss)

equipped with photomultipliers. The first monochromator

covers the 185-550 nm range, has a grating with 2160 grooves/

mm which has been blazed for 200 nm (reciprocal dispersion

at the exitslit: 15 A/mm). As a detector an E.M.I. 6256 S

photomultiplier is used in this region. The second monochro-

mator is used in the 450 - 900 nm range and is equipped with

a grating with 1200 gr/mm which has been blazed for 750 nm

(reciprocal dispersion at the exitslit: 27 A/mm). To this

monochromator an R.C.A. 31034 A photomultiplier is attached.

Both photomultipliers are cooled thermoelectrically below

-15°C. The output pulses of the photonvultipliers are fed in-

to a counting line consisting of a pre-amplifier, a discri-

minator/pulse shaper and a pulse counter (SSR-1110 D.S.C.).

The procedure used to obtain the quantum yield of the optical

system is described in refs. [1,2] and ir. discussed in sec- .

tion IV.2 of this thesis.

In Chapter VIII the calibration of a third monochromator

(u-Minuteman, 0.5 m, Czerny-Turner system) is discussed. This

vacuum monochromator has been calibrated in the 120-250 nm

region while it was equipped with a Jobin-Yvon holographic

grating (2400 gr/mm, sensitivity range 100 - 250 nm). The

reciprocal dispersion at the exitslit of this device is 8 £/
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nun. The detector used in this wavelangth range was an E.M.R.

(model 542) solar blind photomultiplier. The spectrograph

was kept at pressures below 10 Torr by means of an EO2

(Edwards) oil-diffusion pump, baffled with a liquid-nitro-

gen trap.

When the apparatus described above is used to measure

lifetimes, it is slightly modified in such a way that the

electron-*beam can be pulsed by modulating the potential of

the first electrode of the gun. A block diagram of this set-

up is presented in fig. 2.

Coll.C

t
lit

E.G

RA

hV

RM

D Delay

M

StOf

TAC

I

jn. Amp P.G

>

/ • -v

start

fig- 2. Block diagram of the set-up for life-

time measurements. EG: electron gun, PG: pulse

generator, Coll.C: collision chamber, M: mono-

ahromator, P.M.: photo multiplier, P.A.: pre-

amplifier, D: discriminator, TAC: time to am-

plitude converter, PHA: pulse height analyser.

The pulse generator which modulates the electrode potential,

also starts a time to amplitude converter (Elscint, TAC-N-1)
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which is stopped by the first photon arriving at the detec-

tor after_the starting pulse. The generated amplitude is pro-

portional to the-start-stop time difference and is stored

in a DDC 116 minicomputer which is used as a multichannel

analyser. By repeating this procedure a decay: curve is ob-

tained (see also section III.3.1). The repetition frequency

(0.01-2 MHz) and pulse-width (0.05-5 ys) were selected for

each experiment such that the pulsewidth was of the order

.of the lifetime rnv> and the time between the pulses was

5-10 T ,. The switching off of the electron pulse was so
nv i ft -

fast in comparison with the measured lifetime that it did
not affect the results. . - -. : . =

III.2. Evaluation of emission cross sections ocm-

The emission cross section cr is related to the <

mentally determined quantities through the formula:

_ 4ir S(w) P
7em W(J> k(X) n L

(1)

where S(w) is the measured signal (counts/s) for a given so-

lid angle of observation w, <j> is the electron flux through

the collision chamber, n the target gas density, L the obser-

vation length along -the electron beam,; k(X).the quantum yield

(counts/photon) of the optical system at wavelength X, and P

is a correction factor for the polarization of the emitted

radiation. For radiation from molecules the influence of po-

larization is found to be small and has therefore been ne-

glected, unless indicated otherwise.

III.3. Evaluation of the lifetime

III.3.1. The single photon counting method

As "described in the experimental part a single photon

counting technique is usad to obtain the lifetime of an ex-

cited molecular state. It is not obvious that this method ac-
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tually leads to a decay curve which is related to the life-

time of the molecular state. In the following derivation the

lifetime will be called T when it is discussed in general

and T , when a specific excited state is referred too.

At the moment t=0, when the electron beam has just been

turned off, the number of excited molecular species which

can decay under emission of a photon of the selected wave-

length is defined as N . The number of excited species at a

time t after t=0 is then expressed as:

N(t) = -t/x (2)

The probability dP for one of the N excited states to decay

between times (t, t+dt) is thus represented by

dP = p(t) dt = 1/x e~t/T dt. (3 )

As a consequence the probability that of the ensemble of N

excited states one state decays between (t, t+dt) and all

others afterwards must then be written as

dn = N Q p(t)dt [ | p(t') (4)

Substitution of eq. (3) in eq.. (4) yields

dn =(No/x)e~
Not/Tdt (5)

which expresses the fact that in this experiment a decay

curve will be obtained which depends on T/N Q. S O when a de-

cay curve is desired which depends only on x, it is neces-

sary that only one photon is observed per electron-pulse.

For statistical reasons it is then better to observe only

one photon per 100 electron pulses (see Bridget et al. [3J),

which reduces statistical errors to less than 1%. Under ex-

perimental conditions the number of photons which is observed

per electron pulse can be selected not only by varying the

gas pressure or electron current, but also by adjusting the
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solid angle of observation. It is the smallness of this ob-

servation angle (of the order of 10 sterad) together with

the low sensitivity of the monochromator (k(A) of the order

of 10~2) which allows 104 - 105 relevant excited states per

pulse in the collision chamber.

III.3,2. Influence of predissociation and gas density on

T for neutral states

The lifetime x is not necessarily the inverse of the tran-

sition probability for radiative decay, since also non-ra-

diative decay-processes such as predissociation or collisio-

nal quenching may influence the lifetime of a state. For a

neutral state this is generally expressed as

x"1 - A
tot rad non-rad k q C M ] (6)

where A. . is the total transition probability, A , the

radiative transition probability, A n o n_ r a (j contains mono-

molecular non-radiative decay such as predissociation, k is

a constant for bimolecular quenching and CM] is the density

of those molecules that quench the emission, which mostly

are target gas molecules.

In Chapter V the influence of predissociation on the life-

time of some vibrational levels of the N2O(A
2E+) state is

discussed. The effect of collisional quenching e.g. is ob-

served in the gas density dependent behavior of the life-

times of the CO(a' z+) and CO(d3A) states. Under our experi-

mental conditions the latter effect is only observable for

lifetimes x > 1 ps.

III.3.3. Influence of space charge on the lifetime of

ionic states

When excited ionic states are studied instead of excited

neutral states, another effect exists which may make the

measured lifetimes different from the radiative lifetime.
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After the collision the scattered electrons which have some

kinetic energy left will leave the observation region in a

short time. It is then possible that the ionic states out-

number the electrons present in the collision chamber. The

result is a positive space-charge as described e.g. by

Mohlmann and de Heer [4]. The charged particles will repel

each other due to the Coulomb forces and they may leave the

observation region before decaying if the radiative lifetime

is of the same order as or larger than the time required to

leave. This leads to a shortening of the observed lifetime.

The influence of the space charge effect is dependent on the

ion-density in the collision chamber which in turn depends

on the electron pulse-width, the current in the electron

pulse and on the target gas density. In cases where the space

charge effect is likely to exist, precautions have been taken

to minimize its influence by performing the measurements un-

der low pressure and low electron current conditions (see

section IV.3).

III.3.4. Non-exponential decay

In the cases described in sections III.3.2. and III.3.3.

the measured decay curves of the excited states will all

show single exponential behaviour. In some studies, however,

multi-exponential decay is observed. This may be due to cas-

cade from higher states to the one from which the emission

is studied. The cause may also be found in a superposition

of radiation from different excited states at the wavelength

of observation. An example of the latter case is discussed

in section IV.1.

III.4. Relations between a ,T , and the transition-

probabilities in molecules

III.4.1. Bandstrength

For a vibronic transition between electronic upper state
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i|i with vibrational quantum number v1 and electronic lower

state ij; with v" as vibrational quantum number we can define

the bandstrength Pv-ivn as:

(7)

where <v'I and |v">denote vibrational wave functions and

Re(R) is defined as

Re(R) .= (8)

where R is the internuclear distance and M is the electronic

dipole moment operator. This bandstrength P VI VII is related

to the experimental emission intensity Ivivn (photons/s) by

~ N v' Av'v " = Nv' K " pv'v" (9)

and also to the radiative lifetime by

= 2. r'v" = K Z. Pv'v'
(10)

where N , is the population of the v1 level, A , „ the tran-

sition probability for spontaneous emission from the nv1 le-

vel, K is a known constant and v , „ is the frequency of the

radiation emitted in the v'-v" transition (see also Herzberg

[5]).

From eq. (8) it follows that the dependence of R on R re-

sults from the dependence of iji and/or ip on R. When the

Born-Oppenheimer approximation is used the electronic and

vibrational motion are separated, which results in a facto-

rization of the total wavef unction: i|i(r,R) = i|i°(r) x(R)-

(r) denotes the electronic wavefunction at R=R , theHere

internuclear equilibrium distance and x(R) i s the nuclear

wave function. Since the electronic wavefunction is sometimes

found to be dependent on the internuclear distance, it is

necessary to improve the approximation by admixing other elec-

tronic wavef unctions i|i°(r) with R dependent coefficients.

30

••ev-



For to this expansion is

a±(R) (11)

and f o r iji.

(12)

First order perturbation theory with as a Hamiltionian

(r,R) - He(r,Ro) + (aHe(r,R)/3R)R .R (13)

gives as a solution for the coefficient a. from eq. (11)

a±(R)
Eu Ei

(14)

and a similar expression can be obtained for b..

So in first order perturbation theory R is at most quadra-

tically dependent on R. When also higher order perturbation

terms are included the more general dependence of R on R
6

will be found as a power series in R:

R_(R) = .L° c. R1

e i=0 x
(15)

which will be used further in this section.

Experimental determination of the dependence of Re(R) on

R can thus provide a check on the importance of coefficients

like a± and b. for a certain molecule. This implies that de-

viations from the Born-Oppenheimer approximation are observed

when Rfi is found to depend on R.

III.4.2. Determination of R0(R) from experimental data

When the power series of eq. (15) is introduced in eq. (7)

the expression for Pv,v,, becomes

lilo c± (16)
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R (R) can now be obtained from eq. (9) or eq. (10) by cal-

culating the matrix elements <v'|Ri|v"> snd computing the

coefficients c. by a least squares fit to the experimental

data. In the case of experimental lifetime data 3 set of

non-linear equations must be solved due to the summation

over v" in eq. (10). Such a calculation has been done by

Cartwrigth [6].

In order to avoid such tedious calculations the r-centroid

approximation of Fraser [7] is often used. The r-centroid is

given by

r , „ = <v'|R|V">/<V'Iv">
V V

This approximation further assumes that

(17)

v'v1
n' |Rn|v">/<v' |v"> (18)

which was made plausible for many molecules by numerical cal-

culations (see e.g. ref. [8]). The above approximation sim-

plifies the powerseries for R (R) and leads to the expres-

sion for pv,vll

•v'v" di (19)

where the coefficients d i will be equal to the ^ of eq.

(16) if eq. (18) holds exactly true.

For definite cases it was shown by James [9] and Klemsdal

[10] that eq. (18) is not always true. They also prove that
rv'v" c a n n o t ke considered as a mean internuclear distance

during the transition v'-v", since *v,v» can take negative

values [9] or correspond to internuclear distances far out-

side the Franck-Condon region [9,10]. However, for transi-

tions where the criteria of Fraser [7] have been fulfilled,

it seems that the r-centroid method gives the same result as

direct calculations using eqs. (10 or 11). It is, however,

necessary to check this equivalence for each separate case,
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which requires numerical evaluation of the same matrix ele-

ments as involved in a direct calculation of R (r). This ar-

gument strongly favours direct calculation avoiding the r-

centroid approximation, but this presupposes computer faci-

lities for evaluating the required matrix elements.

As far as the behaviour of R as a function of R, en-

countered in this thesis is concerned, no troubles arise.

Here the r-centroid method was used, but nowhere a more than

linear dependence of R upon rvivn was found. As can be seen

by comparing eq. (16) with eq. (19) the r-centroid approxi-

mation will be exact for these cases.

III.5. Energy dependence of o „ and a
• ' • • © I I I " '"• ""••-' "

III.S.I. Low energy electrons (0-100 eV) incident on

molecules

The dependence of the excitation cross section a on the

electron impact energy is studied by recording the emission

intensity as a function of energy, a so-called excitation

function. When the threshold for the excitation process,

which can produce the excited state from which the emission

is studied, is reached, the emission intensity increases

above zero. Neglecting energy resonances [11] the shape of

the excitation function is dependent on the nature of the

excitation process involved. When the maximum intensity is

reached a few eV above threshold and a sharp decrease is ob-

served afterwards, an electron exchange excitation is in-

volved (e.g. singlet-triplet or doublet-quartet excitation).

For optically allowed excitations the increase of the exci-

tation function is much slower n̂cl the maximum is found at

four times the threshold energy. The maximum for a symmetry

forbidden excitation is found in between.

Whenever various types of excitations contribute to the

formation of the observed emitting state, the excitation

function will be a superposition of the separate excitation

functions.
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III.5.2. High energy electrons (above 100 eV) incident

on molecules - the Bethe theory

For sufficiently high energies the behaviour of the emis-

sion cross sections and excitation cross sections can be

described by the theory of Bethe [12] which was revisited

by Inokuti [13]. In this theory aR v, which is the cross

section for excitation to the nv1 state is expressed as a

function of the incident electron energy E , by

.2 R-,..;":_ .::;.c" - . - V ""••;
— (20)

nv1 Eel

where R is the Rydberg energy, a the Bohr radius, M the

dipole matrix element for excitation and c^^_ is a constant

dependent on the target gas. When the n v' state decays via

emission of a photon of wavelength X the emission cross sec-

tion is found as

X,em V- (21)

where A i s the efficiency for the relevant emission process.

Substitution of eq. (21) into eq. (20) shows that upon

writing

M 2 = A,em r M2

n
(22)

the equivalent of eq. (20) for emission is obtained, where
c
e x c =

 c
em- For excitation to a discrete state the matrix

element M n is related to the optical oxcillator strength f

by

»l- n
(23)

where E n is the excitation energy of the level.

For excitation into the dissociation continuum a similar

relationship as eq. [20] can be given, but here the dipole

matrix element for excitation M is related to the oscil-

lator strength via
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M
exc

(R/E)(df(E)/dE) dE (24)

where df(E)/dE is related to the photoabsorption cross sec-
tion 0 _(E) via

P a

(R/E) df(E)/dE = (mcR/we2h) a (E) = 0.124 C J ( E ) (25)

where o is expressed in M barns (10 cm ) , m is the elec-

tron mass, e is the elementary charge, c the light velocity

and h is Plancks constant. •--:---.-.-.--.v-i-.i-T:,'/-""""" •"--'-.'•'i-'-

When the dissociation process following the excitation

in the dissociation continuum leads to an excited fragment,

emitting photons of wavelength X in its decay, the equiva-

lent of eq. [20] for emission is obtained by introduction of

<J.d(E) (R/E) (df (E)/dE) dE (26)

"diss

where <}>, (E) is the efficiency for the dissociation process

leading to the observed emitting fragment.

The most general form of eq. [20] for o is given by

A,em

4 i r a o R
 M2 , c e m E e l

~E~[- Mem l n R— (27)

|;

*'' I

where M is given by eq. [22] or eq. [26] when excitation

to a discrete state or to a continuum is considered, res-

pectively.

From eq. [27] it is seen that a plot of a E ,/4ira2R

versus ln E , will be a straight line in the domain where

the Bethe theory holds. This so-called Fano-plot (see Fano
2

[14]) has M e m as slope and c e m as intercept with the ln E ,

axis. When c e m « 1 and M e m > 0 it has been shown that optic-

ally allowed excitations dominate while in the case that
2

Cgm » 1 and M e m is small optically forbidden excitations

are dominant. In the intermediate case, c > 1 and M 2 > 0,
em em

both types of excitations are present. The theory described

above is used frequently in the next chapters to determine

the character of an excitation process.
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CHAPTER IV

PART A

RADIATIVE LIFE TIMES OF THE CO a' 3 l ' + , b •1S+ . c 3 I I . d 3A AND B ' S + STATES.

ABSOLUTE EMISSION CROSS SECTIONS FOR THE b 3 S + - a 3II AND c 3 I I -a 3II TRANSITIONS

FOR ELECTRONS ON CO

I LA. VAN SPRANG *, G.R.MOIILMANN ** and F.J,Je HEER
IWt-lnstituut nior ,U<«fm- <•» MuUvuulfyska. Kntisluan 407, AmstcrdamlW'gm.. The •\etlwrlanJs

Received 3(1 March 1977

Radiative lifetimes have been measured for theCO a ' ^ ' N i ' ' = 4 -9H>3i:+<i>' = t l l .c ' lKu ' = <», d -1Alu' = 1 Ifiland
It ' ! + <t / = 0) Main. Our experimental values, arranged in the same order, are 7-10 (is. 56 ns, 16 ns, 3-7.5 (is. 34 ns. Some
of these values dKi^-re.' wilh the results of previous experiments. To our opinion this is due to an incomplete identification
of the emission spei'i.-..m in regions where many bards may overlap, dependent on the applied spectral resolution. For the
a' 3S*—a3ll and d'1^ a'111 emissions effective cross sections for quenching by CO molecules are given. In connection with
the identification of the spectrum, absolute emission cross sections for electrons incident on CO have been measured for the
b 3 i ; + - a 3 l l and c ' l l - a ' l l transitions, l o r an electron energy, corresponding to the maximum of the excitation function we
find cross sections of 5.94 (± 1.2) X 10~ 1 8 cm2 and 0.630 (± 0.13) X ] 0 ~ 1 8 cm2 , respectively.

1. Introduction

Until now only Skiibcnich [I ] lias reported absolute
emission cross section measurements of the CO b 3 S + •
- a 3 n (third positive system) radiation for electrons (up
to 100 eV) incident on CO. Lifetimes of the CO a ' 3 S + .
b 3 r \ d3A and B ' S + states have been given by vari-
ous groups [2—10]. However, many discrepancies exist
between the data given by the different groups. In the
present work w<f have rcmeasured the lifetimes of these
states, studied other vibrational levels as well and also
the c 3 n state. We shall show that it is probable that
(he previous discrepancies are due to an incomplete or
incorrect identification of the emission spectrum. For
this reason we have investigated the spectrum at several
incident electron energies. The lifetime measurements
have been performed at an energy where the relevant
transition is free from overlap with others. In connec-
tion with these experiments we have measured the ab-
solute emission cross sections of the b 3 S + (v = 0 ) -
a3ll [v" = 0 - 4 ) and c3ll (v = 0 ) - a 3 n {v" = 0 -4) (3A
system) radiation at the maximum of the correspond-
ing excitation function.

* Department of Theoretical Organic Chemistry. Leyden Uni-
versity. Ley den. The Netherlands.

•* rakultat fiir 1'hysik, Univcrsitit Bielefeld. W. Germany.

2. Experimental

2.1. Apparatus

The apparatus and the intensity calibration, that
have been used for the o c m measurements, are basical-
ly the same as that of Beenakker and de Heer (11].
For the radiative lifetime measurements the delayed
coincidence method was applied, as described by
Mohlmann and de I leer 112], with one modification
in the set up: An on-line mini-computer served as a
pulse height analyser and to calculate the decay con-
stants.

2.2. Experimental procedure

We have started the measurements by scanning the
emission spectrum, produced by electron impact on
CO for several incident electron energies in the wave-
length region between 2000 and WOO A. At 100 eV
the spectrum mainly consists of radiation from the
CO A1 I I- X' r + (fourth positive system). CO B1 S + -
A l n (Angstrom system). CO+ A 2 I l r X 2 S* (comet
tail) and CO+ B 2 S + -X 2 i :+ (firM negative system)
transitions. At 15 cV the spectrum is dominated by
emissions from the CO B1 S + - A ' II. a ' ^ - a 3 ! ! ,
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b 3 l + a3 l l , c 3 l ! a3 l l and d3A-a3II (triplet bands)
systems. , — • ' . - " -

During the lifetime measurements we have used the
incident electron energy currespimding, to the maxi-
mum emission cross section of the relevant radiation.
The wavelength of the radiation from the different"•
electronic and vibratioual upper levels has been se-"-"
looted carefully by means of a monochromator. The
bandpass has been varied from 5 to 25 A for different

-measurements. The pulse width of the pulsed electron"
beam has been varied between 100 ns and 10 ps. We
have used a short pulse for the short living b, c and B
states (see section 3.1) and a longer one for the rela-
tively long living d and a' states (see section 3.2), to
produce saturation of the population of these states.
Our experimental data have been fitted to a single or
double exponential decay curve by means of a least
squares procedure by our on-line computer.

From all the studied states only the a' and d life-
times showed an appreciable pressure dependence.
The measured lifetime T is the inverse of the total
transition probability .-1 (o l , that can be expressed as

Atol=A,.dli+A[M], (1)

where/lr;l(1 is the radiative transition probability..4
the rate constant for deactivation of the excited spe-
cies by quenching collisions with the ground-stale
molecule M.and [M] the density of the molecules.
In fig. 1 ̂ l l o t has been plotted versus the CO density.

A tot (10 W )

Fig. 1. Total transition probability A(Ot f°r 'he CO a'-a and
d-a transitions as a function of the CO pressure.

Extrapolation of the curves to zero pressure yielded
,-1 mtl anil thus Trad. The slopes of the lines in Tig. 1 arr
for the d state A = 2.76 X 1 0 " i n s" • cm3 moM aiu
for the a' state A = 2.82 X 1Q-10 s~> cm3 mol" ' . By
writing/I - crL,|Tc(see ref, [17]),where cis the aver-
age relative molecular velocity, we can calculate the
effective quenching cross section acfr. For these we
find 43.5 A2 and 45.0 A2 for the d and a' states re-
spectively.

3. Results and comparison

3,1. Emission cross sections

We have concentrated ourselves on the emission
from triplet states of CO. For emission cross sec-
tions of other emissions in CO see Aarts and de Heer
[16]. First we have measured the excitation functions
of the relevant radiation. The maxima of the emission
cross sections have been found 3 -5 eV above threshold,
for the b - a emission at 13 eV, for c - a at 14 eV, for
d-a at 13 eV and for a'-a at 10 eV. Since the d-a and
a'—a electronic vibrational bands overlap each other
strongly, it has not been possible to measure absolute
emission cross sections for these systems separately.
So we have restricted ourselves to the'b—a and c-a
transitions that are free from overlap at 1 5 eV electron
energy. At .higher-energies however this radiation is al-
so obscured by either the comet tail or the fourth pos-
itive band systems. Therefore ae m has only been given
at its maximum value. In table 1 we present our results
for the emission cross sections of the CO b—a and c-a
bands, together with those of Skubenich [ 1 ] . As can
be seen our value for acm of the b - a band is about
3.5 times larger than that of Skubenich. In ref. [1] how-
ever the total emission cross section has not been mea-
sured directly but has been computed. So its value will
depend directly on the adopted electronic transition
moment R% as a function of the internuclear distance
(rcentroid). In the case of the b -a transition R^ is
strongly varying as a function of r"-centroid (ref. [13]).
Since this has not been taken into account in ref. [ 1 ]
it may explain the difference between our result and
that of Skubenich. However Skubenich does not supply
enough data, so we cannot check this supposition.
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Table 1
Maximum values <>V uL.tll(lir

 l a cm*) iif'tlio CO b3s:+-ii3ll nml c3ll a311 emissions

1 ransitinn fc-(i-V)

14

KM*

tiiis work

a) Handheld positions.

3.2. Radiative lifetimes of the b3Z*. L3X\ and Bl 2 +

states

In table 2 we present our results and those of oth-
ers for the radiative lifetimes of the relatively short
living b, c and B stales of CO. Especially for the b state
and the B state the discrepancies between the various .
groups are rather large.

For the b state our values agree very well with those
of Rogers and Anderson [9] and reasonably well with
those of Fowler [14], We think that the results of the

2833
2977
3134

-3306
3493

22%
2390
2490
2597
2711

1.R7 t
2.33 i
1.23 ±
0.58 ±
0,02
5.94 ±

0,162 t
(1,1 R6±
0,132 ±
0,087 ±
0.063 i
0.630 ±

0,37
0.46
0.24
0.11

1.2

0,033
0.037
0.026
0.017
0.013
0.130

ref . [ l |

1.7

other groups [4-8] are less reliable since their experi-
mental conditions are unfavourable for measuring the
lifetime of this triplet state. They use either too high
incident electron energies or do not select the appro-
priate wavelengths for the relevant transitions. For
electron energies of the order of 100 eV and more the
b 3 S + level is hardly populated. So the b - a radiation,
used to measure the lifetime, is completely masked by
comet tail emission. This results in a too long lifetime
for the b state, as has been found in refs." [ 4 , 6 -8 ] .
Only in the case of Fowler and Holzberlein [5] the

Table 2
Radiative lifetimes Trad(ns) of the CO b 3 E + , e 3n and B1 Z* states

State rraj(ns)

this work

2833 b>
2977

2296 c>

4835 d>
5198
5610

56 ± 1 a)
56 ± 1

16 ±2 a >

33 ± 2 ^
34 ± 4
36 ±5

86

[51 161

4 0 t 4 180

75 ±8

[71

800 ±200

181 [91 [101

97 i 8
57.5 ± 0.9

220* 50 90 ± 10 25 ± 4 «)

61
62

120
120

a ' Uncertainty in Tra(j is indicated as plus or minus one standard deviation.
b> Wavelength of the corresponding b E + - a 3 n radiation.
c) Wavelength of the corresponding c 3 n-a 3 r i radiation.
d) Wavelength of the corresponding B1 2 ; + - A ' II radiation.
e ' These authors have used B1 E + -X ' E+ radiation.
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measured litetime is shorter than oun>- This may be
explained as follows: -- -
They measure radiation with a wavelength between .
3100 and 3900 A. In this region hardly any radiation
from the b -a transition is present. The most intense
b-a bands lay outside this region. :

The same can be said for their measurements of the --•
B lifetime, using the Angstrom bands. They have per- — -
formed their measuiements in the region 5800—6500
A, while nearly all Angstrom radiation has a wavelength"
shorter than 5300 A. So also their value for the B1 £ +

state is not accurate. - - ; .•.
In the case of the B1 £ + stale our value for the ra-

diative lifetime compares well with that of Hesser and
Dressier [10]. The value of Moore and Robinson [8]
is much higher. However they have used their already
too high value for the b 3 £ + lifetime as a standard for
calibrating their B1 S + measurements. Recalibration
of their data with our value for the b 3 S + lifetime as a
standard yields a value of 40.0 ns for the B state.

3.3. Radiative lifetimes of the «'3 S+ and d^A states

By means of eq. (1) we have computed the radiative

Table 3
Radiative lifetimes Tra(](MS) for the CO d3<i state

State v MA)

[I3 A I
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

(I
0
0
0
0
0
0
0
0
1
1
2
2
7

2
2

7515
6925
6433.
6010
5647
5330
5052
4806
4586
4747
4541
4718
4505
4328
4171
4023

this work t»

7.30
6.62
5.75
5.40
4.05
4.90
4.18
5.23
4.56
4.46
4.46
4.65
4.67
4.54
4.16
2.94

[61

5.03
4.16
4.36
4.45

0.031

a> Wavelength of the d 3 a - a 3 n radiation used.
b> Uncertainty in j- ra (j plus or minus 0.6 /JS.
c ' This value is probably the lifetime of the B1 E+ state (see

section 3.3).

lifetimes of the d and a states. The results are given in
tables 3 and 4, together with those of other groups.

For the d3A state our values agree very well wilh
those of Wentinck et.al. [61, The value obtained by
Fowler and Holzberlein [5] is the radiative lifetime
of the radiation in the wavelength range 4100-5000
A. Since they use an incident electron energy of 120
eV we expect that they do not populate triplet states

" but mainly singlet and ionic doublet states (see section
2.2). We expect for this reason that their lifetime for".,
the d state really is the lifetime of the B l 2 + state,
since the most intense Angstrom bands occur in this
wavelength region. This value for the B lifetime is in
good agreement wilh ours.

For the a ' 3 Z + state (table 4) our values also agree
well with those of Wentinck et al. [6] within the re-
spective experimental errors. Hartfuss and Schmillcn
[3] measure much shorter lifetimes. Their experimen-
tal conditions are however very unfavourable for
populating triplet states (e.g. too high incident elec-
tron energy). From our spectral scanning it appeared
that in the relevant wavelength region, for an electron
energy of 100 eV, mainly comet tail radiation is pres-
ent. From comparison with Mohlmann and de Heer
[15] it will become clear that Hartfuss and Schmillcn
have used comet tail emission instead of Asundi emis-
sion for their measurements. Although they have used
other transitions than those mentioned in ref. [15] it
is remarkable-that their values for the lifetimes of the
CO a ' 3 £ + , v = 5—8 levels agree very well with the
CO+ A 2nj , t/ = 0 - 3 vibrational lifetimes of ref. [15].

It can be observed that there is a decrease in the

Table 4
Radiative lifetimes Trad(Ms) of the CO a ' 3 j ; + state

State

a ' 3E+

V

4
5
6
7
8
9

v"

0
0
0
0
0
0

MA) a)

8592
7833
7210
6720
6244
5869

Trades)

this work b)

10.24
9.12
8.32
8.15
7.11
6.82

[61

10.36
11.54

7.82
7.12
5.98
6.67

| 3 | c

3.70
3.60
3.12
2.90

a> Wavelength of the a'3 i + - o 3 n radiation used.
b ' Uncertainty in the values of r r a (j plui or minus 0.6 /«.
c* These values are believed to belong to the A2rij level of

" (see section 3.3).

40



lifetime of levels with an increasing vibrational energy
ofthed 3A and a'3!* sillies, .

3.4. Conclusion • . '- '.--•.- . .. .

From the data given in this section it appears that
careful selection of energy and wavelength are a vital
part of experimental lifetime measurements. The relia-
bility of the measured lifetimes depends critically
upon the attention that has been paid in [he experi-
mental conditions. We have no reason to believe that
cascade processes play lole in populating the excited
states we have studied. As far as known to the authors
such emissions have not yet been observed.
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CHAPTER I V

PART B ;

EXPERIMENTAL DETERMINATION OF THE ELECTRONIC TRANSITION
MOMENT FOR THE NO(A l E * - X 2 n ) SYSTEM. LIFETIMES OF THE NO(A *E+ , 1/ = 0,1,2) LEVELS

G.R. MOHLMANN +. U.A. VAN SPRANG *, E. BLOEMEN and F.J. DE HEER
FOAtlnstituul vnor A loom- en Malecuulfysiat, AmsienlamfWgm.. Vie Netherlands

Received 10 January I :J7S

The electronic transition mumcm (Rc> has been obtained for the NO 7 band system (A 352* - X 2 n ) as a function of the
intcrnuclear .separation rv<u~ by means of light intensity measurement', between 2000 and 3001) A,The light emission was
produced by election impact on NO gas. It has been found in the present work that Re does not vary as a function of ru«u»
in the range 1.0(14 \ <?,,•„••< 1.165 A. Furihctmoie the radiative lifetimes <Trad) of ihe NO (A 2 X * , B =0,1,2) states have
been determined in nc equal (P 200 t 10. 195 ± 1(1 and 190 ± 10 ns. respectively. Absolute values are also given TotRs(rv'v«),
(= 0.13 au). and f««r 'V band oscillator strengths/„ „••. (= 4.04 X 10"* for u = 0 - u" = 0). Our Re{rv-U"), /„•„» and r r a d

values arc compared with thuse of other groups.

I. Introduction

In the past several (experimental) studies [1 — 10]
have been performed concerning the variation of the
electronic transition moment Re as a function of the
internuclear distance rD-u- (= r-centroid) for the
N0(A2S+ - X 2 n ) (7 bands) system. Two different
techniques have been used, namely photo-absorption
[1,2,5] and emission spectroscopy (3,6—9].

In the case of photoabsorption a certain fraction of
the intensity of the incident light beam is absorbed by
the molecules due to the vibronic transition from the
lower level u" to the upper level v, at the transition
frequency "„•„"• The integrated absorption coefficient
Kv-V~ for the vibronic transition (v *~ u") can be ex-
pressed as (see for instance ref. [2]):

in which C is a known constant. yVu« the population of
tlte lower level and qv-v» the Franck-Condon factor.

v v

qv-u», ru-u- and vu-u- are known from ex-
\

S i n c e K u 0 , q v u , uu uu are known from ex
periment or theory, the factor R\ can be evaluated as
a function of rv>v- \\ 1] . At room temperature only
one u" progression plays a role in the absorption process,
because the occupation of other levels than u" = 0 is

* AKZO Research Laboratories. Arnhem. The Netherlands.
* Gorlaeus Laboratoriim, Leydcn University, Leyden, The

Netherlands.

negligible for the ground slate of the absorbing gas. A
great advantage of the photoabsorption method is the
fact that no intensity calibration of the optical system
is necessary because only intensity ratios at the same
wavelength are needed.

In the case of photoemission, the emission intensity
/„•„» (photons/s) of a vibronic transition is given by [12]:

where C' is a known constant and Nv- the population
of the upper level v . For this type of^experinient a
wavelength dependent intensity calibration of the op-
tical detection system is needed. This means that in the
case of the N0(A 2 I + - X 2I1) emission the system
must be calibrated between 2000-3000 A. Several
methods are available, namely:

(a) Calibration with a tungsten ribbon lamp as a
standard light source. The intensity of the radiation
emitted by tungsten ribbon has been measured as a
function of the ribbon temperature and of the wave-
length by de Vos [13]. The calibration procedure with
this standard has been described in ref. [14]. Below
3000 A this standard can hardly be used because of the
sharp decrease of the emission by the hot tungsten
filament towards shorter wavelengths, and the relative
increase of stray light in the monochromatur used. This
leads to too large experimental sensitivity of the optical
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Table 1
Summary of some features concerning fijl^',,") of the NO y system obtained from studies performed by some groups

Absorption Emission

ref. ref. (2] ref. [4] ref. | 5 | ref. [3] ref. [6] ref. [7] ref. [8] rcf. 19] this work

r u yrangc(A)

calibration method11' not not
necessary necessary

1.109-1.165 1.109-1.196 1.054-1.087 1.109-1.196 1.010-1.067 0.996-1.067 1.01-1.165 1.000-1.146 1.004-1.132 1.004-1.165

d) d)

wavelength (A)
reliability b> everywhere everywhere ?

significant variation no
of Re(rv'u") with
the factor

deviation A. region -
(A)c>

yes
« 1.7

W

> 3000

yes

W-l

>2500

W.W-I

>2500

no

22O0-26B0 < 2800

Ded>

> 1800

yes
1.5

< 2500

W

>3000

yes

<2500

W.W-l,De

> 1800

a ' Type of lamps used for the calibration of the optical detection system: W = tungsten; W--1 = tungsten- iodine: De = deuterium.
•>) Wavelength region where the calibration is thought not to suffer from the disturbing influence of straylight.
c) Wavelength region of the emission which has led to the conclusion that /?£( r u y) is not constant.
" ' These authors have used photographic plates in their optical detection system, Ihe sensitivity calibration of such plates and the reproducibility of the light sen-

sitive emulsions may be the source of additional uncertainties.
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system towards shorter wavelengths and consequently
to too small experimental emission intensities. There-.
fore the tungsten standard is only suitable Tor calibra-,
tion above 3000 A.

(h) Calibration with aquai/. iodine lamp with a . . -•
coiled-coil tungsten I'llamcnt [15|.The emission of
this lamp is sufficiently strong hetween 2500-4400 A
for calibration purposes, but decreases steeply below
2500 A. . . . . . . . .
-.- (cl Calibration with the deuterium lamp. Tins lamp
is a secondary standard, calibrated against synchrotron"
radiation in the wavelength region 1850—2700 A (see
for instance 'refs. (16,17 \).

A combination of the calibration methods (b) and
(c) mentioned above should lead in principle to a reli-
able calibration of an optical detection system in the
wavelength region 2000-3000 A.

Table 1 shows a summary of some features of pre-
vious studies by other groups, concerning the determi-
nation of the Re(ru-V-) dependence of the NO 7 sys-
tem. It can be seen that two absorption measurements
[1,2] lead to the conclusion that/Jc is independent of
fv'u' in the range 1.107 < fu'v- < 1.196 A. Another
absorption experiment [5] , applying a different ex-
perimental technique (shock tube in combination with
photographic plates) shows a variation o(Re(rv-u«) of
about a factor o f l .7 for 1.109 <?„•„»< 1.196 A. *
However, the results reported in ref. [4] , obtained
using a similar technique as in rcf. [5] show no varia-
tion of Re with fv<v« .-"The emission experiment of
Robinson and Nicholls [3] and of Bubert [9] were
based on the calibration of their optical detection sys-
tems with a tungsten standard: they report a change of
about a factor of two and three respectively in R j , cor-
responding to the r u V regions 1.010-1.067 A and 2. Experimental determination of R (f, .„») and T

have used this independence of/?;;(?„•„») to calibrate
their optical detection system and their tungsten—
iodine lamp in the wavelength region 2000-2500 A. •
Callear et al. [8 | found a .variation in /?c(ru-u») with a
factor of 1.5, in particular for ?„•„•• > 1.067 A (X <
2500 A). They have applied a deuterium lamp to cali-
brate the sensitivity of photographic plates. However,
the use of such plates for accurate intensity measure-
ments is not advisable, because of difficulties with re-
spect to the wavelength dependent sensitivity, linearity

. of plate-blackening, etc. (see for instance the remarks -
in refs. [2,3]). Bubert [9] has used a tungsten lamp and
referring to (a) one can say that this might explain the
strong variation "of 7?c(ru'u") reported by him.

The discrepancy between the results concerning the
Rc(ru'u-) dependence of the NO 7 system obtained by
various groups during the last 20 years, was the reason
that we have studied this problem again. Our optical
detection system has been calibrated using a combina-
tion of tungsten, tungsten—iodine and deuterium lamps,
leading to a relative uncertainty in the experimental sen-
sitivity which is estimated to be smaller than 10% [15,18]
h the wavelength region 2000—3000 A. Additional un-
certainties, due to statistics in the signals and due to
spectral overlap of some emission bands, lead to an
overall uncertainty of less than 209^ in R%.

The radiative lifetimes (r r a d) of the N0(A 2 £ + , v)
levels have been reported by several groups [6,19-26]
and show some discrepancies. In the present work rra(j
has also been measured in bur electron beam impact
apparatus. In section 3.3 we present our results com-
pared with previous data.

1.004-1.132 A. The experimental emission intensity
data (tungsten—iodine calibration) obtained by Jeune-
homme [6]. together with consideration of the pre-
vious (experimental) studies, led him [6] to the con-
clusion that Re is probably independent of ?„•„•• but
that further experimental and theoretical work (RKR-
Franck-Condon factors) is heeded. The emission data
obtained since then do not all support this conclusion
of Jeunehomme with respect to the invariance of
^e(Vo")-P° ' a r |d and Broida [7] have used tungsten
and tungsten-iodine lamps for the calibration. From
their intensity measurements of the NO 7 band above
2400 A they concluded that R;(r. ..) is constant. They

The procedure to derive the/?c(ru-u») dependence
from the relevant emission intensit ies/uy has been
briefly indicated in the introduction and has been ex-
tensively described in some previous articles of our
group (sec for instance refs. [27,28]), and therefore
need not be repeated here. In the case of a v" progres-
sion (v = constant) one can write:

*e<Vtt")"(/.vA$ll'«Bv)1/1- (3)
The factors qu-v- and »u>u» for the NO(A 2 2 + , v -»
X 2II. v") band system have been taken from refs. [10,
29] , respectively. The quantity / . .. follows from the
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ii'-V'

0-0

0-1

0-2
0-3

0-4

0-5

MA) a |

2265

2366

2474

2590

2717

2853

rel.

Vu" h )

0.877

1.000

0.709

0.466

0.231

0.106

rcl.

vv"

0.320

0.365

0.259

0.170

0.084

0.039

"v'v"

0.1622

0.2621

0.237 1

0.1611

0.0920

0.04687

Vu"1"

1.109

i:087

1.067

1.048

1.031

1,014

rel. '

1.25

1.00

0.90

1.00

1.00

1.04

rel.
Ke

c>

"1.12

1.00

0.95

1.00

1.00

1.02

rel.
7 , ,". b-e>u u

0,702

1.000

0.787

0.466

0.231

0.101

rel.

u'v"

0.354

0.504

0,397

0 235

0.117

0.051

0.1622 E) 1 . 1 0 9 ^ 1.00h> 1.00 h>
u"=0

1.685

1-0

1-1

1-3
1-4

1-5

1-6

1-7

2-0

2-2

2-3

2-5

2-6

2-7

2151

2241

2442

2554

2675

2805

2946

2049

2218

2312

2519

2634

2758

l.(J(K'
0.22S

0.096

0.153

0.167

0.100

0.047

1.000

0.369

0.165

0.054

0.120

0.129

1.000

0.228

0.096

0.153

0.167

0.100

0.047

0.703

0.259

0.116

0.038

0.084

0.091

0.3301
0.1072

0.06935

0.1319

0.1326

0.09895

0.06188

0.3301 S)

0.2951

0.1547

0.07520

0.03256

0.08579

0.1037

0.295161

1.132
1.111

1.076

1.055

1.037

1.020

1.004

1.132 S)

1.165

1.119

1.095

1.056

1.044

1.027

1.119 S>

1.00
0.79

0.67

0.64

0.80

0.74

0.65

0.63 h )

1.0&

0.89

0.93

0.90

0.88

0.89

0.64 W

1.00
0.89

0.82

0.80

0.89

0.86

0.81

0.79 h>

1.00

0.94

0.96

0.95

0.94

0.94

0.80 h '

1.000
0.287

0.144

0.239

0.209

0.135

0.073

1.000

0.413

0.177

0.059

0.137

0.144

10

E =
v"=0

13

E-
u"=0

1.000
0.287

0.144

0.239

0.209

0.135

0.073

: 2.144 '1

0.883

0.365

0.156

0.052

0.121

0.127

= 1.952 0

a* Bandheads taken from rcf. (29];
' vv" transition with the largest intensity in each u" progression has been put equal to 1.000;

*j' v'v" transition with the largest intensity (u' = 1 -• v" = 0) has been put equal to 1.000;
"'taken from ref. [101:
c ' Calculated values taking into account constant Re(ru'v"):
" Values include also (non-observed) calculated emissions so that S..-O,/,,- > 0.99;
0 Refers to D" = 0 - I / ;
"I Refers to «?(r,,'n).

i.i>
?"•?

present experiment. The experimental set up has been

described in refs. [27,28]. The NO target gas was ob-

tained from Mathcson (9%'r purity). The emission spec-

tra have been obtained at different target gas pressures

(1-3 mtorr) and at several incident electron energies

(40-200 eV). The derived Ra(ru-U") behaviour was in-

dependent of these parameters.

For the lifetime measurements the same experimpiitui
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R.(atomic units)

0.14-

0.12

RJarb, units)

1.5-

a »=1
4 v=2

1.0-

0.7-

100 1.10 1.17 1.10"
(A)

1.20

1-ig. 1. The electronic Iran-m m moment Re and the electnmic scattering matrix elementsfls for the NO(A 2 S * - X 2 n ) system as
a function of the inlernucicar separatum ru-u- (= r-ccntruid).

set up has been used as that described in rets. [30.31 ] .
The lifetimes have been measured in the NO pressure
range below 10 mtorr. No variation of the lifetime
could be detected in this pressure interval.

The optical resolution of the detection system in
both the intensity and the lifetime measurements was
0.75 A fwhm.

3. Results and discussion

3-1- Re(ru.v..)forNOfA *V - X2HJ

Table 2 shows our experimental results concerning
the Rc(fu'v") dependence of the NO y bands together
with some other physical quantities of interest. In
column 3 the measured emission intensities are given
for the three v" progressions relative to the strongest
transition in each v" progression. In column 4 the same
intensities are shown but now all relative to the strongest
v = 1 -*• v" = 0 transition of the whole y band system.
The columns 5 and 6 contain the values of the Franck-
Condon factors and the r-centroids respectively. Ap-
plying eq. (3) we have calculated the/?* and Re values
relative to the ones corresponding with the strongest
transition in each v" progression separately; these arc
presented in the columns 7 and 8, respectively. From
these columns it appears that the R \ values connected
with the transitions v' = 0,1,2 -* v" = 0 are significantly
larger than those for the transitions v = 0,1,2 -* v" =£
0. Since e.g. the 1-1 and 2 -2 transitions, that occur

in the same ?„•„•• and wavelength region as the 0 - 0
transition, do not exhibit this behaviour, the deviation
cannot be related to errors in the intensity calibration.
Therefore we have no explanation for this deviation.

Fig. 1 shows a plot of i?L> versus rv'v" in which the
data for the three v" progressions have been fitted to
each other. From this figure it is obvious that our re-
sults show that Rc is independent of ?„•„•'• Using this
experimental result we have calculated relative emission
intensities for the various vibronic transitions. They are
shown in columns 9 and 10 of table 2, relative to the
strongest transition in each v" progression and relative
to the 1 - 0 transition respectively. The data can in prin-
ciple be used for intensity calibration purposes.

Since in the introduction we have already discussed
the results of various other groups we shall not repeat
this here. Concluding we can say that our work shows
clearly that for the NO 7 system Re is independent of
?„•„", in accord with the results from photoabsorption
data [1,2] and with the emission work of Jeunhomme
[6] and Poland and Broida [7] .

3.2. Rs(ru.0)forNO(A ' S +

By summing all the measured (and calculated) in-
tensities for emission from a A 2 S + . v level for several
v values, relative excitation cross sections (o c x c ) can
be obtained for these levels. We can express these aCXL, as:

(4)
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whore Ws(r,,-n) is the electronic scattering matrix ele-
ment [321 and r(,-(, ami </,,•„ the r-ceutroid value and - .

'the iTanck-Cundun factor for the excitation of the
A2 i :+ , i / level respectively (see also refs. [27,28|). \ ;

For high electron impact energiesK~ becomes equal
to R ~ when the excitation and decay are related to the
same upper and lower electronic states, l.asseltre and
Skerbclc | 3 3 | have studied the excitation of the fourth
positive bands of CO(A • II <-X' S+) at 300, 400 and -
•500 cV electron impact energy, applying an energy loss
technique. They could show that their A'2 values were -
almost the same as the ft;; values of Mumma et al. [34]
for the same system obtained from photon emission
experiments.

In the case N0(A 2 1 ' •• X 21I) we deal with a band-
system where the transitions occur both in the excita-
tion and radiative decay process. Therefore we expect
that Z?^(u'.0) has to be independent of Fu- Q, just as
found for R".

c . ^

In order to determine the behaviour of R~ we have
used eq. (4). The relative total emission intensities,
£„"/„•„•' are calculated by summing the experimental
/„•„•' values of column.10 of table 2 and adding also
calculated (experimentally not observed) /„•„•• values,
using eq. (2). The addition was considered as com-
plete when 2u»qu-v» > 0.99 for the included transi-
tions in the u" progression. In table 2 these relative
total emissions are depicted as

7 10
LJ , LJ and

i>"=0 v"=0 i

13

"=0

for u' = 0,1 and 2, respectively (see columns 1 and 10).
The corresponding results forRJ [see eq. (4)] are given
at the right hand side of fig. 1. It can be seen that the
obtained R~ values arc the same for u' = 1 and 2, but
deviate fory' = 0. On the basis of our results for R* we
would expect all R* values to be the same. The pbserved
deviation of R~(rQ 0 ) may be due to cascade processes
from higher excited NO states which result into a pre-
ferential population of the A 2 £ + , v' = 0 level.

According to ref. [20} the NO C 2 £ + and D 2 2 +

decay to both the A 2 S + and the X 2II electronic states.
Since the A 2 S + . C z £ * and D " i ' + levels are all Ryd-
berg states with similar molecular constants (similar
potentials) [12] it can be expected that decay to the
A state would predominantly occur via An = 0 transi-
tions. The C 2 E + state is fully predissociated for v > 0

and the D * S + state also shows (weaker) predissocia-
tion for v' > 0. So in those cases Au = 0 transitions
from v > 0 levels must be much weaker than those .
from v' = 0 levels, leading to preferential population
of the A 2 D+ , v' = 0 stated The same was shown to
hold for the K ~2C+ staie in ref. | 36 ] . Concluding we
can say that these arguments explain the deviating be-
haviour of ihe KJrCfn o^ v a ' u e r e ' a t ' v e t 0 ^ c ^ s ^ l o'
and /e : (F 2 0 )da ta . ' _ . , : - _ . _ - .::' :'

3.3. Trg(i of the N0(A 2Z+, v) states -

In table 3 our experimental rra(i values are presented
for NO( A 2 £ + ) slates with v = 0,1,2 together with the
lifetime values reported by some other groups [6,19—26].
It is seen that the absolute rrlK| values differ appreciably
from one group to another. However, there is a large
group of T values around 200 ns. Another group of i
values is located between 400—450 ns.

In our lifetime study we found that the intensity
decay curves, from which r is derived, did not follow a
single exponential behaviour but contained a longer
lived contribution with a lifetime of about 2 jus. This
2 jus contribution may be due in principle to cascade
from higher lying NO levels or due to background ra-
diation of transitions emitting in the same wavelength

Table 3
Measured and calculated lifetimes (ns) of the NO(A22+ , u')
states

Group

this work

rcr. [6]
ref. [19]

ref. [20]

ref. [21 |

ref. [22]

rcf. [23]

rcf. [24]

rcf. [25]

ref. [261

this work
rcl. T

ealc. rel. r

u"=0

200 + 10

196.5 ± 3

215 ±22

175 ± 10

205 ± 10

423 ±51

449 ± 54

180

215

216±5

1.00

1.00

u" = 1

195 ±10
_ "

215 ± 2 2

175± 10

• 200 ± 7

398 i 48

410±53
-

-

203 ± 5

0.97
0.94

u" = 2

19O.±

' -

175 +

195 ±
_

448 ±

174 +

0.95
0.88

10

10

7

33

5
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region as the NO y bands. The NO (3 bands are known
to radiate between 2000 and 3000 A and have a life-
time of the order of 2 fis (21,371, Similar but unre-
solved contamination might be the reason for the long
lifetimes uf refs. (22,231, Using a constant f}B(f,.y) -
value we have calculated the relative radiative lifetimes
of the NO(A "-_,uf = 0,1 and 2) levels according to
the relation (12 | :

in which /!„• is the total transition probability for ra-
diative decay of a N0(A - £ + , u') level. The result is
shown in the last row of table 3 and it is seen that TU>
decreases with increasing u. The experimental results
of Brzoz.ov.ski et al. |21 ] . Zacharias et al. [26) and
ours show the same trend in the measured r values.

3.4. Absolute values for A„•„»•/„•„•• (band oscillator
strength) and Re(fu,u,.j

From the lifetime measurements T"JC1 one derives
the total transition probability for radiative decay
(\fr"ad =AU- = S0».4u 'u") from the level v. Using the
relation:

u

the transition probability/l^,," (s~') for the separate
transitions v'v" can be calculated.The ratio qu'v«v*<u«l

-|/'(<7u'u"l'u'u" ' l n ccl* (^) 'S e c ) u a ' t 0 l ' l e r a l ' ° A J V ' /
-u"'u'u" an i* c a n l i c obtained from tlie 10th column of
table 2. The relation between the band oscillator strength
(/u 'u") a n d Av>u" isgiveii by (see for instance ref. [38]):

where rfu and dv are the degeneracies of the upper and
the lower electronic states respectively, and vu'u" the
frequency (cm"1) of the relevant transition.

Further Rgfry'y")- in atomic units, can be calculated
.from/„•„» via the relation:

= (3.164 X 105 /u .u . .A/u .u . .V l ,»du)1 / 2 ,

or directly from i4u-u» according to:

(8)

R (? . ..)

1-

Table 4
Absolute values °iA

v'u"<fu'u" and Re for some vibronic transitions of tlic NO(A 2E*-» X 2 n ) system

Group TJJ^ U U" = 0 u" = I v" = 2

a> r . b) p c) . _ a) r , b)

=3

"
. b) e)

this work 200 0 1.0S
ref. [1]
rcf. (2]
«cf.l5|
rcf. [6]
rcf. (391

this work 195
icf. 111
ref. (2)

1 2.39

this work 190 2 2.38
rcf. [1]
ref. [2] .

rcf. 12] 3

A»\>"

4.04
4.1
3.99

3.8

8.29
8.8
7.88

7.50
6.7
6.73

3.60

0.13 1.50

0.13
0.13

0.13

0.13

6.30

f , ..b

0.13 1.18

0.16

5.42

Rc) A . ..a>e on

0.13 0.70 3.51

0.19

0.18

, ; initnitsof 106 s1

b l In units oflO"4.
L* In atomic units.

0.13

0.23
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In the case of the NO(A 2 v + -> X2II) transition the
values fordu and c/8 are 1 and Irrespectively (see for'
instance ref, [iH]). r_ :

For some vibronic NO 7 transitions the values of
Av'u" and/,,',," are given in table 4 together with the
values obtained by sonic other groups. The Kc(r„•„•••)
values, which is constant for the whole 7 system,
is according to eqs.(8) and ('}) equal to 0.13 au.
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CHAPTER IV

PART C

-jtfq

A STUDY OF THE EMISSION SPECTRUM OF HF EXCITED BY ELECTRONS

H.A. VAN SPRANG and F.J.DEHEER ."_^_; _ . • „ . ;
FOM-lnstitutc fur A lomic ami Molecular Physics, Amsterdam, The Netherlands

Received 17 February 1978

Radiative lifetimes have been measured for the I IF* A *i:*, u' = 0 -3 levels. They vary from 7.2 ± 0.7 (is for u' = 0 to
5.1 t 0.5 us for the u' = 3 level. This variation is related to that of the electronic transition moment. The second part of
this work is concerned with dissociative excitation of HF by 0-2000 cV electrons. It has been found that excited hydrogen
atoms are mainly farmed by an optically allowed excitation process, while excited fluorine atoms are formed by an op-
tically forbidden excitation process. This behaviour will be explained.

1. Introduction

Until 1967 no evidence existed about stable ex-
cited HF+ states, although the emission spectra of
the A 2 S + -* X 2 n j transitions in HC1+ and HBr+ were
known already in 1930. Photoelectron experiments
performed since 1967 suggested the existence of
stable excited HF+ states (see refs. [1 - 4 ] ) , but the
first emission data were published by Gewurtz et -A.
[5] in 1975. They discovered a weak band system
between 3500 and 4600 A that could be ascribed to

j

In this work we have studied the four most in-
tense bands corresponding to the HF+ (A 2 S + , v =

,0-3 -» X 2 n j , v" = 0) transitions. These bands each
appear to consist of a series of rotational lines under
an optical resolution of 1 A fwhm. These bands were
too weak, with «espect to the background, to meas-
ure emission cross sections. It has however been pos-
sible to obtain the radiative lifetimes TU. of the HF+

A 2 2 + , v' = 0 - 3 levels using a much lower resolution,
since the influence of this noise is eliminated in life-
time measurements. The ru. values have been used to
check the validity of the Born-Oppenheimer approx-
imation for the A 2 £ + -* X 2 ^ transition in HF + .

The rest of the present work deals with the meas-
urement of absolute cross sections for emission from

Gorlaeus Laboratorium, Leydcn, The Netherlands.

excited H and F atoms formed by dissociative excita-
tion of HF by electrons.

2. Experiments

The apparatus used for the measurement of the
emission cross sections is basically the same as that
described by Beenakker and de Heer [6] and the mod-
ifications in the setup for lifetime measurements have
been reported by Mohlmann and de Heer [7 ] . The
HF target gas has been obtained from Matheson Co.
(99.9% purity) and has been used without further
purification.

For all atomic emissions it was found that the emis-
sion intensity was a linear function of the HF pres-
sure (0.3—3 mtorr) and the electron beam current
(10-300 MA). For the HF+ A 2 S + -> X 2V1 emission
only lifetimes of A 2 Z + vibrational levels have been
measured. Under the experimental conditions no de-
tectable variation of the lifetimes could be observed
as a function of the exciting pulse width ( 1 - 3 jus) or
the electron beam current in the pulse (10—25 //A)
at pressures below 10~3 torr. The reported measure-
ments were performed with an optical resolution of
25 A, a pulse width of 1 /is and a beam current of 10
juAi since the HF+ emission was too weak to be ob-
served with smaller pulses or lower currents. The repe-
tition frequency of the exciting pulses was 50 kHz
and the cut-off time of the pulse was less than 20 ns.

5 1
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A magnetic field of 200 G was applied during the
measurements and served to confine the electron
beam. No detectable influence of this field on the
measured lifetimes cinikl be detected in the experi-
mental pressure range.

3. Results

3.1.'Emission spectrum

The emission spectrum has been scanned at 100 eV
incident electron energy from 2000-9000 A and the
following features have been observed:

(i) A band system with an open structure between
.UiOO-4100 A. These bands have been observed be-
fore by Gcwurtz el al. (5[ and were ascribed to the
UF+A 2 S + - X 2 H j transition.

(it) The Balnicr lines, resulting from dissociative
excitation of 11F.

(iii) Some F(I) lines in the 6900-7000 A region,
also due to dissociative excitation of HF, which con-
sist of both doublet-doublet and quartet-quartet
transitions.

(iv) Some weak bands around 4800 A.
Lempka et al. [2] expected that a 2IIj -* 2 £ +

transition in HF+ could be observed in emission
around X = 4800 A. In our case the observed bands
in this region are too weak to allow further study
but they might be the I1F+ -11;-> 2 i ) + transition
predicted by Lempka et al. [2].

The features (i)-(iii) will be discussed in the next
sections.

3.2. Radiative lifetimes of the HF* A2Z+ v =0-3
levels

The measured lifetime r0. of a 11F+ A 2 S + v level
is the inverse of the total transition probability / l l u l .
According to Mohlmann and de Heer [8] we can ex-
press Am in general as _•

where Amli is the radiative transition probability, k^
the rate constant for quenching of HF+ by HF mole-
cules, IHF] the density of the HF molecules, and q
is the charge passing the collision region per second.
The Aft term, describing the effect of the Coulomb

•S W

I;is:. 1. Total transition probability *4JOJ versus the l l l ; pres-
sure for the H I ' * ( A 2 i : * , u' = 0 - 3 — X 2 I I J U " = 0 ) transitions.

interaction between the charged HF ions, is not on-
ly dependent on q and [HF] but also on the time t.
In fig. 1 we see that A ,o l depends linearly on (HF]
for low I IF pressures. Furthermore we observed no
dependence of Am on pulse width or electron cur-
rent. So the influence of the Apr term gan be neglect-
ed here. We have determined A!ad values by extrapo-
lation to zero pressure. From the slopes of the lines
in fig. I we have derived a value for &_ = 2.85 X 10~9

cm^s" ' mol~ ' .
Using

fcq = °cff *•

where oe(i- is the effective cross section for quenching
collisions and c is the average relative molecular veloc-
ity (see ref. [9]), actT was found to be 350 A 2 .

The value of c might be underestimated due to the
mutual repulsion of the charged HF+ particles. In
this case the real value of oetf could be somewhat
smaller.

The radiative lifetimes TU. = ( / lL , . r a j)" ' are pre-
sented in table I. We can see from this table that T^
decreases as u' increases. Since the A 2 - + state is iso-
lated from the higher ionic states it is clear that pre-
dissociation cannot be the reason for the decrease.
To obtain more information from the lifetimes we
can express TV, as

where k is a constant, uuV, the frequency of the

y\
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T a b l e 1
R a d i a t i v e l i l e t i m e s ; u u t « , - i | i i i h l m i i i n U i s M n n - s R c - I w i h t f 1 1 1 - ' * A 2 Z \ u ' = 0 3 l e v e l s

u'

0
1

(A)

4U57
.VS54
37(14
3002

rrad
(us)

7.2(1

Mil
5.71)

5.1(1

i 11.711
• 11.611
t 0.60
< 0.50

•>;«!
(rcl.)

I.H
0.85
0.79
0.71

Trad
(rel.)

1.11
1.15
1.35

-

ale.

1.33
1.44
1.63

al Wiivek-njstli of the radiation uwl Hi determine the lifetime.
^Calculated usim: K0(K) •' constant.

v -» v" iransilian and /'..,,-. the band strength. A gen-
eral expression for/*,,,,•• î

pv.vn => \<u'\Rc(fi)\v"n2. 13)

where <i/| and {v"\ are vili rational wavefunctions and
RV(R) is the electronic transition moment as a func-
tion of the inlcrnuclear distance. In the Born Oppen-
heimer approximation the electronic transition ma-
trix element Rc would be independent of/?. So eq.
(3) reduces to

pu,u.. = (u>lu")1Rl=%v.R
2

c. (4)
where (lu-v- is the Frauck -Condon factor. Fur I IF
A 2 £ + -* X 2 l l j Franck- Condon factors have been-
calculated by Gerard 110| using a Morse potential

and spcctroscupic constants from ref. [ 5 j . We present
</,,.„.. values in table 2 and ••„.„.. values in table 3. In
order to calculate ru- values we use the so-called sum
rule for Franck-Condon factors

u"=0
. = 1. (5)

In table 2 we see that S;j"-n<?„•„•• i s Q l l ly c l o s e t 0 '
for v = 0. From the behaviour oi'quV. as a function
of v and v" we have concluded that it is reasonable
to divide the missing (?„<„>< equally between v" = 6
and v" = 7 for the u' = 1,2 progressions. So an upper
limit for (TU.)~1 and a lower limit for -„. is obtained.
The results are sluiwn in table 1, column 5. The large
discrepancy between tile experimental and calculated

Table 2
Frandc-Condon factors for I I I -*A 2 1:*- X 2 l l j

v" = 0 v" = 1

0.1849
0.2281
0.1827
0.1239

0.3340
0.0887
0.0008
0.0164

0.2841
0.0126
0.1072
0X848

0.1423
0.1885
0.0749
0.0000

0.0447
0.2623
O.0075
0 0924

= 5

n.onsa
0.1583
(1.1739
0.0571

0.99
0.93
0.53
0.38

Table 3
Transition frequencies i-uV. (cm"1) for 111** A 2i;*-— X2Ilj

V

0
1
t

3

u" = 0

24652
25972
27114
28081

u" = 1

21738
23058
24200
25167

u" = 2

19002
20322
21464
22431

u" = 3

16445
17765
18907
19874

u" =4

14065
15385
16527
17494

u" =5

11864
13184
14326
15293
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Absolute al.m valves for 11(1) and I'd) lines resulting from
dissociative excitation of III'by 100 eV electrons . . \ ~

Line \
(A)

IIQ 6562
Ilj, 4861

••"(I) 2 P 0 - ; P 6966
7037
7127
7202

2DO-2P 7606
7754/59
7800

2S0-2P 7311
, 7369

I'd) 4Po-4P 7331
7399
7425

"Do-1"? 6902/09
6856/59
6773

a) Uncertainty in the absolute values
ty less than 5%.

a, a) ;
(10->9 cm2)

"27.7
5.9

1.1
2.5
6.3
0.78
0.41
1.6
0.41
.1-3
0.19

0.43
0.48
0.39
0.82
1.0
0.40

15%; relative uncertain-

relative ru- values shows clearly that the assumption
that Rc is independent of R is incorrect. Consequent-
ly the Born-Oppenheimer approximation is not valid
for IIF for this particular transition.

The dependence of Re on R originates from the
electronic wavefunctions iiy and ^ e of the upper and
lower state respectively, since

. : ' (6)

where M is the electronic dipole moment operator. -
The./?-dependence of <pY and î c must be due to con-
figuration interaction in one or both electronic states,
with an ̂ -dependent interaction coefficient. In the
case of HF+ it is known (see e.g. ref. [2]) that the

"" X2flj and B 2Ilj states have a strong interaction al-~
ready at small R. This is the result of the fact that
X2FIj is electronically correlated with the third dis- ;
sedation limit, while B 2Flj corresponds to the first
one. This leads to a strong interaction in the region
of the avoided crossing.

3.3. Emission from dissociation products ofHF

In table 4 we give absolute emission cross sections
for the HQ and Hp lines and some F(I) lines at 100 eV
incident electron energy. In fig. 2 we present a plot
of the emission cross section as a function of the in-
cident electron energy for 0—100 eV electrons for the
Ha and the F(l) (X = 7127 A) lines. Both curves show
a single onset, for Ha at 17.8 + 0.3 eV and for F(I)
at 20.7 ± 0.3 eV.

In table 5 we present relative emission cross sec-
tions for 0-2000 eV electrons incident on HF, for
the Ha and F(l) (7127 A) lines. This data can be
analysed for sufficiently high electron energies by
applying the theoryof Bethe for dissociative excita-
tion (see e.g. Inokuti [11]). We can write for the ex-
citation cross section

(7)

Fig. 2. Excitation function oflla and F(2P0 -
 2P) radiation for 0-100 eV electrons incident on 111'.
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Table 5
Emission truss sections for I1Q ami 1(1) radiation for 0- 2000
eV vlcvtr

t:

(I

40
60
80

100
ISO
200
300
400
500

mis on III-

. o c m (ml.)

" a - " - '

o.oo
0.31
0.80
0.97
0,99 -
1.00.
0.94
0.85
0.69
0.56
0.52

1(1) a)

(1.0
0.0
0.60
0.81
0.86 -
0,91
1.0
0.86
0.65
0.57
0.44

600
700
R00
900

" 1000
1200 :

1500
1700
2000

»«-'"'

0.43
- 0.39 •' =

0.36
0.32
(1.30.
0.26 :

0.21
0.19
0,17

„

10)")

0.37
J 0.31

0.29
0.26

.0.22
0,18
0.14
0.13
O.U

{3

W Uncertainly in the relative values 57c.

where R is the Rydberg energy ,MCSS the electronic
matrix element for dissociative excitation, £e) the in-
cident electron energy and cesc a target constant. In
the case of excitation to ii dissociation continuum
and light emission of one of the fragments o e m is re-
lated to A/2 and c c x c . Then we can change ii^iees
and tise.1/|m and e c m instead of M*xc and c e x c lead-
ing to

ocm=(^lRIEel)Mlm\n(cemEJR). (8)

In fig. 3 we display (aum£e |/4miQ/?) versus In£c l , a

20-

so-called Fano plot (see Fano 112]). From the slopes
of the lines at high energies we derive M~m = 3.044 X
IO~2 for Ha and M^m = 0 for the F(I) radiation. The
intercept with the abscissa is c e m and this yields val- .
ues of 1,805 and °°. respectively. This indicates that
the formation of H(n = 3) is dominated by optically
allowed excitation processes while the F(2P0) atom
is formed by an optically forbidden excitation proc-
ess. To understand these results better we shall look
at the nature of the orbitals that dissociate in excited
II atoms compared with those that yield excited F :

:

atoms. *-

The electronic configuration of HF in the ground
state is HF(lso2 2po2 2p7i4)X= '2+ . The ground state
of the HF+ ion is HF+( lsa2 2so2 2po2 2pir3)X 2 n
and the first excited ion HF + ( l so 2 2so2 2po2pn4)
A 2 S + . We see that both ionic states can be formed
from HF X ' S + by a one electron transition. Both
X 2fl and A 2 S + have the same dissociation limit and
A 2 £ + dissociates into H+ + F(2Pi/2)- According to
ref. [13] there exists a series Rydberg orbitals con-
verging to the A 2 2 + ionic state that dissociate in
H ( H R ) + F(2P1 / 2) and have • • 3 ( £ + , n , S ~ , A ) sym-
metry. The dissociation limit for the orbital disso-
ciating in H(H = 3) + F( 2P 1 / 2) is found at about 18
eV, in good agreement with our experimental value

Fln.-) .H('S)

l_F(n=3r'(S.I>C».H('S)
FtnOl'IROl-Hl'S)

500 .:100a 2000 E(eV)

Fig. 3. Fano plot (100-2000 eV) f o / i i a and H : P 0 - 2 P )
radiation fiotnHP.

15

1 Z 3 R(A)—

Fig. 4. Potential energy diagram for some ionic HF* levels.
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of 17.8 ± 3 eV as a threshold for lln radiation. We
have also drawn the approximate shape of the poten-
tial function of this Rydbcrg orbital in fig. 4, show-
ing that direct excitation from HF X ' l ' + above the
dissociation limit is possible. The fact that these Ryd-
hcrg orbilals can be populated by an one electron- -
transition from X ' i ) r explains the optically allowed
character of the formation of ll(/i = 3) as found in

ng-3. . . . . - • - , .-; : __.*_ ._. - ----,
The excited F atoms produced in these measure-

ments are found in 2(S, P, D) and 4(P,D) states re-
sulting from a ( I s - ,2s - , 2p4 ,3p) configuration. We
explain our results asTollows: F-(S, P, 0) atoms are
dissociation products of a member of a Rydbcrg se-
ries converging on the 11| :+ 1$ -II state which is ex-
cited by removing two electrons from 2p orbitals.
This process will generally be optically forbidden in
accord with the data from the Fano plot. The disso-
ciation limit of the Ry-Jberg orbital giving Il(-S) +
F(H = 3) 2(S,P.D) is 20.6 cV (see e.g. ref. [13]), in
agreement with our value 20.7(±0.3) eV.

We suggest that the F(;i = 3) 4(P,D) atoms are
formed as dissociation products of a repulsive Ryd-
berg state with a dissociation limit slightly below that
producing F -(S, P. D), see also fig. 4. So spin for-
bidden predissociation of the latter orbital can yield
the observed F 4 (S , P, D) atoms.

been sponsored by FOM and SON with financial sup-
port of ZWO.
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CHAPTER V

EMISSION OF RADIATION DUE TO ION3ZAT1ON AND DISSOCIATION

OF N2O BY ELECTRON IMPACT
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Cross sections for emission of the N2O
+ (A '2l? - X2IIj) system (3300 - 4000 A) from different vibrationai upper levels

have been measureJ for 0-2000 cV electrons on N2O. Lifetimes arc presented fur five different A S* vibrationai states.
They range from 260 ns for the A 2 £* (0,0,0) to 236 ns for the A *S* (0,0.1) level. It has been found that predissociation of
the A 2 S* (1,0,0) level must be far less important than assumed previously by oilier groups. Another emission, between 2200-
3300 A. has also been studied. It has an appearance-potential of 15 cV, 1.4 eV below that of the N2O* (A 2 £* - X 2rij) radia-
tion, resulting from dissociative excitation of N2O via a super excited state. For the lifetime of the upper slate of this emis-
sion we find 1.7 (±0.1) *">. slightly varying over the band system.

1. Introduction

In the past several groups have studied the excita-
tion of N2O* (A 2 2 + ) by electron impact on N2O (see
e.g. refs. [1-6] ) . Absolute emission cross sections
(o e m ) have been reported by Gerzanich et al. [1 ] and
Latimer and McConkey [2] due to 0—300 eV electrons
for the N2O+ (A 2 Z + - X 2Ui) system. Furthermore
Judge and Lee [7] have performed photoionization
experiments on N 2O. Young et al. [8] report the pre-
sence of NO(B 2 I1~ - X 2 n j ) (0 bands) emission, result-
ing from photodissociation of N-,0.

Lifetimes of the various vibrationai levels of the
A 2 S + state have been given in refs. [ 3 - 6 ] . All these
groups find a decrease of the lifetime with increasing
vibrationai energy. According to Eland [3] this is due
to a weak predissociation of the A 2 2 + state by a quar-
tet state. The latter is repulsive and dissociates in NO+

and N ground state fragments.
In the present work we have measured absolute

emission cross sections for the N2O+ (A 2 S + - X 2rij)
svstem for O-2000 eV electrons incident on N2O. We
also report emission, resulting from dissociative exci-

Department for Theoretical Orpmic Chemistry, Leyden
University, Leyden, The Ncthei lands.
AK.ZO Research Laboratories, Arnhem, The Netherlands.

tation o r N 2 0 and probably due to the NO(B 2I l -
X 2l!j) transition. For this system emission cross sec-
tions have been measured. Lifetimes for five vibrationai
A 2 S + levels are presented. The results give no evidence
for predissociation. Furthermore the lifetime of the
NO(B 2Il j) state is reported.

2. Apparatus and experimental conditions

The apparatus used for the a^, measurements is
basically the same as that described by Beenakker and
de Heer [9] . Mohlmann and de Hecr [10] have reported
the modifications in the setup for the lifetime measure-
ments.

The N2O gas was obtained from Air Liquide (99.98%
purity). During the measurements the pressure has been
kept below 10"3 torr. All the emission intensities were
found to depend linearly on the pressure of the N 2 O
gas and the electron current. During the lifetime mea-
surements of the N 2 0 + ( A "S + ) state the electron beam
has been pulsed with a pulse of 250 ns duration and a
frequency of 500 kHz. The cut-off time of the pulse
was about 20 ns. No dependence on the N 2 O pressure
could be detected for the lifetime of the N 2 O + ( A 2 2 + )
level. For the determination of the lifetime of the
NO(B 2I1) state a pulse width of 2 us and a frequency
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of 50 kHz have been used. For the N0(B 2H) state the
intensity was too low to investigate the effect of pres-
sure on the measured lifetime r. We present here T
measurements taken at I mlorr. For the identification
of the NiO+ emission spectrum the data ol'Callomon
and Creuuberg [111 have been used.

3. Analysis of the high energy data

For sufficiently higjfebctroriimpact energies we
apply the theory of Bethe [12]. Here we must con-
sider that the N20+(A 2 Z + - X 2Ilj) emission is formed
via an ionization process and the NO 0 system via a
dissociative excitation process. For ionization the
Belhe formula is written as:

O; = (4valR/Ecl)Mr in^I-JR), (1)

where<(() is the first Bohr radius,/? the Rydberg ener-
gy, Ee\ the kinetic energy of the incident electrons. cx

a collision constant and ;Uj is the dipole matrix element
for ionization (see refs. [13,14]). For dissociation an
analogous formula can be given:

o d = (4TTajJK ,)M\ (la)

Hereil/d may be called the dipole matrix element for
dissociation. In the case of light emission from the
ionized state the emission cross sections are related to
Ml and cr\t is possible to use A/2

 e m and c e e m in-
stead ofA/f and q for emission of a photon of a
kind S (see refs. [13,14]). The same applies to the
case of light emission from dissociation products
where A/c" enl and cicm can be used instead ofA/d and
c$. This leads to the more general formula:

where acnl is the cross section for emission of photons
of the kind £ from the relevant upper state. We shall
apply this theory in the next sections by plotting
"em^V4™o ^ versus In Ec]l a so-called Fano plot [ 15].
From the slope of the linear part of this plot at high
incident electron energies one can obtain Af 2

e m and
from the intercept with the abscissa one derives c

V, cm

4. Results and discussion

4.1. Emission spectrum -

The emission spectrum, produced by impact of 100
eV electrons on N->0, has been scanned between 1850—
9000 A using two nionochromators. One, sensitive for
radiation from 1850—5200 A has been used with an
optical resolution of 0.5 A fwhm; the other, for radia-
tion in the 4500-9000 A region has been used with 5 A

-fwhni band width. The following features have been
observed at 100 eV incident electron energ>\

(i)TheN,O+ (A"S + - X2llj) emission located
between 330"0-4000 A (see also ref. [ 11 ]).

(ii) A weak band system between 2200 and 3300 A,
with a maximum emission intensity around 2600 A.
The appearance potential of this system is found to be
15 eV, 1.4 eV below the threshold of the N-,0+(A 2 S + )
state. The spectrum, the lifetime and other indications,
as discussed further on (see section 4.3) lead to the con-
clusion that the system is probably due to the
NO(B2II - X 2 I l j ) transition. Therefore we call this
radiation hereafter NO /? radiation. ~

(iii) A few weak Nt bands and some O 1 and N 1
lines were observed, due to dissociative excitation of
N2O.

4.2. Emission cross sections for the N-,O+

(A2Z* - X2\\) system

In table 1 we show our aem's for various vibrational
transitions of the N2O+ ( A 2 2 + — X2II{) system for
100 eV electrons. Also included are the data from refs.
[1,2]. The agreement between our work and that of
the two other groups is rather good. Relative emission
cross sections for 0-2000 eV electrons are given in
table 2. The maximum aem occurs at about 100 eV.
Fig. 1 shows the excitation function for 0-100 eV
electrons for t h e ( A 2 £ + - X2!^) system. It shows a
single, sharp onset corresponding to the second ioniza-
tion potential ol"N2O, equal to 16.4 eV [3]. In fig. 2
we present a Fano plot (see section 3.2) for this emis-
sion. We find Jl/C

2
m = 1.3 ± 0.2 and ccm = 0.44, both

related to the total N 2O+ (A 2 S + - X 2Ilj) emission.
These results indicate that optically allowed processes
play an important role in the formation of the A 2 S +

state.
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Table I
: > l l l

TraiiMliim M,\Yb>
liundhead

*l | . | system at 10

«cm(Kf1Hcm2)

tliis work c ' r

0 eV

el"-IM ret. [2

(UK)

mm
0 0 0

mm
oiio

inn
1 (10

100

100

100

000

100

no
110

020

001

000

000

001!

000

100
200

30(1

400
4

5,
00(1

1(10

200

300

400

4

s
u"=CI

010

(111)

010

000

020

001

(101

101

010

u'v"

355K
3707

3864

4032

4280

3395

3515

3b74

3822

39S5

3594

342St

3362

3312

3506

3470

3773

3944

3526

17.80
9.(11

2.15

(1.32

0.11

29.39

2.96

1.51

1.53

0.83

0.23

7.06

1.70

0.28

0.11

0.02

0.17

1.22

0.32

0.23

2.60

53.0 li>

a ) Sum over all observed vibralionul transitions.
b ) Taken from rcf. [11] .
c ) Uncertainty in o < n l for separate transitions 15'.;.
» ' Uncertainty 6 X l(T18 cm2 .

19.1(1

10.20

2.60

0.57

0.11

15.5
8.1

2.0

32.38

2.83

1.89

<2.47

<1.20

0.91

46.6

26.1

2.3

4.3. Tlie NO (I system

In this work we have also studied a weak, broad
band system, lying between about 2200-3300 A
which we ascribe to the NO 0 system. The NO (3 bands
have been observed before by Young et al. [8] in emis-

sion resulting from photodissociation of NjO by photo,
of 1470 A (8.44 eV). Here we find a higlier appearance
potential, namely 15 cV. Since dissociation of N2O in
NO( B 2II) and N(4S°) requires at least 10 eV, it must
be clear that the NO (3 emission observed by Youngct
al. [8 | cannot be the result of a primary process. They
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Fig. 1. Cross sections Tor emission o f ^ O * (A2£+(0,0,0) - X 2 n ; (1,0,0)) and NO(B2n-X2rij) in the case of 0-100 eV elec-
tions on N2O in units of cm2.

explain the low appearance potential by assuming at-
tack of excited oxygen atoms, formed by dissociative
excitation of N2O, on the neutral N2O molecule,
leading to NO(B 2F1) formation. Their experiments,
however,iiave been performed at much higher pressures
(torr region) than in our work where this channel of
NO(B 2 n) formation has not been observed.

If the NO-/3 emission would result from NO impuri-
ties in the N2O gas we should have observed the NO y
system (pronounced doublets) obscuring the NO 0
bands between 2000-3000 A (see e.g. ref. [16]). Since
this is not the case the NO 0 system must be formed by
dissociative excitation of N2O. The appearance potential
of 15 eV excludes excitation of N->O to a stable excited
ionic doublet state since the NjO^A 2S+) state has an
appearance potential of 16.4 eV. However some unstable
excited ionic states are known to have an energy below
16.4 eV. For energetic reasons these unstable ionic states
can only dissociate to ground state fragments like
NO+(X 12*) and N(4S°) (threshold 14.2 eV) and not
to NO(B 2U) and N+(3P) (threshold 25.1 eV). So
only excitation to a neutral N2O state at 15 eV (super-
excited state) can lead to dissociation into NO(B 2IT) and
an N-atom. Since dissociation into rG(B 2 n) + N(4S0)'
requires only 10 eV, it is clear that either theexcitation
occurs to a strongly repulsive N2O state or the N-atom
is formed in an excited state or both.

l -

— I —
100 200

-t—
500

-I—1-
3 20110010001S00

* E (eV)

Fig. 2. Fano plot of the N2O* (A 2Z*-X 2rij) and NO(B 2 n-
X 2rij) emissions for 100- 2000 eV electrons on N2O, using
the total emission cross sections for these systems.
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Table 2
Relative emission cross' sections of N2O

+ (A 2 S* (u1,. u j . u'j) - X 2II j V i , u2, uj)) and NO (B 5!l (u1) - X*n (u"» transitions for
U-IUOO cV electrons

10
20

30
40

50
60
70
80

90
100
150
200

cicm|rel]

N2O
+ [A-X] a )

0

0.25
0.68
0.87
0.92

0.95
0.97

0.98
1.00

1.00
n.96
0.91

NO(B-X) b>

0
025
0.65

0.80
0.88

0.93
0.95

0.98

0.99
1.00

0.90
0.76

«cV)

300
400

500
600
700
800

900
1000

1200
1500
1700
2000

"eml - ' l

N 2 O + [A-X) a>

0.K1

0.72

0.60

0.55
0.50 _

0.46
0,43

0.40

0.36

0.30
0.27
0.23

NO|B-X] b )

0.62

0,55
0.46

0.39 I

0,36

0.34

0.31

0,29
0.26
0.21
0.18
0.16

a ' Absolute values at 100 cV are presented in table 1.
*>) Absolute value of the total emission cross section at 100 eV equals 2.3 X 1O"1S cm2 .

In fig. 1 we show the excitation function of the
N0(B 2J1) state. The onset is found at 15 eV, allow-
ing the above-mentioned dissociation process as a
mechanism for the formation of NO(B2II) from N,G.
The fact that the emission intensity of the NO (3 system
depends linearly on the N->O pressure shows that the
mechanism found by Young et al. [8] does not occur
under our experimental conditions.

In table 2 we give the relative emission cross sections
for the NO 0 system, resulting from dissociative exci-
tation of N2O, for 0-2000 eV electrons. The total
emission cross section at 100 eV is aem = (2.3 ± 0.3) X
10"18 cm2. In fig. 2 we present the Fano plot for this
system. We findM} enl = (3.2 + 0.3) X 10~2 and
ce,em = 0.94, indicating that optically allowed excita-
tion processes dominate in the formation of the
NOfB^ri) state.

The lifetime of the NO(B 2I1) level is found to vary
from 1.4 ± 0.1 jus to 1.7 ± 0.1 jus over the band system.
In ref. [19] Jeunehomme and Duncan have measured
the lifetime of the NO(B 2FI) level to be about 2 jus.
Brzozowski et al. [20] find values ranging from 1.65 fis
for the v = 4 to 2 /is for the v = 0 level. Although our
values are a little lower than those of ref. [20] we think
that they agree within the respective experimental er-

rors. We were however not able to look at separate v
levels since the emission was to weak for this purpose.

4.4. Tlie emission band around 3300 A

Another emission was reported by Gerzanich et al.
[1 ] as a broad band around 3300 A. They have at-
tributed this band to a N2O* (*n - 4 S) transition.
Lorquet and Cadett [21] have shown however that
within the Franck—Condon region for excitation the
repulsive 4S-state has a higher energy than the 4fl
state. Gerzanich et al. [1] have also found that the ex-
citation function of this emission has the same shape
as that of the N2O+ (A 2 2 + — X2rij> emission. We
have observed the emission in the same region and we
can explain the features as follows: at 3300 A both the
N2O

+(A 2S+(1,1,0) - X 2nj(O,O,O)) emission and the
NO )3 bands are present. The superposition of these emis-
sions leads to a broad band. Since the NO 0 bands and
the N2O+ (A 2 S + - X2Ilj) emissions have excitation
functions of about the same shape, the resulting total ex-
citation function will look like that of the N2O+ (A 2 2 +

— X II.) emission. Our lifetime measurements also show
that at 3300 A both the NO 13 bands and the N2O+

(A 2 S + — X Ilj) emission are present, different from
the interpretation of Gerzanicli et al.
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4.5. Lifetimes of the N20
+ (A2?.*) levels

In table 3 we present the meausred lifetimes Tra(1 of
the various vibrational A 2 £ + levels together with the
values of other groups. In the case of the A 2 S + (0,0,0)
level our values agree well with those of refs. [ 3 -6 ,
22, 23] . For higher vibrational levels large discrepancies
exist. Here ourT r i ld values are significantly larger than
those of the other groups. We can analyse our results as
follows:

Since it appears from table 1 that radiative transitions
-' from a uj or 1/3 vibrational upper level almost only lead

to lower levels in u'( or 1/3 vibrational modes respectively,
we can apply to these states the same formalism as for
diatomic molecules. The measured TU

W is the inverse of .
the total transition probability Au>itol. This can be ex-
pressed as:

^u'.tol = /1u',raU + / 1u'.non-rad. ' ^

where Au' racj is the radiative transition probability from
the v level and<4u' m m . r ad the probability for collisional
deactivation or predissociation. The factor Av- ra(] can
be approximated by

(3)

where c is a constant, R^ the electronic transition mo-
ment, qu'v« the Franck-Condon factor and vu>-v" the
frequency of the emitted radiation. To obtain the <?„•„••
we have used our experimental emission intensities

», that can be expressed as

/ , » = cN
V V V

(4)

where A -̂ is the population of the v level. Considering
a single v level (Nu> = constant) we can find values for
the product [i?j] «?„•„•• for the corresponding v" progres-
sion. Assuming that [/?•;] is independent of v and u"
and using the sum rule for the Franck—Condon factors

(5)

we can bring all the qu'u" belonging to the v" progres-
sions for different v levels on the same relative scale.

The assumption that [i?j] is independent of v and
v" leads to a simplification of eq. (3)

~ ,3. ..A . . - c L-i a , ,, v••.v ,rad « n v v u v (6)
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Table 4
Data of sumo 0 I and N 1

OI
OI

NI
Nl

a) Line positions.

lino

Miilliplct

•\s° - 3p

\'° (A)

7774
8447
8211
8691

"cm

6.7
3.0 ^
4.0
9.3

(l(f19cm2)at 100 BV

t 0.7
- 0.3
t 0.4
t 0.9

"cm

8.3
5.2
7.2

18,5

HO"3)

± 0.8
±0.5
±0.7
±1.8

'em

0.78
0.66
0.38
0.31

With eq. (6) and the </„•„•• values computed with eq,
(4) and (5) we can calculate the ratios of the lifetimes
of the various v\ and u'j levels. These values are pre-
sented in the last column of table 3. So if can be seen
that 6% of the observed decrease of rj, can be explained
by a decrease in ru-_rad when u' increases from 0 to
(1,0,0), assumingRc = constant. The preceding calcula-
tion contains two possible sources of errors. Firstly the
Rc = constant approximation could be invalid. How-
ever this would influence the results very little because
of the summation in eq. [3]. For a discussion of this
phenomena we refer to Mohlmann and de Heer [24].

A second source of errors is found in the experi-
mental Iv'v« values which were used to obtain <yuy
using eqs. (4,5). The resulting error in ru.iE1(jis es«
timated to be 5%. In previous work of all other groups
the dependence ofTu-tad on vu'v« has always been
neglected, implicitely or explicitely. In the following
we shall assume that the decrease in ru- that cannot
be accounted for by the i ^ . . dependence, is caused by
predissociation. as observed in refs. [3,25—28]. In order
to compare our results with those of others we shall
use the quantum yield for predissociation <£d, defined
as [7]:

where T D is the lifetime towards predissociation.
In this work we then find <pd = 0.06 for v = (1,0,0).

From photodissociation work of Orth et al. [27] we
obtain T D = 1539 ns. In combination with TV> = 230
ns (this work) this leads to 0d = 0.15. The r . value of
ref. [5], used without correction for the T . .. depen-
dence, yields 0 d =0.19. Combining photoelectron and
photofluorescence data, Lee [29] has pointed out that
the contribution of prcdissociation to the A 2'Z+ (1,0,0)
level decay must be small. Comparison of the three

0d values and the conclusion of Lee [29] shows that
the value <f>i = 0.40 ±0.11 as given by Eland [3] is
probably 2—3 times too high.

4.6. Other emissions resulting from dissociative excita-
tion ofN2O

The emission spectrum at 100 eV also contains some
emission of N*. We have only measured the emission
cross section of the I<(B 2 £ * , v = 0 - X 2Z+,u" = 0)
transition at 3914 A. We find (0.20 ±0.04)X 10"19 cm"
This is in agreement with Gerzanich et al. [1 ] . For the
N I and O I lines observed in the spectrum we give sonn
results in table 4. Here no values from other groups are
known to the authors. We see in table 4 that optically
allowed excitation processes play an important role in
the formation of excited N and O atoms from N2O,
because c e m ** 1.
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CHAPTER VI

AN ANALYSIS OF SOME OPTICALLY ALLOWED AND OPTICALLY FORBIDDEN EXCITATION
PROCESSES LEADING TO DISSOCIATION
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and
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For a number of diiitomic and triatomic molecules an analysis is presented which shows why in election molecule colli-
sions some frapments are mainly formed via optically allowed and others via optically forbidden excitation processes. The
limitations of the analysis are discussed and an extrapolation to dissociative excitation processes in larger molecules is pro-
posed.

I. Introduction

Collisions between molecules and electrons may
lead to dissociation of the molecule. If one or more
of the fragments are formed in excited states, the dis-
sociative excitation process of the parent molecule
can be studied by measuring the emission cross sec-
tion (aem) for the light emission of the fragment as a
function of the electron impact energy. The threshold
energy of the emission is related to the dissociation
limit of the excited parent molecular state. The high
energy behaviour of aem provides information about
the symmetry of this state.

Considering the excitation processes of parent mo-
lecular states, dissociating into one or more excited
atomic fragments, de Heer [1] gave a survey of some
experimental work up to 1975. The most important
conclusions were that the excited atoms were the
result of dissociative excitation of super excited mo-
lecular states (see Platzmann [2]) and that these were
mainly excited by optically forbidden processes.
However, by then one exception to the last statement
was already known, since excited H-atoms from H2O
were mainly formed via optically allowed dissociative
excitation [13]-
• In later work (see e.g. refs. [4-7]) more examples

were found of optically allowed dissociative excita-
tion of super excited states. This has induced the
search for the principles that govern these excitation
processes. Here a method is presented which allows
for predicting whether the excitation processes in
diatomic and triatomic molecules, leading to dissocia-
tion of the parent molecule, are optically allowed or
optically forbidden. A limited analysis of larger mole-
cules is also within the reach of this method.

This analysis is an extension of the ideas presented
before in a publication on the emission spectrum of
hydrogen fluoride (see ref. [4]).

2. Bethe theory for dissociative excitation

The experimental work mentioned above [3-7]
consists of dissociative excitation of molecules by elec-
trons, followed by detection of the radiation emitted
by excited fragments.

For high electron impact energies the electron
beam simulates a continuous spectrum of photons,
weighted by I/is, which is expressed formally in the
theory of Bethe, for which we also refer to the work
of Inokuti [8]. Here only the relevant formulae ars
given.
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lixcitatiim cross sections at high electron impact
energies can he presented as

( i c x c =

where Mc»c is the dipolc matrix element for excita-
tion, R the Rydbcrg energy, cac a target constant
and He\ the electron impact energy. For excitation
into a continuum M^xcls given by

( 2 )

where d//dF is the optical oscillator strength and the
extension of the upper integration limit to infinity is
justified for large E (see rcf. [8]). This formula shows
that integration of a photoabsorption spectrum,
weighted by l/£'can also provide the dipole matrix
element Af̂ c-

As a connection between the optical oscillator
strength and the photoabsorption cross section <rpa

(in M barn) the relation

R df(E)/dE = (mcR/ne2h) apa «T) = 0.124 apa(E) (3)

can be found.
When dissociative excitation leads to an excited

fragment which decays by emission of a photon, this
emission can be detected. For the emission cross sec-
tion an expression similar to eq. (1) is found:

, \n(cemEjR),

where

Rdf(E)
E dE '

(4)

(5)

Here 0j(£) is the efficiency for the dissociation pro-
cess and the consequent emission of radiation by the
fragment, while cem in eq. (4) is equal to cexc in eq.
(1). In refs. [3-7] the experimental results have been
interpreted using this formalism. To derive numerical
values for M\m and cem the graphical method of Fano
[9] is mostly used. Here oemEe\l4-na0R is plotted versus
In Eel. The slope of the high energy part of the plot
then provides Afjm and the intercept of the extrapola-
tion of the high energy part with the In E$ axis is
cem. The connection between the character of the
excitation process and the cem and Afem values is as
follows:

When Mjm > 0 and cem « 1, optically allowed pro-
cesses dominate excitation.

When M*m = 0 and cem > 1, optically forbidden
excitations are dominant.

When Mlm > 0 and cem > 1 both optically allowed
and forbidden processes are important in the for-
mation of excited fragments (see ref. [9]).

3. General description

From electron impact experiments it is known
that when radiation from excited atomic Rydberg
states is detected, at sufficient excitation energies, all
members of the Rydberg series can be observed. In
the case of electron impact on molecules these atomic
Rydberg states are formed as dissociation products of
corresponding molecular Rydberg states. The upper
limit of a Rydberg series is called the ionic limit.

Excitation of a molecule from its ground state to a
Rydberg state via a one electron transition is always
possible in an optically allowed way, since there
always exists a Rydberg state with the appropriate
symmetry. The same optically allowed excitation pro-
cess is observed when the ionic limit is excited. This is
an assumption similar to that made in the "core ion
model" (see ref. [101).

In the analysis presented here it has been assumed
that all excitations involving one electron are in fact
dominated by optically allowed exitation processes.
For two electron excitation processes it has been
assumed that they mainly are optically forbidden.
This was suggested before by Vroom and de Heer
[11] in 1969.

Using this simple basis some dissociative molecular
excitations have been analysed and the results have
been compared with experimental data. First, hydro-
gen containing diatomics are discussed followed by an
analysis of excitations in CO. Furtheron H2O and
H2S are compared and another triatomic, N2O is dis-
cussed.

With increasing size of the parent molecules, also
the number of possible dissociation products is
strongly enhanced. A straightforward analysis like
that used for di- and triatomics is no longer applicable
then. However, in a separate section attention is paid
to some ten electron molecules, HF, H2O, NH3 and
CH4.
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4. Diatomic molecules

4.1. Hydrogen containing compounds

In this section HF and HCI will be discussed first
and later on IIBr, III and Ilz are considered. Relevant
dissociation limits and dissociation products of HF+

and HC1+ arc displayed in table I. (taken from ref,
(I2|). In table 2 the ionisaliun potentials I of some
atoms (from rcf. [ I3|) and diatomic molecules (from
rcf. 114]. arc presented.

In the IIF+ case it can be seen that the lower dis-
sociation limits arc correlated with H+ + F as pro-
ducts. This is easily understood by noting that /(//) <
/(F). From table 1 it can also be seen that the X 2FI
and A2E+ states of the i«n are excited by one elec-
tron transitions from the molecular ground state. For-
mation of H* is, therefore, possible via optically
allowed excitation. On the contrary formation of F+

requires an optically forbidden two electron excita-
tion. Consequently excited H atoms are expected to
be formed by optically allowed excitation while for-
mation of excited F atoms involves optically forbid-
den excitation processes. In ref. [4] these processes
have been studied experimentally and formation of
H (n = 3) atoms was found to occur via optically
allowed excitation with a threshold of 17.8 ± 0.5 eV
(theoretical dissociation limit 18.0 eV). Formation of
F (n = 3) atoms starts at 20.7 ± 0.5 eV (equal to the
theoretical dissociation limit) and is optically forbid-
den. So here the analysis is in very good agreement
with the experimental data.

When going from HF to HCI the sequence of the

Table 2
Some relevant ionisation potentials

Atom / (eV)") Molecule /(oV)

F
H
Cl
0
C

17.47
13.6
12.97
13.61
11.09

OH
SH

13.1 b>
10.34 c)

a> From ref. [13]. b> From ref. [141. c ) From ref. [23].

dissociation limits is changed (see also fig. 1). While
for HF it was found that /(F) > /(H) it is seen that
for HCI: /(Cl) </(H) (see table 2). So here Cl+ will
be the ionic product of the lower dissociation limit.
This has two consequences. Firstly it must be noted
that formation of Cl+ will now become optically
allowed, which is also true then for excited Cl atoms.
Secondly, the explanation of the formation of H+ and
also of excited H-atoms becomes ambiguous, since
here both optically allowed and optically forbidden
excitations might be important, due to the contribu-
tions of both the A 2 2 + and B 2fl states. From exper-
imental work [15] it is known that at least part of
the excitation processes involved in the formation of
excited Cl atoms is optically allowed. For the forma-
tion of H (n = 2) atoms it is obtained from ref. [6]
that the excitation function has two onsets, the first
at 17.0 eV and the next at 25.1 eV. These two seem
to reflect both above mentioned excitation processes,
where 25.1 eV corresponds to the threshold for B2fl
excitation. For the repulsive Rydberg orbitals con-

Table 1
Data concerning HF* and HCl+

Neutral ground state: HF= lsa2 2sa2 2pa2 2pn
HCI = lsa2 2sa2 2po2 2p<

State

x2n
A 2E+

B2n

Outer orbitals "'

npa2 npir3

npa Hpn*
npa2 nprr2(H + 1) pir

4

i 3sa2 3po2 3

HF+b>

DL<»

19.44
19.49
23.31

DPe>

H+ F(2P3 / 2)
H+ ,F( 2P 1 / 2 )
H,F+

HC1+ c>

D L d >

17.44
18.07
18.12

DPe>

H,C1+

H+,CL(2P3/2)
H+,CI(2P1/2)

•) n = 2 for HF+, n = 3 for HCI+ *>) Data taken from ref. [4] . c> Data taken from ref. [ 11 ] .
d> Dissociation limit in eV (DL). e> Dissociation products (DP).
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Fig. 1. Schematic correlation between the lower electronic states and the corresponding dissociation limits of HF1" and HC1+.

verging to B 2U all excitation leads to dissociation.
The Rydberg orbitals converging to A 2 2 + are
bounded and here only excitation above the dissocia-
tion limit leads to dissociation. Therefore it is
expected that optically forbidden excitation pro-
cesses will be dominant in the formation of excited
H-atoms. The Fano analysis which is given in ref. [6]
confirms this experimentally for electron impact
energies up to 2000 eV.

The same analysis as applied to HF and HC1 can
also be applied to HBr, HI and H2.

For HBr and HI it is clear that both/(Br) and/(I)
are smaller than /(H). So in both molecules the first
ionic dissociation limit will correspond to Br+ and I+.
Here also optically allowed formation of excited Br
and I atoms is expected to be possible. No experimen-
tal data are known to the authors.

Excited H-atbrhs are expected to involve the same
types of processes as discussed in the HC1 case, which
leads to dominance of optically forbidden excitation
processes at energies around 2000 eV, but a lower
threshold in the excitation function that corresponds
to the optically allowed process. Mohlmann [15] has
experimentally found such a behaviour for HBr.

H2 represents the unique case that all relevant Hj
states dissociate into H++ H. Therefore both opti-

cally allowed and optically forbidden excitation pro-
cesses contribute to the formation of excited
H-atoms. This is in agreement with the situation
described by Mohlmann [6] who finds that both opti-
cally allowed and forbidden excitations are important
in the formation of excited H-atoms from H2, using a
Fano analysis of his electron impact data.

The above considerations suggest that for hydro-
gen halides HX optically allowed excitations leading
to excited H-atoms will be found if/(X) > /(H), but
that the formation of excited X-atoms is then dom-
inated by optically forbidden excitations. If, how-
ever,/(X) </(H), optically allowed excitations will
be found to lead to excited X-atoms, but optically
forbidden excitation processes govern the formation
of excited H-atoms. This simple rule reflects the im-
portance of the fragment ionisation potentials.

4.2. Non hydrogen containing compound, CO

In this section the CO molecule is analysed in con-
nection with the excitation processes that lead to C+

or O+formation. In table 3 the relevant data for CO
have been compiled. It can be seen that the situation
is somewhat similar to the HF case. Here /(C) </(O)
(table 2) and the first two limits are connected with
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Tahlc 3
Data oiiuoiiiini; CO'

Neutral ground stale: n\s~ n l s 2 «2s2 ti2s" Tr2p4 o2p-

CoiiliiuirouVn DL a> Dl> h )Stale

X ^ ' K K «2s2 ir2p4«2p 22.37 C+(2P0)
A3ll KK o2s2 n2p3 o2p2 24.34 C+(2PO)
H2L + KK n2s n2p 4 o2p 2 24.73 C(3P)+O+(4S0>

a ) Dissociation limit in eV (DL), calculated using ionisation
potentials from table 2, flu(C'O) = 11.11 eV [ 14]; the
energy of the various levels of usygen lias been taken fiom
ref. [131.

h* Dissociation products (UP).

C+ formation. So optically allowed processes can play
a role in the formation ol excited C-aloms.

For excitation of the B 2 E + state however, a one
electron transition is involved in CO, whereas in the
HF case this state was populated by an optically for-
bidden excitation. In CO we thus expect also optically
allowed excitations to be important in the formation
of O+, and also in that of excited O atoms.

The experimental work of Aarts and dc Heer [7]
shows that indeed botli the formation of excited C
and O atoms is dominated by optically allowed exci-

tation, which agrees with the analysis presented here.
The importance of the ionisation potentials is less

prominent in CO than in the hydrogen halides dis-
cussed before.

5. Triaiomic molecules

In this section the influence of the ionisation po-
tentials of the fragments will be discussed for tri-
atomic molecules.

In fig. 2 and table 4 some data concerning H 2 0 +

and H2S+ states are given. Since it is seen for H2O
that /(H) - /(OH) = 0.5 eV (see table 2) which is less
than the energy difference between the OH+ ground
state and its first excited state, E |OH+(a ' A) -
OH+(X 3E) | = 2.2 eV, it is clear that the dissociation
limit leading to H+ + OH is the second. This means
that both H+ and OH+ can be formed involving opti-
cally allowed excitations.

For H2S it can bejSeen in table 4 that the energy
differenced |SH+(b E+) - SH + (X 3 S~) | = 2.5 eV,
which is less then /(H) - /(SH) = 3.26 eV (see table
2). This has the result that in the H2S case no disso-

Slale

X2B,

A2Ai

C 2 B,

E(eV!

25-

20-

15-

10-:

EleV)

25-

,-H(2Sg)*OH(1A)
20-

-H(2SgKSH*(1Z*

-H(2Sg)»SH*(1A)

rH-0H rH-SH

Fig. 2. Schematic corre'ation between the lower electronic states and the corresponding dissociation limits of H 2O+ and H 2 S + .
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Table 4
Data concerning H2O+ and H2S+

Neutral ground state: H2O= la? 2a?

H2S = la? 2a?

State

X2B,

A 2 A i

B B2

C 2 B ,

Configuration of outer

orbitals

b§ a?
b l »i

2

b 2 a,

b ,

b?
b?
b,

l b | 3a?

lb? 3a?

a i

1b? 4a? 5a?

H2O+ a>

DLC>

18.1

18.7

20.3

21.7

2b?

Dpd)

H, OH+(X

H+, OH(X

H, OH+(a

H, OH+(b

3S~>
Jn)
'A)

•s1)'

H 2 S + h >

DLC>

13.6

15.7

16.7

17.5

DPd>

H, SH+(X

H,SH+(a

H,SH+(b

H+, SH(X

3 2 " )

*A)

V )
2rn

a> Data taken from ref. [17].
b>DL for X2B] from ASH) +O(H-SH) = 10.34 + 3.26, (forO(H-SH) see ref. [14]). The other data is calculated relative to this

DL using the diagram in ref. [18] .
c ) Dissociation limit in eV (DL).
d> Dissociation products (DP).

ciation limit leading to H* can be populated by opti-
cally allowed excitation processes.

The experimental data for H2S have been obtained
from Mohlmann [IS] who has shown that optically
forbidden excitation processes play an important role
in the formation of excited H(n = 3) atoms from H2S,
in agreement with the analysis given here, while the
optically allowed excitation of the lower H2S

+ state
leading to HS+ is found in ref. [16].

For the H2O case Beenakker [3] has shown experi-
mentally that optically allowed excitations are domi-
nant in the formation of excited H(n = 3) atoms. The
excitation mechanism being no direct excitation to
the Rydberg orbitals converging on A2A1; but an
excitation to the B 2B2 Rydberg orbitals, followed by
predissociation of these Rydberg orbitals by Ryd-
bergs converging on C 2 B t . This mechanism was anal-
ogous to that proposed by Appel and Durup [17] for
the formation of H+ fragments from H2O.

Another type of dissociation is also known to
occur in H2O and H2S, which leads to O or S atoms
or ions. This dissociation process always conserves
C2v symmetry. In table 5 the relevant dissociation
limits and the corresponding products are compiled
(see also refs. [17,18]).

Here the same situation exists as for dissociation
along the H-OH or H-SH band. In H2O both H2 and
O fragments are connected with dissociation limits

that can be reached by optically allowed excitations.
For H2S only S+ is formed by optically allowed exci-
tation while H^ can only be formed by forbidden
excitation processes. No relevant experimental data
are known to the authors concerning these dissocia-
tion processes, except for the lower dissociation lim-
its of H2S

+ leading to H2 + S+, which data is given in
ref. [16].

5.2.

In the case of N2O theoretical data have been cal-
culated by Lorquet and Cadet [19]. It appears from

Table 5
Dissociation limits and dissociation products for H2O+ and
H2S+

State

A 2 A ,

B 2 B 2

H2O+

DLa>

18.6

20.3

22.1

D P b )

O+(4SU) ,
H 2 ( '£g)
O(3Pg),

O?(2Du),
H 2 ( l 2 g )

H2S+

DLa>

12.6

15.6

17.5

DP")

S+(2Du),

S + 2 ( 2 P U
E ) ,

H2(!2g)

a> Dissociation limit in eV (DL), taken from ref. [18].
"I Dissociation products (DP).
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TaWe <»
Dissociation limits fur N->(>

K(N2 O)K(N NO)

1)1 . a ) |)|>h>

16.58 N(3l)")+NO+(x'i;4) 17.24

17.77 N(2P°) + NO+(X'i:+) 18.35

19.47 N V P ) + NO(X2I1) 18.60

21.57 N+('D) + NO(X2in 19.20

DL"> DP h>

a ) Dissociation limit in eV (DLl, taken from rt-f. [18].
h^ Dissociation products.

their work that the lour lower dissociation limits of
N2O can be reached by u one electron excitation
from the ground state, for dissociation along both the
N 2 - 0 a n d N—NO band. In table 6 these dissociation
limits and the corresponding dissociation products are
presented. Using this table it can be seen that both
O+, N+,NO+ and N2 can be formed by optically
allowed excitations. In ref. [20] a partial confirma-
tion of this result is obtained, since the experimental
results lead to the conclusion that in N2O only opti-
cally allowed excitations are important in the forma-
tion of excited O and N atoms.

6. Larger molecules

It is evident that with an increasing number of
atoms in the molecule also the number of dissociation
products increases. Furthermore the extremely com-
plicated structure of the potential energy diagrams
that correspond with the various ionic states of these
molecules, makes it nearly impossible to apply an
analysis like that used in the preceding sections.

In table 7 data is collected concerning four mole-
cules with ten electrons each: HF, H2O, NH3 and
CH4. We present the ionisation potential of the mole-
cule minus a hydrogen atom ( H ^ Y ) , which was
compared with /(H) in HF and H2O. It is seen that
A/61-1Y) decreases with increasing n. In the line of
the analysis discussed above this means that the
probability for optically allowed dissociative excita-
tion leading to excited H-atoms decreases strongly
with increasing number of H-atoms. This is confirmed

Table 7
Fragment ionisation potentials to be compared with /(H) for
10 electron molecules

Hi-
rer. [13]

H2O
ref. [HI

NH, CHa

ref. [24] ref.

/(H,,_,Y) 17.47 13.1 U.4 9.85

by the experimental results, which are discussed
below.

For NHj the formation of excited H-atoms was
studied by Mohlrnann et al. [6] who found only opti-
cally forbidden excitations contributing to excited
H-atom formation. An electron-ion coincidence
experiment of Wright et al. [21] however showed
that also optically allowed excitation processes
played a role in the H+ formation. The occurrence of
optically allowed excitations in the formation of
excited hydrogen atoms was also mentioned by Beyer
and Welge [22], who measured H(// = 2) photofluor-
escence. This probably means that optically allowed
excitations are present but are unimportant compared
with optically forbidden ones in an electron impact
experiment such as that of Mohlmann et al. A rough
calculation has been made to determine the upper-
limit of the contribution of these optically allowed
excitation processes in NH3 . The photoabsorption
spectrum of Beyer and Welge [22] has been inte-
grated, weighted by l/E which yields a value for
AfeXC [see eq. (3)]. The relatively small energy range
covered by the work of Beyer and Welge has been
corrected for by multiplying this first yi/2

xc value by
a factor 10. This leads to the new value MlXQ = 4 X
10"~2, a reasonable maximum for Af2

xc.

If we now introduce this value in eq. (1) and take
«cxc * 1 for the optically allowed process we find
aexc = 8 X 10~2 1 cm2 as a maximum for 0 e x c at 2000
eV. Since this amounts to less than 1% of the total
er,.m value for Lyman-a radiation found by Mohlrhann
et al. [6], this explains that no optically allowed exci-
tation processes are observed in electron impact work
at 2000 eV.

For CH4 both Vroom and de Heer [11] and Mohl-
mann et al. [6] have found only optically forbidden
excitation processes leading to the formation of
excited H-atoms.

This compilation shows that optically allowed for-

71



million ol*excited ll-atoms occurs in tlie first place in
molecules containing F or O, both atoms having an
ionisation potential higher or about equal to that of
hydrogen. The importance of the fragment ionisation
potential / can be seen in the series IICI, IljS, PI13

and Sill,, where no optically allowed contribution to
the formation ofexeited ||-atoms by dissociative
excitation is expected. So the choice of UF and H2O
as subjects loi experimental study was a lucky one,
providing counter examples to the hypothesis that all
foiiiialiou of excited hydrogen atoms occurs by opti-
cally forbidden excitation processes. Furthermore it
has revealed the importance of atoms with high ion-
isation potentials in resolving the problem of the ori-
gin of optically allowed or optically forbidden con-
tributions to dissociative excitation process^.

We think that the present work shows that the hy-
pothesis, that two electron transitions are optically
forbidden, is very useful in the interpretation of
experimental data.
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CHAPTER V I I

ELECTRON IMPACT INDUCED LIGHT EMISSION FROM CF4, CF3H, CF3CI,CF2C12 AND CFC13
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Several aspects ban been studied of the light emission following electron impact excitation of CF4 l CF3H, CF3C1,
CF2CI2 and CFCI3. Dissociative excitation processes, leading to excited atomic or diatomic fragments, have been analysed
using the Bcthc theory. The continuous emissions, found in all compounds, have been assigned to transitions between ionic
states of the parent molecules, where the lower level is populated above its dissociation limit.

1. Introduction

In the past decade there has been an increasing in-
terest in the behaviour of fluoro and chloro-fluoro
alkanes upon excitation by photons or electrons. The
attention was mainly directed to reactions of frag-
ments (radicals) in the upper atmosphere. Hence most
of the experimental work consists of photoelectron or
photoabsorption studies [1— 6] . Hesser and Dressier
[7] have studied the emission spectrum of CF4 .
Allcock and McConkey [8] have used time-of-flight
mass spectrometry to study the fragmentation of
CF2CI2 and CFClj upon electron impact.

The emission work of Hesser and Dressier [7] shows
two regions of continuous emission and no discrete
bands in CF4. Furthermore, they remark that all other
chloro-fluoro carbons they have studied show continu-
ous emission between 2000 and 4000 A. In this wave-
length region continuous emission from F 2 and Cl2

was known to occur but the observed radiation could
not originate exclusively from these molecular frag-
ments. They suggest that larger molecular fragments
or even excited states of the parent molecule could be
the source of the continuum.

In this work several aspects have been studied of
the light emission of CF 4 , CF3H, CF3C1, CF2C12 and
CFC13 molecules, upon excitation by electrons. We

first pay attention to fragmentation processes leading
to excited F,C1 and H atoms. We have determined
whether the corresponding excitation processes are op-
tically allowed or forbidden. Similar data for diatomic
fragments CF.CC1 and CH are presented also. Further-
more the continuous emissions have been studied in
this work and we have been able to give an explanation
for their ocurrence.

2. Experimental

The experimental setups for emission cross sections
(oem) and lifetime (ru«) measurements have been de-
scribed before [9,10].

The gases used in these experiments were obtained
from both Matheson and Co. (CF4> CF3H, at least
99% purity) and from Dupont de Nemours (CF3C1,
CF2C12, purity at least 99%), while the fluid CFC13

was also obtained from Dupont *. All compounds have
been used without further purification.

The emission spectra in the 5000-8000 A region
have been recorded using a Leiss monochromator with
a grating of 1200 gr/mm, blazed for 7500 A and an

* The authors wish to express their gratitude to Dupont de
Nemours for kindly furnishing us with these compounds.
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Fig. 1. Emission spectra of CFC13, CF2C12, CF3C1. CF3H,
and CF4 from 2000-4400 A.

RCA 31034 A photomultiplier. In the 1850-5000 A
region another Leiss monochromator has been used,
equipped with a 2160 gr/mm grating, blazed for 2000
A in combination with an EMI 6256 S photomultiplier.
Both photomultipliers were cooled thermoelectrically
to below -15°C. The calibration of the optical sys-
tem has been described in ref. [11].

Unless stated otherwise, all emission intensities
were found to depend linearly on the gas density. All
lifetimes, except that of CC1+ were found to be inde-
pendent of the gas pressure. During all experiments
the pressure was within the 1-10 mtorr region.

For the lifetime measurements the electron beam
is pulsed with a pulse of 50 or 500 ns duration and a
repetition frequency of 2000 or 200 kHz, lespectively.
Only for the determination of the CC1+ lifetime a pulse
width of 2JUS has been used and a repetition frequency
of 50 kHz. The uncertainties in the lifetimes due to
the variation in the cut-off time of the electron beam
were always much less than the statistical errors in
the results.

The observed emissions have not been checked for
polarization. This might induce an error in the abso-
lute oem values, since the detection system is polariza-
tion sensitive.

3.1. Emission spectra of the various compounds

All compounds have emission spectra that exhibit
largely the same structures: emission lines of atomic
fragments at long wavelengths and continuous emis-
sion, sometimes with diatomic fragment emissions
superimposed, at the short wavelength side. We shall
now briefly introduce the various emissions and refer
for a discussion to the relevant sections.

(i) Emission in the 6500—9000 A region from neu-
tral F and Cl atoms, resulting from dissociative excita-
tion of the parent molecules (see section 4.1).

\n) Balmer emission lines of H atoms, resulting from
dissociative excitation of CF3H (see section 4.1). In
the identification of the various atomic lines the tables
of Wiese et al. [12] have been used.

(iii) Emission of diatomic fragments has been found
in the 2000-4000 A region. We have used the tables
of Pearse and Gaydon [13] and Rosen [14] for the
identification of the various bands (see section 4.2).

(iv) In the 2000-4000 A region all molecules that
are studied emit continuous radiation. We present the
emission spectra in this region in fig. 1. (No correction
has been applied to the presented emission spectra for
the sensitivity variation of the optical system with the
wavelength.) All emission spectra have been recorded
under about the same experimental conditions: gas
pressure 3 mtorr electron beam current 400 fiA at an
electron energy of 100 eV and an axial magnetic field
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of 300G (sec section 4.3). It is remarkable that the
O('l+ emission at 2367 A is pronounced in all Cl con-
taining molecules while the emission, ascribed to CC1
«A2A X2II) is absent in CF3C1. Furthermore, only
in CF4 a CF emission is irtissing. In accord with the
findingsol'llesser and Dressier |7] we do not observe
any emission of OF2 in these spectra.

3.2. Emission cross sections at high electron energy

In the next sections we shall present some data con-
cerning emission cross sections at high electron energy.
The analysis of these data will be according to the the-
ory of Bevhe [15], worked out for the case of (pre)dis-
sociation by Inokuti [lo]. In previous publications
this theory has been discussed extensively (e.g. ref. [9]).

The formula for the emission cross section in this
them., •

Table 1
0 ,m (100 cV) for various atomic F, H and Cl lines

Line

, In (c^EJR), 0)

where R is the Rydberg energy, Eel the incident elec-
tron energy, cem is a constant of the target molecule
and A/2m is related to the dipole matrix element for
excitation.

Whenlo^yE^nagR is plotted versus In EA a so-
called Fano plpt is obtained (see Fano [17]). From
the slope of the high energy part we can obtain M\m

and by determining the intersection of this high ener-
gy part with the In £e( axis we obtain eem. From the
Bethe theory it appears that when M^ = 0 the excita-
tion process is optically forbidden. However, when
Af j m is positive and cem is of the order unity, the ex-
citation process is dominated by optically allowed
transitions. For positive Af^ but large cem values we
can assume that both optically allowed and forbidden
transitions play a role in the excitation process.

4. Fragment emissions

4.1. Emission cross sections for F, Hand Q fragments

In table 1 we show the emission cross sections at
100 eV for some F(I), Cl(l) and H(I) lines for the
studied molecules. It can be seen that for the C1(I)
emission o^, is roughly proportional to the number
of Cl atoms in the molecule. For F(I) emission on the

MA) a_(10-19cma)*>

CF« CF3H CF3C1CF2C12 CFC13

F(I) 2 P 0 - 2 P

F(I ) 2 R 0 - 2 P

F(l ) J So- 2 P
F(I)"Po-'1P

H0

7037
7127
7607
7754
7800
7311
7331
7398
7425
6773
6856
6902

6562
4861

)«Do-4P 8212
8333
8375
8428
8586

) 4So-4P 7256
7546

2.1
1.3
1.0
4,9
2.0
2.0
2.3
4.1
1.2
1.6
6.1
4.7

1.5
1.1
0.70
4.7
1.9
2.0
1.8
3.9
1.1
2.0
5.9
4.8

2.7
5.7

1.1
1.0
0.65
4.0
1.8
1.8
1.6
3.8
1.1
1.6
6.0
4.2

4.2
2.1

19
1.4
7.6
1.1
1.9

0.90
1.0
0.60
3.1
1.7
1.6
1.5
2.8
0.60
1.4
5.1
3.5

9.0
4.5

29
3.1

12
2.0
2.6

0.80
0.84
0.50
2.2
1.4'
1.1
1.0
2.1
0.40
1.1
3.5
2.3

12
7.6

45
5.6

16
2.7
3.5

a) Uncertainty in u e m about 10% for the absolute values.

other hand this proportionality is not present since for
most lines aem (CF4) * 2oem (CFC13).

In fig. 2 emission cross sections are presented as a
function of the incident electron energy (0—100 eV)
for some of the stronger lines. The thresholds for
these emissions are given in table 3. In table 2 we pre-
sent emission cross sections for the same lines at high
electron energies (0-2000 eV). These data have been
analysed with the Bethe theory and the results are
shown as Fano plots in fig. 3. The calculated values
(least-squares approximation) for Ailm and cem are
given in the fourth and fifth columns of table 3.

It can be seen that the formation of excited 4P0

fluorine atoms is optically forbidden. Although we on-
ly give the results for CF4 and CF3H, the same hplds
for the other compounds. The doublet-doublet emis-
sions of fluorine were too weak to obtain energy de-
pendent cross sections.

For the Balmer emission we find that the excitation
process is optically allowed. The results are presented
only for H0.
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Table 2
o . m relative a> to a c m (100 eV) for F (1), Hp, Cl (1) radiation

100

Fig. 2. Excitation functions for C1(I), F(I) and H(0) radiation.
For threshold energies see table 3. For absolute o e m ( 1 0 0 eV)
see table 1.

From table 3 it is clear that in the formation of ex-
cited Cl (4P0) atoms both optically allowed and for-
bidden processes play a role. Furthermore it is evident
that the importance of optically forbidden excitation
processes increases with â i increasing number of Cl
atoms in the molecule. We shall analyse our results by
comparing them with photoelectron data: The thresh-
old energy for formation of excited fluorine atoms is
found at 28.6 eV. In agreement with Allcock and

Table 3
Experimental threshold energies, Afgm and c e m values

£(eV) F(I)7398A Hp Cl(l) 8375 A

CF« CF3H CF3H CF3C1 CFjClj CFCI3

20
40
60
80
100
150
200
300
400
500
600
700
800
900
1000
1200
1500
1700
2000

0.30
0.68
0.94
1.0
1.18
1.08
0.79

,0.69
0.58
0.52
0.45
0.43
0.38
0.30
0.28
0.23
0.19
0.16

0.13
0.43
0.72
1.0
1.27
1.16
0.97
0.76
0.58
0.52
0.48
0.43
0.38
0.34
0.27
0.23
0.19
0.17

0.46
0.83
0.96
1.0
0.92
0.83
0.66
0.58
0.49
0.47
0.38
0.37
0.30
0.29
0.26
0.21
0.19
0.17

0.66
0.96
1.00
1.0
0.94
0.87
0.77
0.69
0.62
0.58
0.56
0.51
0.48
0.43
0.37
0.29
0.27
0.24

0.72
0.88
1.00
1.0
0.99
0.76
0.62
0.51
0.46
0.44
0.37
0.33
0.31
0.27
0.22
0.18
0.16
0.14

0.68
0.92
1.00
1.0
0.86
0.73
0.54
0.51
0.39
0.37
0.34
0.30
0.27
0.24
0.20
0.17
0.14
0.12

a) Uncertainty in the relative values 5%.

McConkey [8] we find that these excited atoms are
formed as dissociation products of molecular Rydberg
orbitals. The ionic limit of the Rydberg series will then
be situated at 31 eV. From photoelectron spectroscopy
it is known (ref. [3]) that in this energy region no ion-
ic states ate present in either CF4 or CF3H, that can
be populated by optically allowed transitions. This is
in agreement with the optically forbidden character of
the corresponding excitation processes found in this
work.

Compound

CF4

CF3H
CF3H
CFjCI
CFjClj
CFC13

CFCI3
CF2C12

CF2C12

Type of
radiation

F(I) 7398 A
F(I) 7398 A
Hff 4861 A
Cl(l)8375 A
C1(1)8375A
C1(I)8375A

CC1 2777 A
CC1+2367A
CF 2097 A

Threshold
(eV)

28.6 ±0.5
28.6 ±0.5
21.0±0.5
20.5 ±0.5
20.3 ±0.5
20.3 ±0.5

14.0 ±0.5
15.5 ± 0.5 (?)

Km

0
0

(7.9 ± 0.8) X 10"3

(2.1 ±0.2) X 10"'
(8.0 ± 0.8) X 10"3

(4 .2±0 .4 )Xl0" 3

(5.5 ± 0.5) X 10"2

0
(2.7±0.3)X10~ 3

cem

-
1.0 ±0.1
57 ± 6
106 < c < 10 s

10 2 2 < c < 10 2 4

0.24 ±0.04
-

0.52 ±0.08
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Fig. 3. Fano plots for CL(I), F(l) and 11(0) radiation. For
numerical values see table 3.

For the excited H atoms we find that they are form-
ed as dissociation products of Rydberg orbitals which
have an ionic limit at about 24 eV. This is in agreement
with the fact that in photoelectron spectroscopy a
state has been found at 24.4 eV (ref. [3]). This con-
firms the conclusion from emission spectroscopy that
optically allowed processes are important for the ex-
citation to the corresponding Rydberg orbitals.

In the case of the excited Cl atoms we have deter-
mined that the ionic limits of the relevant Rydberg se-
ries occur between 22 and 24 eV. From the work of
Cvitas et al. [5] it is known that in this region ionic
states are present in the photoelectron spectra of all
three molecules. However, it appears that the intensity
of the relevant peak decreases with an increasing num-
ber of chlorine atoms in the molecule. This could
mean that the relative importance of optically forbid-
den excitation processes will increase with increasing
number of chlorine atoms. This is exactly what our
emission spectra indicate (see table 3).

Furthermore we remark that for all the studied
atomic fragments the threshold energy is 5—lOeV
above the expected adiabatic one. This suggests that
highly repulsive Rydberg orbitals play a role in the

studied processes. Allcock and McConckey [8] come
to the same conclusion for dissociation of CC^Fj and
CC13F yielding excited fluorine atoms, which are en-
dowed with large amounts of kinetic energy.

4.2. Emission from diatomic fragments

In fig. 4 we present excitation functions for
CC1(A 2A-X2n) radiation (threshold energy see table
3) and for the radiation ascribed to CC1+ (X = 2367 A).
We have also observed CF (B 2S+-X 2n) radiation,
which was too weak to determine an excitation func-
tion. For 20-2000 eV incident electron energy we
present emission cross sections in table 4. The data for
the CC1+ emission are, however, relative since the pres-
ence of a large background continuum prohibited ab-
solute determination of oem (see also emission spectra,

fig-D-
In Fig. 5 we show Fano plots for the studied emis-

sions. The values for A/^ and cem are included in
table 3. We see from this table that optically allowed
processes are dominant in the formation of excited
CC1 and CF fragments, but that the CC1+ formation is
dominated by optically forbidden excitation processes.

The first remarkable fact is the very low threshold
energy for the radiation we ascribe to excited CC1
fragments. We think that the threshold value EtXlT =
15.5 ±0.5 eV is spurious since it is impossible that it
corresponds to formation of excited CCl+ fragments.
This inconsistency must be due to the presence of the

om(arh units)

Fig. 4. Excitation functions for CC1 and CC1+ radiation. For
thresholds see table 3.
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Table 4
ogm(rcl) for 0-2000 eV electrons for CF, CC1 and CC1*
emission

CE

£(eV)

0
20
40
60
80
100
150
200
300
400
500
600
700
800
900
1000
1200
1500
1700
2000

o(100eV)

CF(B-X)

1
0.93
0.71
0.57
0.62
0.45
0.38
0.37
0.34
0.28
0.26
0.24
0.21
0.20
0.18

1.5 X10" 1 9

CC1+

0
0.58
1.14
1.16
1.10
1
0.90
0.67
0.54
0.36
0.36
0.27
0.25
0.20
0.21
0.18
0.14
0.11
0.09
0.09

CCl(A-X)

0
0.75
1.50
1.33
1.14
1
0.91
0.79
0.67
0.57
0.50
0.47
0.42
0.37
0.34
0.33
0.30
0.25
0.22
0.20

2.6
X 10"19 en

background continuum (see fig. 1). Comparison of
Efa with the corresponding one for the background
continuum (15.7 ± 0.5 eV, see table 7) shows that it is
this threshold that is observed here. The CC1+ thresh-
old would then be hidden in the steep part of the ex-
citation function of this continuum, probably some-
where around 20 eV. The high energy data in table 4
and fig. 5 are however corrected for the influence of
the background.

Table 5
Lifetimes TU' for some di-atomic fragments

State
(A)

this work [19]

200 500 1000 2000

E(eV)

Fig. 5. Fano plots for CC1, CF and CC1+ fragments, see also
table 3 for numerical values.

Secondly we wish to consider the CC1(A 2A—X2IT)
radiation. We have obtained a threshold energy of
14.0 ± 0.5 eV for the formation from CFC13. Since we
observed that the radiation is preceded by an optical-
ly allowed excitation process, we have calculated the
energy of a CC1+ peak in the photoionisation spectrum
of CFCI3, which would be due to the removal of the
electron, that is excited here. From ref. [18] we know
that the lowest ionisation potential of CC1 is: / p =
12.9 eV. The energy difference AE between the CC1
A 2A and X 2 n states corresponds to 4.45 eV (X =
2777 A). The relevant ion peak would then-occur at
an energy: E^ + Ip - A£ = 22.45 eV. This is in reason
able agreement with the value of 20.5 eV found in
photoionisation work [24]. So also in this case some
correlation is observed between photoionisation and
emission data.

[20] [21] [22] [23]

CF(A2S*)
CF(B22*)
CH(A2Aj)
CH(B22T)
CCl(A2Aj)
cff^ca'Ai)
CC1+

0
0
0
0
0

2332
2097
4314
3889
2777
3496
2367

18±2
18±2
490 + 30 560 ±60
500 ± 50 1000
125 ± 15
250 ±25

3900 ±400

540 ±40
400 ±60

19.0
18.8

476 ± 50 300

a ' Wavelength of the radiation used to determine TV<.
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In table 5 we show the lifetimes of some of the ex-
cilcii states of diatomic fragments and compare them
with the results ofother groups [10—23]. It can be .
seen that lor the CF(,A_2S+)ancl CF_(B22+) states our
data compare very well to those of llesser [23]. For
the CCI and CCI+ lifetimes noprevious measurements
are known to the authors, which is also the case for
CII+(B >A). Concerning the CH(A 2Aj) and (B 2 £ ~ )
stales we have included the results of many other
groups in table 5, For the C11( A 2 A.-,(state our data

-- compare very well with those of Smith [21 ] and of
Bennet arid Dalby [19] and also with those of Fink
and Welge [20]. For CH(B 2 S ~ ) our results agree with-
in the experimental errors with those of Fink and
Welge [20],

The presented value ru. for the upper level of the .
CCI+ emission is an extrapolation to zero pressure of
the plot in Fig. 6. This kind of extrapolation is not very
reliable for ionic states where a space charge effect ex-
ists. So we have indicated an error of 12% in the ru,
value. For our plot in fig. 6 we have used values from
both CF2CI2 and CFCI3 data. This increases the num-
ber of data points in the plot and is possible since the
space charge effect is expected to be the same for
both molecules.

4.3. Emission of continuous radiation

4.3.1. Introduction
As can be seen in fig. 1 we find continuous emis-

sions in all the studied compounds in the 2000^1000

p (KTTorr)

Fig. 6. Total transition probability versus pressure for CCI*.

A range. In table 6 a compilation is presented of the
symmetries and the ionisation potentials of the six
lower ionic states of these molecules [3,5]. Compari-
son of these data with the experimental threshold
energies in column 2 of table 7 suggests that ionic
states might be involved in the observed radiation. The
symmetries of the corresponding upper levels for these
transitions are given in column 4 of table 7. In all cases
except CF2CI2 the lower level will be the ionic ground

state. In CF2C12
 t h e l o w e r l e v e l m u s t b e t h e A 2 B 1

state, however, since a transition from the E^Bj state
to X 2 B 2 would be symmetry forbidden. From refs.
[3,5] it further appears that all the upper levels found

Table 6
Data concerning ionic states and vertical ionisation potentials

Compound

CF4»)
CF3Ha)
CF3Clb)

CF2C12 W
CFCI30)

State

X

sym.

2T,
»A,
2E
*B2
2A2

7P

1S.2
14.8

13.1
12.3
11.7

A

sym.

2 T 2

-*A,
2A,
2 B !
2E

'p

17.4

15.5

15.2
12.5

12.1

B

sym.

S E
JE
2 A 7
2 A 2
2E

7P

18.5

16.2

15.8
13.1
13.0

C

sym.

2T*
JE
2E
*A,

*A,

'p

22.1
17.2
16.7
13.5

13.5

D

sym.

2 A,
2E
*E
2B3
2E

'p

25.1
19.8 c)

17.7
14.4

15.1

E

sym.

2T,
2 A,
2A,
2B,
*E

'p

(40.3)
19.8 c)
20.2
15.9
18.0

") Data taken from ref. | 3 ] . b ) Data taken from ref. [5 J. c> Unresolved blend in photoelectron spectra.
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Table 7
lispurhncntal thresholds for the continuous emissions. Lifetimes for the upper levels

Compound

C'l-4

<T3C1

era,2

Exp. threshold
(eV)

19.5 ± 0.5
17,3 i 0.5
16.2 ±0.5
15.7 ±0.5
15.2 + 0.5

Corresp.

.V* ..
18.5
17.2
15.8
15.9
15.1

Upper
state c)

B'E
C2E
B2A2

E»B,
D2F.

a ' Variation of the lifetime over the continuum.
°' lonisation potential corresponding best to the experimental threshold.
c) State corresponding to the ionisation potential of third column.

V (ns)
this work

V <ns>
[71

16.5 ±2 9
(210-285) ±30 a)
(210-285) ±30 a)
(180-2S0) ± 30 a)
(200-250) ±30 a)

this way correspond to lonisation of (non bonding)
fluorine lone pair electrons.

The ionisation potentials in table 6 were all taken
from photoelectron data. From mass spectrometry
using photon impact [24,25] or electron impact [26]
it is known that no stable ground state ions can be ob-
served for the parent molecules, but for CF2C12. (A
further exception is CF3C1, where the abundance is
only a few percent [24]. It is possible that the decay
to the ionic ground state leads to the repulsive part of

ffm(arti units)

100

Fig. 7. Excitation functions for the continuus emissions in
CF4, CF3H. CF3C1,CF2C12 and CFC13.

the potential energy curve.) In CF2Cl2 no indication
is found that the second ionic state is also bound. The
fact that the lower levels of the radiative transitions
are unstable explains the continuous character of the
emission. Additional information about the stability

**»*•»

100 200 500 noo 2000
E(eV)

Fig. 8. Relative Fano plots for the continuous emissions or
the various compounds.
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ol the ground-state ions in the case ofCFjH and C'F4

can he found in reft. [3,41. ; .- - -
In fig. 7 we show excitation functions (0 -100 eV)

of the conlinua. All measurements were performed at
the wavelength of the maximum emission intensity.
l;or 0 2000eV impact energies we give relative emis-
sion cross sections in table 8. These values have been
used to construct Fano plots, which are shown in fig.
8. From" tiiese plots it can be seen that all the relevant
excitation processes must be optically allowed, which
is in agreement with the fact that they are observed in
photoelectron spectroscopy too"[3,5]. A further con-
sequence of the absence of excited molecular ions in
the mass spectra is that the lifetimes of all the excited
ions here observed must he less then 1 us, the mini-
mum observable lifetime in mass spectrometry. This
is the case that can be venlied in table 7, where all the
measured lifetimes are presented. In the next sections
we shall discuss some of the particular features of each
molecular continuum.

4.3.2. CFA

CF4 has previously been studied by many groups,

Table 8

E
(eV)

0
20
40
60
80
100
150
200
300
400
500
600
700
800
900
1000
1200
1500
1700
2000

"em <rel-:>

CF4

0
0.03
0.72
0.94
1.0
1
1.04
0.96
0.83
0.76
0.69
0.62
0.57
0.54
0.50
0.48
0.42
0.37
0.35
0.31

CF3H

0
0.90
1.09
1.12
1.06
1
0.93
0.84
0.69
0.57
0.50
0.46
0.43
0.40
0.37
0.35
0.30
0.26
0.24
0.23

CF3C1

0
0.69
1.12
1.16
1.09
1
0.87
0.80
0.67
0.57
0.52
0.48
0.46
0.42
0.40
0.34
0.31
0.26
0.25
0.20

cr2ci2

0
0.86
1.05
1.05
1.0
1
0.86
0.79
0.63
0.58
0.49
0.46
0.43
0.40
0.36
0.33
0.30
0.28
0.26
0.24

CFCI3

0
0.85
2.0
1.53
1.29
1
0.87
0.75
0.62
0.54
0.49
0.45
0.40
0.38
0.36
0.33
0.30
0.27
0.24
0.21

using various experimental techniques. We mention -'-
Harsbarger et al, [27,28] who have used electron im-
pact techniques, Brundle et al. [3] and Brehm et al.
[4] who used photoelectron spectroscopy, Lee et al,
[1 ] who did photo-absorption measurements and
(lesser and Dressier [7] performing emission spectro-
scopy.

The lifetime of the CF4 (B 2E) state, which we find
as the upper level of the continuum, is shown in col-
umn 5 of table 7. In our experimental study we ob- -=~~
served contributions of a second lifetime T 2 = 180±20
ns. This can be explained by assuming that it results
from cascade to the B -E state. The importance of this
T2 decreases with increasing pressure and is absent at
1 mtorr. This is in accordance with the work of Hesser
and Dressier [7] who observe only one lifetime 9 ns,
also given in table 7, at about lOmtorr.

The decrease of the cascade contribution is not ex-
plained easily. The only acceptable reason could be
the opening of other decay channels at higher pres-
sures. We could think of binary reactions but would
expect then also influence of the pressure on the total
emission intensity. Since the contribution of the cas-
cade to the total intensity is estimated to be less then
10%, we could not have observed such an influence on
the emission intensity.

A further justification of the assignment of the con-
tinuum to ionic transitions is provided in the work of
Hesser and Dressier [7]. They report the existence of
a second continuum in the 1500-1800 A region. We
can now ascribe this to the CF4 (C 2 T 2 - X 2 T 2 ) transi-
tion. This transition should occur in the mentioned
wavelength region.

4.3.3. CF3Hand CF3CI
Here we find quite similar continua corresponding

to the C 2 E - X 2 A j transition in CF3H+ and the B 2A,
- X 2 E transition in CF3C1+. Doucet et al. [6] have
shown that the fluorine lone pair electrons in CF3X
(X=H, Br, Cl) are not influenced by the X atom. This,
together with the already mentioned fact that all up-
per levels of the continua are connected with fluorine
lone pair electron, explains the similarity of the con-
tinua and strongly supports our assignment.

From Hesser [23] and Quach-Tat-Trung et al. [29]
it is known that F 2 continuous emission also occurs
between 2000 -4000 A as dissociation products of
CF3H and CF3C1. We have measured the lifetime for

81



this emission and find T = (60-75) ± 7 ns. Here ( 6 0 -
751 indicates a variation over the continuum where in-
crease in T corresponds to decrease in wavelength.

4..U. CF2CI2

This molecule is the least symmetric of all the mol-
ecules studied. The continuum is here ascribed to the
CI- \Cl2(E 2 B,-A 2 B,) transition, since only B | ~ B ,
and*not B, - B 2 transitions are symmetry allowed.

In the lifetime measurements wi expect contribu-
tions from both F 2 and Cl2 continua. We cannot sep-
erate the two since both lifetimes appear to be in the
50-70 ns range. Around 2700 A another continuum
appears with a lifetime Trad = 1.0 ± 0.2 jus. We do not
expect this to be of molecular ionic origin since such
a long living species would have been detected in mass
spectrometry.

4.3.5. CFCl3

In this molecule the continuum is only observed be-
tween 2000 and 2800 A. In this case we ascribe it to
the CFClj (D 2 E - X 2 A 2 ) transition. The energy differ-
ence between these ionic states would indeed restrict
the long wavelength side of the continuum to about
3000 A.

Apart from this continuum we also observe emission
from Cl2, with a lifetime of about (50-70) ± 7 ns.

S. Discrete emission bands in CF4

In table 9 we give the wavelengths, frequencies and
frequency differences of the discrete bands, observed
in the CF4 emission. We see that this emission shows a
structure with Av = 730 cm"1 . This frequency was ob-

Table9
Wavelengths, frequencies and frequency differences for the
CFJ(D 2 A,-C 2 T 2 ) transition

MA)

3618
3716
3816
3923
4035
4158
4285

27639
26917
26201
25490
24783
24050
23333

Aw (cm"

722
716
711
707
733
717

served by Brundle et al. [3] and ascribed to the D 2 A |
state of CF4. So we can attribute this radiation to the
D 2 A , - C 2 T 2 transition in CF4. This transition is ex-
pected to occur in this wavelength region, The vibra-
tional bands are then due to a v\ (CF-stretch) progres-
sion of the upper state.

We have also measured the lifetime of the upper
state TU. = 90 ± 10 ns, but we could not detect a varia-
tion in the lifetime for the various v levels.

6. Conclusion

In the preceding sections an explanation has been
given of the origin of the continuous radiation observ-
ed in our experimental work. We think that the most
important feature is that all ionic upper levels are con-
nected with ionisation of a fluorine lone pair electron.
This might also provide a key to the solution of the
origin of the similar continua that have been observed
in larger chloro-fluoro-alkanes (see e.g. ref. [7]).
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CHAPTER VIII

ABSOLUTE EMISSION CROSS SECTIONS
FOR THE CALIBRATION OF OPTICAL DETECTION SYSTEMS IN THE I20-2S0 nm RANGE

H.A. VAN SPRANG, 11.11. BRONGERSMA
Oiirlmus l.ahoraicriiim, I <;\den University, 2300 R.\ ieyden. The Netherlands

and

1^ I | \ | ' I | |« II IJ
*.Jt XJVt I lu>L*l\

tVM Institute, Amsterdam, The Netherlands

Received 10 May W *

Absolute emission m i * sections have been determined for electron impact on CO. NO and N>. I'or the CO(A ' l I -X ' £*)
and Njta ' l lg- X11VI radiation our data is in pood agreement with that of other groups. I'or CO* til2 Z*-X 2 ^ + ) the values
uf the emission cross sections are different from those measured previously. This discrepancy is explained in terms of an in-
adequate straylijjh! correction in the former experiments. For the NO I A ' ^ - X 1 III emission no previous u,™ values are
known lo the authors. Furthermore the electronic transition moments of the NO( A 3 S;*—X3ll) and CO*(B • i:*-X 2E*)
systems have been measured and are found to be independent of the imcrnuclcur distance.

1. Introduction

In collisions between elections and molecules, ex-
cited states of the molecules cun be formed which can
decay by light emission. In order to measure absolute
emission cross sections (o c m) of this radiation, the
sensitivity of a detection system as a function of the
wavelength has to be known or must be determined in
a calibration procedure. Such a sensitivity calibration
of optical systems becomes more complicated towards
shorter wavelength and one of the problematic regions
is situated around 200 nm (see e.g. refs. 11 • 3|) .

The difficulties in this region are, in the first place,
due to the lack of an absolute standard light source,
apart from a synchrotron. Above about 300 nm no
problems exist since a tungsten ribbon lump can be
used as a standard. However, the intensity of this lamp
decreases strongly below 300 nm. So usually only a
secondary standard such as a deuterium lamp, cali-
brated against synchrotron radiation, can be used.

The second problem is the presence of straylight in
the monochromator. This straylight is light of long
wavelengths (e.g. X > 400 nm) which reaches the detec-

tor via reflections in the monochromator. This pheno-
menon makes the weak emission of the tungsten ribbon
below 300 nm even more difficult lo use. It also occurs
when calibrating with the continuum radiation of a deu-
terium lamp. Correction for this phenomenon proved
to be very hard in the past (see examples in ref. [1 ] ,
where the NO 7 bands are discussed).

Another problem related with the calibration is the
discrepancy in the aKm values lor the CO(A ' II- X 'i;+)
(fourth positive) system. Van de Kunstraat et al. [2]
have found o c m values 2 -3 times larger than those of
Mununa et al. J3] around 190 nm. The calibration per-
formed by van dc Runstraat ct al. was a lamp type
(tungsten ribbon lamp, deuterium lamp), while Mumma
ct al. used atomic Nl and Nil brandlings and molecular
N2(a1 l l t , -X1 i;*)(LUIl) branching ratios, to obtain
the sensitivity of the optical system up to 190 nm.
A drawback of the calibrated apparatus of van dc
Runstraat ct al. [2 | is that the sensitivity between 220
and 190 nm decreases by a factor of ten.

In this work the calibration of a detection system
has been performed, in which no slraylight was ob-
served. This was possible by the use of a holographic



t . • •

gulling in the monoehromator. Standard lamps have
been used down 10 165 nra, In the 120-165 nm range
the sensitivity MX I was determined by making use of
the already known absolute o c m values for the
C'O(A l I l - X ' SJ) (see ref. [3]) and N2(a Mlg-X ' S
systems (sec rcf."l4|).

2, Calibration procedure

2.1. Introduction

The sensitivity of an optical detection system is
de lined as

where C| is a known constant depending on the geom-
etry of the set-up, S(\) the response signal of the
detection system, ./(A) the emission of the source,
A(X) the reciprocal linear dispersion at the exit-slit
of the monochromator used and t(X) the transmission
of the windows present in the set-up, all dependent
on the wavelength \ .

When A(X) is known, the absolute emission cross
section of an emission line or band, excited by electron
impact, can be calculated using:

ocm=C2S(X)///>*(A), • (2)

where / is the current of the exciting electron beam,
p the target gas pressure and C-> a known constant
which depends on geometric factors. Eq. (2) can also
be used to obtain k{k) when o c m is known from pre-
vious experiments. It is then convenient to rewrite eq.
(2) as

where Ci

tally.

(3)
: Ci/// ' and S(X) are measured expcrimen-

solar blind photomultiplier lias been used. The spectro-
graph was kept at pressures below | 0 " 5 Turr by means
of an EQ 2 oil-diffusion pump (lidwards) baffled with
a liquid nitrogen trap. The CO.Cl^ , and Ni gases
were purchased from Air Liquide (high puiiiy com-
pounds) and the NO gas used was obtained Horn
Matheson and cie. All gases were used without further
purification, The pressure in the collision chamber was
measured with an MRS Uaratron capacitance manom-
eter.

2..?, Experimental calibration procedure

For the calibration in the 220-250 nm range a
tungsten ribbon lamp was used as an absolute standard.
The temperature of the emitting tungsten ribbon hud
been calibrated against the current in the ribbon. The
lamp was used at 2800 K and the emiryviiy./(X) (see
eq. (1)] was taken from de Vos [6 | . In the 205-250
nm region a quartz-iodine lamp with a coiled tungsten
spiral has also been used. The temperature of ihe fiia-
mcnt was 3000 K and the relative emissivities have been
given by Stair et al. [7] and are found to have the same
dependence on temperature and wavelength as a pure
tungsten emitter.

Over the whole 165-250 nm range a deuterium lamp
has also been used, wliich was calibrated (relatively)
against synchrotron radiation. Use of these three cali-
brated lamps provided absolute k(\) values, displayed
as the solid curve in fig. 1. No separate data-points are

2.2. Experimental

The electron-impact apparatus used in the o e m

measurements has been described before [5]. The mo-
noehromator used in the detection system is a vacuum
spectrograph (jLt-Minutcinan Czcrny-Turner system,
dispersion 8 A/mm at the exit slit) equipped with a
Jobin-Yvon holographic grating (2400 gr/nim, 100-250
nm sensitivity range). As a detector an EMR (model 542)

KIM.I03

* f

cciorohon using

"oir.'see I B . I I

200 250
Xlnm:

Fip. 1. Dependence uf the sensitivity of Ihe optical detection
system on the wavelength of the transmitted light (120-250
nm).
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indicated since they arc coincklcnt above 220 nm aiul
weioall on the A (X) curve.

In the wavelength region below 265 nut no lamps
weie available which could be used us a standard. I lore
the known <;cm values of refs. |3,4| together with oc[.
(i) have been used to determine k(\). The procedure
was as follow:.:

The emission measurements that provided the k(b.)
curve and the absolute oc in values were all performed
under standaiU conditions: pressure/; = 10~J Torr,
electron beam current I = 300 fi A. a magnetic field of
200G to confine the electron beam and an electron
energy of 300 cV, unless stated otherwise.

The molecular band systems and atomic branching
ratios were measured under the slit conditions of the
monoehromator as specified in table 1. These settings
were determined experimentally, such that the required
emission was fully transmitted through the exit slit of
the monochromator, with as little background as pos-
sible. For the calibration below 165 nm, emission lias
been used from the following systems:

(1) The CO fourth positive bands. Mumma et al.
[3] have measured absolute a c m values for tliis system
in the 140-200 nm range. In the present work the
cross sections measured experimentally above 165 nm
generally agree very well with those of Mumma et al.
Using the a e m values of Mumma ct al. in the 140-165
nm range in combination with eq. (3), the k(K) curve,
displayed in fig. 1, could be extended down to 140 nm.
The k(\) values obtained this way are indicated in the
figure.

(2) The N2 Lyman-Birge Uopfield (LBH) system.
This system overlaps in wavelength with the CO fourth
positive bands, but extends down to 130 nm. For this
system Holland [4] has determined o c m values as a

Table 1
Experimental conditions tor the determination of o c m

System Monochromator sotting (mm)

Njla'llg-X1!'*)
COtA'n-X's^)
NO(A2£*-X2tl)
CO*(H2^+-X:i."f)
Ct.Nt

entrance
slit

0.2
0.06
0.06
0.06
0.2

exit
slit

0.7
0.5
0.3
0.5
0.25

height
(both slits)

4.1-
4.1
4.1
4.1
4.1

function of the incident electron energy, using a
thermopile calibration of his optical system. The c;om

values obtained this way generally agree well with ours
above 165 nm and have also been used below 165 nm
in combination with eq, (3), to obtain *(.\). These
values are also indicated in fig. I and it can be seen that
the Ar(X) values obtained from the CO fourth positive
and the N2 LUI1 bauds arc easily fitted to a single curve,
which indicates that the same results are obtained
when cither of these systems is used for calibration
purposes,

(3) A single data point at 121.5 nm is found by using
l.yman (t radiation from dissociative excitation of CHj,
which has an emission cross section aam = 12.1 X
10- 1 8 cm 2 at 100 eV (sec ref. [8|). This yields a value
for k(\): A-(121.5) = 4 X 10" 6 , which means that the
optical system is very insensitive in the region below
130 nm. It is probable that this insensitivity is due to
the three reflecting surfaces in the monochromator,
since the MgF2 coating on these surfaces is no longer
a good reflector in this wavelength region.

2.4. Error discussion

From the formulae in section 2.1 it is possible to
obtain an estimate of the accuracy of the various rele-
vant quantities. For the k(\) values above \ = 165 nm,
obtained by a lamp type calibration, it is mainly the
instability in S(\) that determines the uncertainty in
fc(X). This instability, which is due to both the lamp
signal and the detection system, is estimated as 10%,
which is equal to the inaccuracy in k{\).

Below 165 nm the inaccuracy of the o c m values
used and the errors in electron beam current and target
gas pressure readout might also contribute. Here for
the CO A - X system Mumma et al. [3] report an error
of 13% in o c m . Together with the 5% instability in
S(\), 3% readout error in electron beam current and
1% in pressure this adds up to an overall inaccuracy of
147» in A:(\) below 165 nm. No estimate could be ob-
tained for systematic errors in the measurements, but
they are likely to be small.

The k(\) values have been used to obtain Oj,m for
the CO+ (B-X) and NO y bands. In the case of CO+
(U-X) the instability of S(\) was about 5%, leading
to an overall error of 12% in crcm. For the NO 7 bands
the relative instability of S(\) was somewhat larger
due to the fact that the intensity was much smaller.
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The error in o c m will be of the order of 14%. However,
when the errors in the relative emission cross sections
for the bands in these systems are considered, an error
of 8% is found for CO* (B-X) and an error of 12% for
the NO 7 bands. Here the large error in the NO y bands
is due to the small signal intensity.

2,5, Structure in the k(\) curve

One remarkable feature of fig. 1 needs some expla-
nation, i.e. the oscillation in the k{\) curve around
1SS nm. When studying the properties of the same
detection system, equipped with another photomulti-
plier (EMI 9789 QB) but the same holographic grating,
we discovered also outside the region of maximum
grating sensitivity similar oscillations. These occurred at
260 and 360 nm, and the onset of the 260 one can be
observed in fig. 1. Because of this regularity it is sug-
gested that the oscillation is due to a property of the
holographic grating, probably a Woods-type anomaly.

Table 2
Absolute o c m (10~19 cm3) values for the CO fourth positive
bands at 300 eV electron impact

\(nm) °em
this work rcf. [31

3. Results and discussion

The k(\) curve presented in fig. 1 has already been
explained in the experimental procedure. In table 2
the absolute o e m values for the CO fourth positive sys-
tem are compared with those of Mumma et al. [3] , and
those of Aarts and de Heer [9]. It can be seen that our
values agree on the whole with those of Mumma, also
around 200 nm. This means that the discrepancy between
van de Runstraat and Mumma is now resolved. The
calibration of van de Runstraat probably was in error,
which may have been due to inadequate correction
for the Straylight in his monochromator.

In table 3 the present results for o g m for the N2 LBH
system are presented. They are compared with those of
Holland [4] above 140 nm, where below 165 nm the
A:(\) curve on the basis of the CO fourth positive sys-
tem has been used. Also a comparison can be made
between our value for the 2—0 transition aem = 1.7 X
I0" 1 9 cm2 and that of Aarts and de Heer [10] aem =
1.65 X 10~19 cm^, which was based on a calibration
using the total excitation cross section for the N 2 (a ' fig)
state, derived from energy-loss data of Lassetre et al.

Table 3
°em (10"19 cm2) for the N2 LBH system at 300 eV electron
impact

198.8
197.0
194.8
191.6
189.9
187.8
185.7
182.7
179.2
172.9
166.9
164.7
163.0
159.7
157.6
156.0
154.2
150.9
149.3
146.3
140.8
138.4

4
3
5
4
3
2
1
3

" 1
1
1
3
2
0
2
1
3
1
3
4
6
7

a> Aarts and dc Hecr IS

10
9

10
9
8
7
6
7
5
4
3
4
3
1
2
1
2
0
1
1
1
1

M obtaine

0.99
1.40
1.36
1.00
2.24
2.91
1.86
1.34
4.39
6.48
3.34
3.4

a)

d for this bam

0.88
1.36
1.24
0.76
2.12
2.95
1.90
1.36
4.43
6.21
3.26
3.62
6.19
7.50
6.30

10.6
7.27

19.1
2.8
5.69
2.54
1.01

1 o»m = fi.59 X

\(nm)

185.4
183.8
178.5
176.8
170.3
168.8
165.8
160.0
185.5
157.6
153.0
151.5
147.4
146.4
144.4
138.4
155.4
133.9
129.9

u

3
2
3
2
2
I
3
3
2
5
2
1
5
1

3
2
3
5
5

v'

9
8
8
7
6
5
6
5
4
6
3
2
4
1
2
0
0
1
0

"em

this work

0.70
0.69
0.45
0.82
0.35
0.80
0.39
0.61
0.55
0.31
0.66
0.47
0.32
1.27
0.67
1.70 a>

ref. [4]

0.68
0.67
0.44
0.80
0.40
0.69
0.39
0.58
0.55
0.32
0.77
0.46
0.30
1.10
0.70
1.62
1.80
0.36
0.90

10" a ) Aarts and de Hcer [10] give the 'aliic 1.65 X 10"19 cm2.
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Table 4
Absolute o c m HO"1** cm5) values and relative lu'u" values
for the NO 7 bands at 3110 cV electron impact

Mnm) u' u" aCin

this work e.\p. (rcf. [1|) calc.

226.5
236.fi
247.4
215.1
224.1
244.2
2S5.4
209.9
221.8
231.2

0
0
a
1
1
1
1
2
2
2

0
1
2
0
i
3
4
0
2
3

1.13
1.49
0.848
3.20
0.78
0.38
0.53
1.83
0.82
0.3S

0.763
1.000
0.S50
1.000
0.244
0.121
0.168
1.000
0.4S3
0.191

0.877
1,000
0.709
1,000
0.228
0,096
0.153
1.000
0.J64
0.165

0.702
1.000
0.787
1.00
0.287
0.144
0,239
1.000
0.413
0.177

a) Relative to the strongest transition in each progression.

[U\. The good agreement between these values is
another support for the correctness of the calibration
performed in this work.

In table 4 some data concerning the NO y bands
have been summarized. In column three absolute
emission cross sections are presented, for the first
time, as far as we know. In columns 4 - 6 are succes-
sively presented: the relative emission intensities meas-
ured in this work, and the experimental and calculated
results of ref. [1] (under the assumption that the elec-
tronic transition moment is independent of the inter-
nuclear distance). It is clear that the emission intensities

of this work ure generally closer to these calculated
values than the intensities measured in ref. [11. The
conclusion is that the assumption that the electronic
transition moment R c is independent of the internu-
clear distance is true within the experimental accuracy
of 14% (see section 2.4).

In table 5 emission intensities and absolute o c m

values arc presented for the CO* first negative bands.
It can be seen that our absolute values deviate strongly
from those of Aarts and de Hccr [12] who used a cali-
bration similar to that of van dc Runstraat et al. [2] .
It is possible that in the case of Aarts the same stray-
light problem is responsible for his too liigh values, as
was found in the work of van de Runstraat et al. In
this case the inaccuracy of the calibration, which was
also used by Mohlmann and de Heer [13], has another
consequence.

Mohlmann and de Hecr [13] have calculated the
behaviour of Rc as a function of the internuclear
distance in the r-centroid (ryvOapproximation. Using
the emission intensities obtained in the present work
another set of Re values has been determined using Re =
Cu'u"- <?«•„"• V u " ) " 2 . where thegu V . values were taken
<?u'u"' V u " ) 1 • where the < / u V values were taken
from ref. [13]. Re is now found to be independent of
the internuclear distance within the experimental error
of 8% (see section 2.4). This disagrees with the results
presented by Mohlmann and de Heer [13], who found
a decrease of Re with increasing F u V . (increasing wave-
length). However this decrease in Rc can be correlated
with the overestimation of the emission intensities

Table 5
°em O0~1 8 cm1), /„•„•• and Re values at 300 eV electron impact for the CO* first negative bands

A.(nm) u' u"

219.0
230.0
241.9
211.2
221.4
232.S
244.6
204.2
213.7

0
0
0
1
1
1
1
2
i

°em
this
work

5.06
2.82
0.60
1.41
0.21
0.99
0.55
0.17
0.35

rcf.
1")

10.2
5.40
1.32
2.95
0.45
2.04
1.08

lu'u"

1.000
0.560
0.115
1.000
0.149
0.698
0.411
0.493
1.000

This work")
3

1.000
0.537
0.140
1.000
0.178
0.759
0.433
0.453
1.000

This"
work

1.00
1.02
0.92
1.00
0.91
0.96
0.95
1.04
1.00

ref.
[13] ">

1.00
0.92
0.87
1.00
0.86
0.83
0.83
1.09
1.00

a ' All values relative to the stronger transition in each progression.
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Table 6
Hruni'hing ratios t'orC I .mil NI lines

Gas

cn4

Emission

CI
NI

Mnm)

247.6
174,4

^(nm)

193.1
149,4

this work

0,0989
0.43

others

0.0984 "> Cl-IOl b>
(0.37 - 0,41) c>

*> Taken from rof, [1S|. b> Taken from ref. [16|.
c ' See ret. 1101 and references therein (only the minimum und maximum of the values mentioned in ref. |10| arc indicated).

towards shorter wavelengths due to the inadequate
straylight correction. The present results agree with
those of Judge and Lee [14] who also found Re to
be independent of the internuclear distance.

In table 6 some atomic branching ratios for Cl and
Nl lines are given and compared with those of other
groups (refs. [10,15,16]). Our values compare reason-
ably well with these experimental and theoretical results
of other groups and once again show the overall con-
sistency of this calibration. Furthermore we have meas-
ured for N2 the acm value for the NI line at 149.4 nm.
We find o e m = 1.14 X 10""18 cm2 . This value compares
well with oc m = 1.12 X 10~ 1 8 cm2 which was given by
Aarts and del leer [10].

4. Conclusion

The data presented here form a consistent calibra-
tion of an optical detection system in the 120-250 nm
range, with an overall accuracy ranging from 10—14%.
The use of a holographic grating prevents the tedious
procedure of straylight correction and enhances the
reliability of the calibration. It is planned that in the
near future the range of absolute emission cross sec-
tions for calibration purposes will be extended up to
450 nm.
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SUMMARY

In this thesis both the history and the present state of

emission spectroscopy are discussed.

Chapter II covers the history and it shows that although

the first spectroscopic observations were concerned with the

solar spectrum, soon also flame spectroscopy was introduced.

Years of research with this type of spectroscopic technique

enabled the discovery of a number of chemical elements due

to their "fingerprint" spectrum. At the end of the nine-

teenth century the research became directed toward the ori-

gine of the spectrum and hence toward ,atomic structure. In

this framework the emergence of the atomic theory of Bohr

and its consequences are discussed. One of the more direct

effects was the experiment of Franck and Hertz, which laid

the basis for the electron impact induced emission spectros-

copy. This technique is used in the experimental work which

is presented in the rest of the thesis.

In Chapter III a description is given of the apparatus

in which a beam of mono-energetic electrons collides with

the molecules of a target gas. Such collisions may lead to

excitation of the molecules and eventually to decay of the

excited states through emission of radiation of a certain,

wavelength. The probability for this process is expressed

in an emission cross section. The lifetime of the excited

molecular state is defined as the inverse of the total tran-

sition probability from the state. Bot emission cross sec-

tions and lifetimes have been measured for various excited

states of a number of molecules. Also discussed in Chapter

III are other molecular parameters such as the electronic

transition moment, which can be obtained from emission spec-

tra. This Chapter is concluded with a brief description of

the dependence on the electron impact energy of the excita-

tion and emission cross sections.

In Chapter IV three papers on diatomic molecules (CO, NO,

HF) are presented. The first, on CO, is mainly concerned

with lifetime measurements. It contains experimental data and
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an analysis of lifetime data measured by other groups. The

latter shows the importance of an adequate selection of in-

cident electron energy and observation wavelength. Another

experimental aspect is the topic of section IV.B where the

calibration of the optical system is discussed. This occurs

in connection with the determination of the electronic tran-

sition moment for the NO(A2J:+-X2n) system. A third field of

interest is reflected in the article on the emission of the

HF molecule, (see section IV.C). Here not only lifetimes of

the HF (A E , v'=0-3) levels are presented, but also atten-

tion is paid to the emission from atomic H and F fragments.

The results obtained there are the basis for the more gene-

ral analysis given in Chapter VI.

In Chapter V the N.,0 molecule is discussed. Here the N90
2 + 2

(A I -X n) emission system is studied and apart from emis-

sion cross sections also lifetimes for the A I levels are

presented. These lifetimes might indicate that predissocia-

tion is an important decay channel for all levels above

vJ=l. The amount of predissociation however is still contro-

versial and ranges from less than 10%'(this work) to more

than 40% as was found by other groups.

As already mentioned above, Chapter VI is concerned with

light emission from atomic fragments which were formed by.

dissociation of excited molecular states. By means of the

Bethe theory for high energies of the incident electrons and

some additional hypotheses, the character of the excitation

process leading to the parent molecular state is derived.

For some diatomic and triatomic molecules correlation dia-

grams are used to explain whether excitation to a certain

state is optically allowed or optically forbidden.

The preceding experimental chapters all deal with small

molecules, for which in principle most of the molecular

properties can also be calculated by ab-initio techniques.

In Chapter VII emission spectra and their assignment are

presented for Chloro-Fluoro methanes, CF4 and CF H. These

molecules are outside the ab initio range. Here continuous

emission is found in the spectra, which could be tentatively
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assigned to decay of excited ionic states.

The last chapter. Chapter VIIIf deals with a method for

determination of the quantum yield of optical detection sys-

tems in the 120- 250 mm range. This work was partially con-

ceived in order to resolve a controversy about the magnitude

of the emission cross sections of some bands of the

CO(A n-X r )system around 200 nm. This chapter also describes

the advantage of the use of a holographically ruled diffrac-

tion grating, which removes most of the straylight compo-

nents from the signal, over the use of a classically ruled

gr?,ting. It is expected that the use of holographically ruled

gratings will enable more accurate measurements of emission

cross sections in the near future.
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SAMENVATTING

In dit proefschrift komen zowel de geschiedenis van de spec-

troscopie als meer recent spectroscopisch onderzoek aan de

orde.

Het historische deel is opgenomen als hoofdstuk II. Het

blijkt dat de eerste waarnemingen op het gebied van de emis-

siespectroscopie alle betrekking hadden op het spectrum van

de zon. Al snel werd door de ontdekking van vlamspectrosco-

pie het onderzoeksterrein beter toegankelijk voor experimen-

ten met aardse verbindingen. In de daaropvolgende jaren wer-

den vele nieuwe chemische elementen ontdekt op grond van hun

"karakteristieke" spectrum. Pas tegen het einde van de 19 e

eeuw ontstond er interesse in de vraag, welke atomaire eigen-

schappen aanleiding geven tot het emissiespectrum. Dit

bracht vanzelfsprekend een onderzoek naar de structuur van

het atoom met zich mee. Tegen deze achtergrond wordt dan het

ontstaan van de atoomtheorie van de Deense natuurkundige N.

Bohr besproken. De invloed van deze theorie op het experimen-

tele spectroscopische werk komt nader aan bod in de bespre-

king van het beroemde experiment van Franck en Hertz. Dit

laatste experiment vormt de basis van de emissiespectrosco-

pie waarbij het aanslag proces door electronen wordt veroor-

zaakt. Deze techniek staat centraal in de rest van dit proef-

schrift.

Het experimentele deel begin in hoofdstuk III met een be-

schrijving van de meetopstelling. Hierin wordt een bundel

electronen met êën bepaalde energie in een ruimte geschoten,

die gevuld is met het te onderzoeken gas. Door botsingen

tussen de electronen en moleculen van het gas kunnen aange-

slagen toestanden van de moleculen ontstaan. Deze kunnen weer

vervallen onder uitzending van licht van een bepaalde golf-

lengte. De waarschijnlijkheid voor dit proces kan worden weer-

gegeven door een experimenteel te bepalen grootheid: de emis-

siedoorsnede. De levensduur van de aangeslagen toestand wordt

gedefinieerd als het omgekeerde van de totale overgangswaar-

schijnlijkheid voor verval vanuit die toestand. Voor een aan-
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tal moleculen zijn zowel levensduren als emissiedoorsneden

gemeten die in de rest van het proefschrift besproken wor-

den. Verder gaat hoofdstuk III ook in op andere moleculaire

eigenschappen die af te leiden zijn uit de emissie-spectra.

(b.v. het electronisch overgangsmoment) Als laatste wordt

het gedrag van de emissie- (en excitatie-) doorsnede als

functie van de energie van de exciterende electronen bespro-

ken.

Hoofdstuk IV bevat drie artikelen over emissie spectra

van twee atomige moleculen (CO, NO, HF). Het eerste, over

CO gaat over levenduurmetingen en bevat naast experimentele

gegevens ook een analyse van de meetresultaten van andere

groepen. Deze analyse laat duidelijk zien dat het noodzake-

lijk is om de electronen energie en de waarnemingsgolflengte

nauwkeurig te selecteren wanneer betrouwbare meetresultaten

worden verlangd. Het eerste onderwerp dat in hoofdstuk IV.B

aan de orde komt is de bepaling van de guantumopbrengst van

de optische meetapparatuur. Aan de hand van deze discussie

wordt daarna bekeken hoe betrouwbaar de v/aarden voor het

(uit experimentele resultaten afgeleide) electronen overgangs-
2 + 2

moment voor de NO (A E -X n) overgang. In het derde deel
+ 2 +

(IV.C) komen niet alleen de levensduren van de HF (A E ,

v'=0-3) nivo's aan de orde maar wordt tevens de emissie door

aangeslagen F en H fragmenten onderzocht. Samen met soortge-

lijke analyses voor andere moleculen vormt dit werk de basis

van hoofdstuk VI.
2 + 2

Hoofdstuk V gaat over het N„0 (A E -X II) emissie systeem,

waarvoor zowel emissie-doorsneden als levensduren zijn geme-

ten. De waarden voor de levensduren van de verschillende
2 +

vibratienivo's, behorend bij de A E toestand, zouden erop

kunnen wijzen dat voor alle nivo's boven vj=l predissociatie

een mogelijk vervalskanaal is. Hoe belangrijk dit kanaal is,

is erhter niet duidelijk, aangezien de cijfers hiervan uiteen

lopen. Sommige groepen vinden hoge percentages tot 40% terwijl

in ons geval een bijdrage van minder dan 10% gevonden is.

Zoals boven al kort aangeduid is gaat Hoofdstuk VI over

lichtemissie door atomaire dissociatie producten van aange-
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slagen moleculaire toestanden. Door middel van de Bethe theo-

rie, die geldt, voor electronen met een hoge energie, is de

aard van het aanslagproces dat het dissocierende molecu-

laire nivo bevolkt, bestudeerd. Enige extra hypothesen ma-

ken verdere analyse mogelijk.

Na deze hoofdstukken, die over kleine moleculen gingen,

gaat hoofdstuk VII over chloor-fluor methanen, CF. en CF,H.

In de spectra van deze moleculen wordt continuum straling

waargenomen, die met enige zekerheid toegekend kon worden v-.~

aan verval van aangeslagen iontoestanden.

Het" laatste hoofdstuk, „JVIII) geeft een methode om de

quantumopbrengst:van optische detectie apparatuur in het 7

golflengte gebied tussen 120 en 250 nm te bepalen. Met dit

werk werd begonnen met het doel om een verschil van mening

over de grootte van emissie doorsnede voor een aantal ban-

den van het CO(A-X) systeem rond 200 nm, op te lossen. Dat

dit gelukt is blijkt uit dit hoofdstuic. Tevens worden hier

de voordelen duidelijk, die het gebruik van een hologra-

fisch gemaakt tralie met zich mee brengt. Zo'n diffractie

tralie vermindert in hoge mate de bijdrage van strooilicht

componenten aan het totale signaal, iets wat bij de conven-

tionele lampijkingen nogal grote fouten rond 200 nm heeft

opgeleverd. Dit soort holografische tralies zal waarschijn-

lijk op korte termijn een nauwkeuriger meting van emissie

doorsneden mogelijk maken.

97



f—

•I



CURRICULUM VITAE

In 1968 heb ik het einddiploma gymnasium B behaald aan het

Corderius Lyceum te Amersfoort. Daarna ben ik begonnen met

de studie aan de Rijksuniversiteit te Leiden. In juni 1972

heb ik het kandidaats examen, letter S3, afgelegd en ver-

volgens heb ik de studie voortgezet aan de afdeling theore-

tische organische chemie van de R.U. te Leiden. In maart

1975 heb ik het doctoraal examen afgelegd met als hoofdvak

theoretische organische chemie en als bijvakken theoreti-

sche natuurkunde en numerieke wiskunde. Hierna heb ik van

augustus 1975 tot en met juni 1976 natuurkunde onderwijs ge-

geven aan de St. Agnes scholengemeenschap in Leiden.

In september 1976 ben ik begonnen met een onderzoek onder

supervisie van prof„ dr. H.H. Brongersma en onder leiding

van dr. F.J. de Heer, wat resulteerde in dit proefschrift.

Van september 1976 tot en met december 1976 was ik als doc-

toraal assistent in dienst van de Rijksuniversiteit Leiden

en op 1 mei 1977 kwam ik in dienst van Z.W.O. (S.O.N.) als

wetenschappelijk assistent.

Het onderzoek, beschreven in dit proefschrift, werd op

het P.O.M. Instituut voor Atoom- en Molecuulfysica te Am-

sterdam verricht.

Vanaf 1 januari 1980 ben ik in dienst van de N.V. Philips

gloeilampenfabriek als wetenschappelijk medewerker, verbon-

den aan het natuurkundig laboratorium.

99



De directeur van het F.O.M, instituut, Prof.Dr. J. Kistemaker

ben ik zeer erkentelijk voor de gastvrijheid die hij mij

heeft verleend. Tevens wil ik Dr. F.J. de Heer bedanken, die

mijn onderzoek kritisch heeft begeleid. Van de vele anderen

die hebben bijgedragen aan het tot stand komen van dit proef-

schrift wil ik Dr, G.R. Möhlmann, Dr. J.F.M. Aarts, Drs. E.

Bloemen, Drs. G.J. Verhaart en Dr, A.E. de Vries bedanken voor

de stimulerende discussies die ik met hen over het onderzoek

en het manuskript heb kunnen voeren. De Heren M. van Tilburg

en D. Barends hebben hef:onderzoek technisch mogelijk gemaakt.

Mw,::G-.J.rKöke-varider_ Veer ,:Mw.: KT Wünsche en Me j . I. Vriend -

hebben het typewerk van de manuskripten verzorgd. De tekenin-

gen zijn vervaardigd door Mw. H. Vanenburg-Smid en het foto-

grafische werk is op bekwame wijze verzorgd door de Heren

F.G. Monterie, Th. van Dijk en M. Pison. Ook hen allen wil

ik bedanken voor hun bijdrage aan het tot standkomen van dit

proefschrift.

AMOLF

100


