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STELLINGEN

1. Uit de resultaten van de in dit proefschrift be-
schreven metingen kan worden afgeleid, dat 'super-
aangeslagen' toestanden voornamelijk dissociéren

in brokstukken, die niet electronisch aangeslagen

zijn.

2. De fotochemische reactie van overgangsmetaalcarbo-
nylen in aanwezigheid van koolstofdisulfide en
trifenylfosfine is waarschijnlijk een efficiénte
methode om overgangsmetaalthiocarbonylderivaten

te synthetiseren.
G. Jaouen, Tetrahedron Letters 52 (1973) 5159.

3. Resonantie-fluorescentie experimenten, uitgevoerd
aan benzeen bij drukken van ongeveer 0.1 Torr, zijn
aan bedenkingen onderhevig.

J.M. Blondeau en M. Stockburger, Ber.Bunsenges.
75 (1971) 450.
K.G. Spears en S.A. Rice, J.Chem.Phys. 55 (1971)

556i.

4, Het vermelden van Rf waarden is nutteloos, indien
de omstandigheden niet worden genoemd, waarbij de
dunne-laag chromatografie is bedreven.

J.W. Meilink, Pharm.Weekblad 109 (1974) 22,
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De methode van Tully et al. om uit de temperatuur-
afhapkelijkheid van de totale werkzame doorsnede
voor botsingsgeinduceerde dissociatie de specifie-
ke dissociatieve werkzame doorsnede voor een ge—
gen interne energie te berekenen is mathematisch
elegant, maar fysisch niet juist.

F.P. Tully, Y.T. Lee en R.S. Berry, Chem.Phys.

Letters 9 (1971) 80.

Bij het analyseren van de intensiteiten in emissie-
spectra dient men rekening te houden met het feit,
dat in de theorie de intensiteit in andere eenheden
wordt opgegeven dan men experimenteel bepaalt.
I. Kovacs, Rotational Structure in the Spectra
of Diatomic Molecules (Adam Hilger Ltd.,
London, 1969).

M. Horani, Proefschrift, Universiteit van Parijs

(1967).

W. Brennen en T. ~ -rington, J.Chem.Phys. 46
(1967) 7.

M. Clerc en M. Schmidt, Far.Disc.Chem.Soc. 53
(1972) 217.

De verklaring, die W.H. Smith geeft voor het ver-
schil in levensduur van de I - I overgangen in

+ + o+
COZ’ CS2 en N20 y
W.H. Smith, J.Chem.Phys. 51 (1969) 3410.

is aanvechtbaar.
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8. Het 'trapped-electron' spectrum van pyridine, zoals
bepaald door Pisanias et al., is niet representief
voor dat molecuul.

M.N. Pisanias, L.G. Christophorou, J.G. Carter
en D.L. McCorkle, J.Chem.Phys. 28 (1973) 2110.

J.P. Doering en J.H. Moore, J.Chem.Phys. 26 (1972)
2176.

H.H. Brongersma, Proefschrift, Universiteit van
Leiden (1968).

9. Het bewaren van monsters bloed en urine tussen
monstername en analyse dient zodanig te geschieden,
dat de bewaartijd niet van invloed is op de uit-
komsten van de analyse.

I.C. Dijkhuis en G.E.T. Ferguson, Pharm.Week-
blad 109 (1974) 48.

10. De bepaling van de snelheidsconstanten voor proces—
sen, waarbij triplet toestanden een rol spelen,
door in een ontlading de intensiteit van de fluor-
escentie en de fosforescentie te meten is onjuist,
indien geen rekening wordt gehouden met de directe
aanslag van deze triplet toestanden.

M. Stockburger in Organic Molecular Photophysics,
Ed. J.B. Birks, John Wiley & Sons, London,
1973, pages 90 - 93.
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11. Het organiseren van politieke cafés kan een belang-

rijke bijdrage leveren tot het verminderen van de

polarisatie in de politiek.

Leiden, 22 mei 1974, C.I.M. Beenakker.
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CHAPTER 1

I NTRODUCTION

l1.1. GENERAL

In this thesis excitation processes caused by electron impact are
described which lead to electronically excited states of isolated molecules.
In prrticular those processes are considered which are accompanied by the
emission of sufficiently intense radiation. These include radiative decay
of the initially excited state and dissociation into excited fragments.

The latter process is called dissociative excitation. It can be schematical-

ly represented as follows:

e+M>M »A  + B+ ....

hv

A study of the light emission of the fragments provides information on
their electronic, vibrational and rotational energies and the cross sections
for their formation. These properties are connected with the excited molecu-
lar states which are the precursors.

The molecules are excited by a beam of mono-energetic electrons of
variable energy (0 - 1000 eV). In comparison with excitation by photo-
absorption this method permits one te study molecular states, which can be
both optically allowed and optically forbidden with respect to the ground
state; also the number of states to be studied is not restricted by a lack
of intense light sources emitting radiation of sufficiently high energy.
However, the energy spread of the incident electrons (~ 0.5 eV) and the
fact that at a given electron impact energy all states of the molecule below
that energy are excited simultaneously does not always allow a unique
interpretation of the results.

This study seems justified in view of the better understanding that it

will give of the fundamental processes, which oceur in radiation chemistry,




electric discharges and photochemistry. As a target gas we choose water,

benzene and some <simple aliphatic hydrocarbons: methane, ethylene, acetylene
and ethane. The recent discovery of some of these molecules in the inter-
stellar medium has also lead to the use of cross section data, as presented

in this thesis, in the field of astrophysics.

1.2, EMISSION CROSS SECTIONS

The results are expressed in terms of emission cross sections (oem),
which are a measure of the chance that a collision between an electron and
a molecule gives rise to the emission of a particular photon. These emission
cross sections, which have the dimensions of an area, are related to the
excitation cross sections (Oexc) of the state from which radiation is ob-
served.

For excitation of the molecule to a discrete state n with energy En above

the ground state and probability ¢1(En) that a photon of wavelength kl

is emitted from the molecule or fragment this relation is given by:
1 n
o° =¢(E)oc (1N
where ¢1(En) satisfies the rule:
I.4(E) < 1. (2)

For dissociative excitation the photon is emitted after excitation to a
repulsive state. In that case the excitation energy E can take all values
above the threshold energy En for fluorescence 1 of the fragment. The

emission cross section is now given by:

(-]

1 dcexc(E)
Uem = J ¢1(h) —-_Tﬁf_—_ dE 3
E
n

When the state from which the photon is emitted is also populated by
cascade from higher states of the molecule a proper allowance for these

processes should be made.
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1.3. HIGH ENERGY ELECTRON IMPACT

The relation between high energy electron impact data and optical data
is given by the Bethe theory [1]. This theory has recently been 'revisited'
by Inokuti [2]. According to this theory the excitation cross section of
a state n as a function of the energy of the incident electrons can be

expressed in the case of optically allowed transitions as:

2 n
n A"ao R 2 cexcEel
o = —— M ln a——— (4)
exc Ee1 n,exc R

where a is the first Bohr radius, R the Rydberg energy, E,, the kinetic
energy of the incident electrons corrected for relativistic effects and czxc
is a constant dependent of the properties of the excited state. For excit-
ation to a discrete state with energy E.» Mi,exc is related to the optical
oscillator strength fn by

= f R/En (5

With Formulas (1) and (4) we find for the emission cross sections at
sufficiently high energies of the incident electromns:
2 1

Anao R 2 cemEel
%m © T E M1,em ln R (6)
el
where
2
M1,em - ¢1(En) fnR/En o)
and
1 _n
€em = Cexc (8)
For excitation into a continuum M2 is given by:
- n,exc
2 _ R df (E) (
Msexc © J E dE 9° 9)
E
n

where df(E)/dE is related to the photoabsorption cross section %.a (E)

acde

by:
df(E) _ mc _ -15
35 = 2 cp.a.(E) = 9,1 x 10 cp.a.(E) (10)

if E is expressed in eV and op a in cmz.




By means of relations (3), (4) and (9) the emission cross section in the

case of dissociative excitation can be expressed in the same form as for

. . . 2 . .
excitation to a discrete state (Eq. (6)), but now M p 18 given by:
B df (E) R )
M—'f,em— J¢1(E) dE E % Gn
E
n
and -
2 1 df (E) R n
Ml,em 1n Cem ~ j ¢, (E) dE E In ¢ e € (12
E
n

For symmetry forbidden ezcitation processes Bethe showed that the
excitation cross sections and consequently the emission cross sections are
inversely proportional to the energy of the incident electrons:

" -1
Oem Ee1 (13)

Plotting o mEel/Anag R versus Iln E - a so—called Fano plot [3] - will

give a str:ight line at sufficientf; high energies with a positive slope
in the case of an optically allowed excitation process. From the slope of
the Fano plot we derive Mf,em’ whereas ihe intercept with the abcissa of
the extrapolated linear portion gives Com’ For optically allowed excitation
processes we have cim ~ 1 and M%,em > 0. A horizontal 1line in the Fano plot

will be found in the case of a symmetry forbidden excitation process. We

then find Clm >> 1 and M% om - 0. If both optically allowed and symmetry
s

forbidden processes give rise to the emission of the photon 1, we obtain

cl >> 1 and M2 > 0.

em l,em 2

In this work the values of M and Cop 2T determined by a least

1,em
squares analysis.

l.4. LOW ENERGY ELECTRON IMPACT

Thresholds for emission can be determined by varying the energy of the
incident electrons from zero to higher energies. These measurements give
the excitation energy E of the excited state from which the radiation

OoCcurs.

™
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In the case of dissoclative excitation the knowledge of the thresliold
for formation of a particular fragment and relevant excitation and
dissociation energies permits one to deduce the processes, which occur at
the threshold. Frequently it turns out that fragments are formed from
neutral states of the parent molecule above the first ionization potential.
These neutral states are called, following Platzman [4], super-excited
states.

At low impact energies electron exchange processes are relatively impor-
tant. They can give rise to excited states of the molecule, which have a
spin multiplicity different from that of the ground state (see for instance
Ref. (5), (6) and (7)). These processes are characterized by a steep in-
crease of the excitation cross section above the threshold, followed by a
sharp decrease [8,9]. In view of the proportionality of excitation cross
sections and emission cross sections a study of the energy dependence of
the emission cross section at low energies may therefore give information

about the spin multiplicity of the molecular state from which the emitted

photon originates.
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CHAPTER II

EXPERIMENTAL

[
| 2.1. APPARATUS

2.1.1. General

|
|

*§ The apparatus is shown schematically in Fig. 2.1, It consists of a

; vacuum chamber containing an electron gun, and of a collision chamber. The
i l electron beam is collimated by an axial magnetic field (~ 300 Gauss) and
enters the collision chamber through a collimator consisting of two dia-
phragms. In the vacuum system the collision chamber and electron gum are
also connected by a by-pass. The intensity of the beam is measured at a
Faraday cage. The energy of the electrons can be varied between 0 and

1000 eV, while the intensity of the beam is usually kept below 100 pA.

—connection tubes $0 monochromators

= _gas inlet

collimator__

7
e

Hrr,;LmLLL_
vacuum chamber A T”,TT"I—’} Faraday cage
L—"I = magnel coils

purnp

FIGURE 2.1. Schematic represemtation of the apparatus.




The target gas is admitted into the collision chamber by a variable leak,

such that the pressure is in the range 10-4 - 10_3 Torr. The density of

the target gas is measured by a capacitance manometer. The light emission
from the target gas is detected at right angles to the electron beam by
two monochromators covering the wavelength regiom 1850 - 9000 2. These
monochromators are positioned at both sides of the collision chamber.
This apparatus was originally designed for measurements below 100 eV
electron impact energy [ 1l]. The extension of the measurements to 1000 ev,
the introduction of another technique for the determination of the thres-—
hol¢ and some special precautions for the measurement of heavier organic

molecules lead us to describe the apparatus in some detail.

2.1.2., Vacuum system

With the by-pass valve in open position, the entire system is evacuated
by an 0il diffusion pump (Edwards EOQ4), which has a nominal pumping speed
of 600 1/sec. This pump is coupled to a rotary pump by a molecular seeve.
An ultimate pressure of about 5 x 10.7 Torr is obtained in the system.

During the measurements the by-pass valve is closed. The collision
chamber is then pumped through the collimator body, gas flow being about
0.3 1/sec for air. Next the target gas is introduced into the collision
chamber by an all-metal variable leak (Vacuum Generator MD6 or Granville
Phillips 203). By this differential pumping system the pressure near the
electron gun can be keot below 10—6 Torr, whereas the pressure of the
target gas measured with a capacitance mac~vnzter (MKS Baratron, pressure
head 77H~1) 1s between !0--4 and 10_3 Torr.

A liquid nitrogen baffle, placed between the diffusion pump and the
vacuum chawber, is used in the case of measurements on vapours, which

strongly affect the filament of the electron gun.

2.1.3. Electron source and electrode system

For the measurements of the thresholds the electrons are produced by
a Philips 6~AW-59 television tube with an oxide cathode. The energy
spread of the electrons is about 0.3 eV. The other measurements are per-

formed with a Philips DC-7-32 electron gun in which the oxide cathode is

T e, et e
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replaced by a Rhenium filament. This filament has a much longer lifetime
in the presence of organic vapours, but the source has a larger energy
spread (~ 2 eV).

The electrode system of the collision chamber is shown in Fig. 2.2.
The Faraday cage consists of two parts. The total current on the two
plates is measured (see also Section 2.6). The energy of the electrons
in the viewing region of the mcnochromators is determined by the negative
potential of the oxide cathode (or filament as is the case) with respect

to that region. It can be varied between O and 1000 eV.

2.1.4. Optical detection system

The light emission in the 1850 - 5500 & regicn is detected by a Leiss
[2] monochromator, fitted with a grating of 2160 grooves per mm (reci-
procal dispersion 15 &/mm) blazed at 2000 %, and an EMI 62568 photo~

multiplier. The grating and mirrors have been coated with magnesium
fluoride in order to obtain a high reflectance below 2300 X. For the

region 5500 - 9000 & we used a Leiss monochromator with a grating of
1200 grooves per mm (reciprocal dispersion 27 8/mm) blazed at 7500 &
and an RCA 31034 A photomultiplier. Both photomultipliers are thermo-—

electrically cooled to below -15°C.

L
-

7 8 910

—
SOU—RJCEI ] |

6
1 234 5

FIGURE 2.2. Cross section of the electrode system parallel
to the electron beam. The source is put at the
acceleration voltage. The following potentials
were applied: 1, collimator : 20 V; & : 10 V;
3,4,5,6,7 and 8 : O V; 9 : 30 = 150 V; 10 :

70 - 300 V.
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A B c monostabl 0 monostabl 3
N e—e—{integrator |- = Jcoinparator multivib ~+multivib Lv—*'—‘
— J 2sec iy QSsec .
Treset '
-4 & Fd
Vet * Stop motor start
photon counter photoncounter

FIGURE 2.3.

—

Block diagram of the circuit used for threshold

measurements.

FIGURE 2.4,

count stop start  count

<« motors
< reset int>

Time diagrom of the system used for threshold
measurements. A : electron beam; B : current
tntegrator; C : stop pulse to photon counter;
D : motor, coupled to acceleration voltage;

E : start pulse to photon counter.
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After preamplification and discrimination against dark current counts,
the photon pulses are converted to standard height and width and fed into

a dual counter (SSR model 1110 Digital Synchronous Computer).

2.2. EVALUATION OF THE EMISSION CROSS SECTIONS
The emission cross sections are evaluated by the relation:

_ 4m S (w) p
em = » (Ife) N L k(1)

In this formula S{w) represents the light intensity measured in the solid
angle w, I/¢ is the number of electrons passing per second through the
collision chamber, N is the density of the target gas, L is the obser-
vation length along the electron beam and k() is the quantum yield of
the optical equipment at a wavelength A, The polarization factor P is a
correction factor for the cross section, which accounts for an aniso-
tropic distribution of the emitted radiation and for a different
sensitivity of the monochromator for the polarized components of the
radiation. The degree of polarization is generally found to be small
both for molecular radiation and for radiation from dissociative excit-

ation [1,3,4]. We therefore put P=1l. J

2.3. EVALUATION OF THE THRESHOLDS

Thresholds are determined by a method schematically shown in Figs. 2.3
and 2.4. The electron beam, which is chopped with a frequency of about
70 Hz, is fed into a current integrator. The resulting chopped light
signal is measured by the dual photon counter (SSR), which automatically
subtracts the dark current signal from the light signal. At a given

acceleration voltage the photon counter and the current integrator are
started simultaneouslv. The photon counter is stopped after collection of

a certain amount of charge on the Faraday cage. Next a motor, which is

coupled to a helipot, runs for two seconds with an adjustable speed

changing the acceleration voltage. Thereafter, the cycle is repeated.

The photon counts are plotted on an X-Y recorder as a function of the

acceleration voltage.

The energy scale is calibrated by simultaneous introduction of the




target gas and a gas which gives radiation of known threshold energy into

3

- . 3
the collision chamber by two variable leaks. In most cases the 475 - 27P

transition of helium with a known threshold at 23.5 eV [5] is used for
calibration. In order to avoid space charge effects currents below 10 pA

are used. The accuracy of the threshold measurements is limited by the

energy spread of the incident electroms (~ 0.3 eV).

2.4. DETERMINATION OF THE QUANTUM YIELD

For the determination of the quantum yield of the optical equipment we
made use of a tungsten ribbon lamp as a standard light source. The inten-—
sity of the radiation emitted by the tungsten ribbon has been measured
as a function of ribbon temperature and wavelength by De Vos [6]. The
calibration procedure with this standard has been described in Ref. 7.
Below 3000 & this standard cannot be used because of the sharp decrease
of the emission by the hot tungsten filament towards lower wavelength and
the relative increase of scattered light. In the wavelength region ;
1850 - 3000 & the relative yield as a function of wavelength was deter- ;
mined by means of a deuterium lamp [8] (1850 - 2700 ®) and a quartz-iodine l
lamp with a coiled-coil tungsten filament [9] (2500 - 4400 R). This was
fitted to an absolute scale by normalization to the quantum yield deter-—

mined by the tungsten standard.

2.5. ERROR DISCUSSION i

The reproducibility of the results is connected to random errors in ;
the measurement of the pressure (37), the electron beam intensity (27)

and the light signal (1%).

The main systematic error results from the absolute intensity

calibration of the monochromators. This error depends on the wavelength
and ranges from 107 at 3000 & to 4% at 9000 & (7]. Below 3000 & an

iodine lamp and a deuterium lamp are used for the calibration of the b
relative quantum yield. The systematic errors made by this method are ;
more difficult to evaluate. However, branching ratios for the BZZ+ - ;
X22+ system of co® (2100 - 2600 R), determined experimentally with a :

deuterium lamp, are within 157 of the theoretically calculated ratios ;

e,
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using Franck-Condon factors [10]. This puts an upper limit of 15% to
the error in the -elative quantum yield. Together with errors due to
normalization we estimate the probable error in the absolute quantum
yield below 3000 8 to be 207. Additioncl systematic errors occur in the
measurement of the electron beam current (2%) and in the determination
of the geometrical factors w and L (2%). The neglect of poiarization
effects introduces an error probably smaller than 5%7. The systematic
error in the pressure, determined by the Baratron, is estimated to be
27%. This capacitance manometer has been calibrated against a McLeod
manometer, described in Ref. 1. These give probable errurs in the
emission cross sections ranging from 227 at short wavelengths to 87 at
longer wavelengths.

The maximum slit width of our monochromators (3 mm) defines the wave-
length region, which can be observed at a fixed position of the grating.
In the case of extensive molecular bands we divide the relevant wave-
length region into parts. The intensity of the radiation in each part is
measured. The emission cross section is determined by adding up the
intensities of the different parts. This procedure gives an extra un-
certainty of 57. Larger random errors come into the emission cross

sections for weak light signals.

2.6. CHECK MEASUREMENTS

At high energies of the incident electrons errors in the emission
cross sections may arise from electrons, which are reflected at the
Faraday cage. These give rise to too high apparent emission cross
sections. In order to avoid the effect of reflected and secondary
electrons we make use of a Faraday cage consisting of two conical parts
(Fig. 2.2). At an acceleration voltage of 1000 eV we found the detected

electron beam current to be essentially constant, when on the outer plate
of the conical detector a voltage larger than 250 V and on the inner

plate half this voltage is applied (Fig. 2.5). Under this condition we
also checked the dependence of the detected electron beam current on the
strength of the magnetic field, used to collimate the beam. No dependence

was found within 27.
To check the apparatus we measured the energy dependence of the
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emission cross sections for various systems and compared these with
measurements of Aarts et gl., performed on an apparatus especially

suited for measurements at high electron impact energies. We checked on
the following systems: N;(Bzz: - xzz;), cot@E’ - x&h, anls - ¥4
from methane and the Balmer series of B from methane. Within an average
of 27 we found for these the same energy dependence as measured previous-—
ly [10,12,13].

Partially as a check on the quantum yield of the optical equipment we
compared absolute emission cross sections at 100 eV for N;(BZZI - XZZ;,
0-0) and CO+(E~2£+ - X22+, 0-0) transitions with previous measurements.
We found the emission cross sections to be respectively 4% and 15%
larger than the published results [10,13].

During the course of this investigation the reproducibility of the

quantum yield was checked repeatedly.

Opmlarb units)
124

104 \0\0\0\0“—0——0—0——

-

200 400

Vo (volts)

FIGURE 2.5. Dependence of the apparent emission cross section
at 1000 eV electrorn impact energy on the voltage
of the outer plate of the Faraday cage. The
voltage of the inner plate is half of this.
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CHAPTER II1

DI SS0CIATIVE EXC1TATION O F

SIMPLE ALIPHATTIC HYDROCARBONS.

3.1. GENERAL INTRODUCTION

Excitation of molecules to states with sufficiently high energy may
result in the formation of excited fragments, whose light emission can
be studied. A relatively simple method to bring molecules into these
states is the excitation by electron impact., This technique is usually
applied as a tool to produce fragments in excited states, whose spectral
characteristics can then be determined.

Only a few systematic studies on the light emission produced by
electron impact on aliphatic hydrocarbons have appeared. Of them the work
of Vroom and de Heer [ 1], who obtained emission cross sections of excited
hydrogen atoms from methane, ethylene and ethane, can be mentioned.

Sroka [2] studied the light emission from fragments from methane in the
vacuum~ultraviolet (900 - 1700 8). Aarts et ql. [3] measured the light
emission of fragments from methane and ethylene in the wavelength region
1000 - 10000 R. Balmer emission from propane has been investigated by
Kurepa et al. [4].

A striking similarity between the results for the measured molecules
appears from these studies. The formation of excited hydrogen atoms
proceeds via molecular states, which are optically forbidden with respect
to the ground state, and the emission cross sections are about the same
for all hydrocarbons. Also, no large differences are seen between the
cross section data of CH(AZA) from methane and ethylene [3], a fragment
that is formed via molecular states, which are optically allowed with

respect to the ground state. ’
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In Section 3.2, we present measurements on the dissociative excitation

of acetylene. These are coupared with electron impact data on methane,
ethylene and ethane in Section 3.3. A mechanism for the formation of

excited hydrogen atoms is also discussed in Section 3.3.

TABLE 3.1.
fmission observed by electron impact on acctylene.
X(X) Transition Name
1931 | c1 3s 'p° > 2p° 'p
1.+ 1.+ .
2325 C2 D Zu -+ X Zg Mulliken systen
2479 | c1 3s 1p° > 2p% g
+ 2
3143 | i c’rt > x°T 3100 & system
cat 1o > In
e’ r 5 3
¢,y clng - A]Hu Deslandres~D'Azambuja system
3900 | cH B%% - X°n 3900 8 system
3970 {H n=7 > n=2 Balmer e
4101 [H n=6 > n=2 Balmer §
4314 | c A% + x%n 4300 & system
4340 | H n=5 > n=3 Balmer y
c d3H -+ a3H Swan system
2 g u
4861 |H n=4 > n=2 Balmer B
6563 {H n=3 > n=2 Balmer o
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3.2. ACETYLENE

3.2.1. Spectrum

In the emission spectrum between 185C and 9000 R, obtained by electron
impact on acetylene, radiation due to various fragments could be iden-
tified (Table 3.1) [5,6,7]. For reasons of intensity and overlap of band
systems the threshold and cross section measurements were confined to CI
radiation, the Balmer series of hydrogen, the Mulliken system of C2 and
the 4300 & system of CH. In the case of the 3100 o system of CH an

estimate of the emission cross section could be given.

3.2.2. Emission of the CH radical

Radiation is observed from CH in the three lowest excited doublet

states AZA, BZZ- and CZZ+, which decay by radiation only to the XZH

ground state. The A2A - XZH emission shows its presence by intense bands
in the 4150 - 4400 & region, which are attributed to the 0-0, 1-1 and 2-2
vibrational tramsitions [5]. In this experiment we did not observe
emission from other vibrational transitions. Calculations on Franck-
Condon factors [8] show that these contribute less than 1% to the total
AZA - XZH emission. Cascade from higher states to the AzA state has not
been found [9]. The emission cross section, evaluated from the light :
signal between 4150 and 4400 R, is therefore equal to the cross section
for formation of CH in the A2A state.

The emission cross sections have been determined by means of the
same procedure as described in Ref. 3. This procedure excludes errors in
the emission cross section by possible contamination from other excited
species like ci’ and H, which also radiate in the 4150 - 4400 & region.
The CH(A2A - XZH) emission cross sections are collected im Table 3.2.

The error in them is estimated to be 12%Z (see Section 2.5.).

In Fig. 3.1 the emission cross sections are presented in a Fano plot
he straight line poriion foliows Hﬁm = §.049 and
c_ = 1.25. This low value of Com and the positive slope indicate that

em
optically allowed excitation processes are of major importance in the

2A - XZH) radiation

formation of CH(AZA). Emission cross sections for CH(A

for proton impact on acetylenme have been measured by Carré& [10]. In the




TABLE 3.2.

Emission cross sections in units of 10

19

impact on acetylene.

cm2 for electron

e (e | C1 'po o Is| B n=4 > 2 |cuata > X0 |c, D]z: > x'z;
el 1931 & 4861 R 4300 | 2325 ]
20 - - 30.5 1.07
40 4.35 3.20 44 .4 1.33
60 8.43 5.71 49.4 1.67
80 10.0 6.45 48.8 1.65
100 10.3 6.68 bo.6 1.55
120 10.1 6.34 43.8 1.44
140 9.31 5.74 40.6 1.35
170 8.23 5.03 37.1 1.22
200 7.34 4.64 34.2 1.10
250 5.90 3.67 29.8 0.932
300 5.04 3.05 25.7 0.826
350 4,28 2.67 22.9 0.708
400 3.73 2.38 20.9 0.642
450 3.25 2.09 19.0 0.594
500 2.99 1.81 17.8 0.541
600 2.50 1.52 15.6 0.470
700 2.17 1.30 13.7 0.409
800 1.83 1.09 12.3 0.381
900 1.66 1.02 11.5 0.336
1000 1.44 0.908 10,7 0.304

2*
M 0.049+0.002 | 0.00114+0.00005
Com 1.25 3.97
*errors refer to standard deviation in slope only.

e e B

o s

S SR, NS VSV VIO S-S

T e

B ne WE




—t

B RN - TS

—

theory of Bethe [11,12] these should become equal to the electron impact
cross sections at sufficiently high and equal velocities of the incident
particles. A direct comparison between electron and proton impact -an
therefore be made by scaling the proton energies by the ratio of the
electron and proton rest masses. Figure 3.1 shows that, within the frame-
work of the Bethe theory, the agreement between the proton impact data
of Carré& [10] and the present electron impact data is rather poor. This
has also been shown to be the case for CH(AZA - XZH) emission from
methane and ethylene [3].

The BZZ_ - X2H and C22+ - X2H band systems of CH are cont mi-
nated by radiation from background gas in the collision chamber, namely
by the first negative band system of N;(BZE: - X22+) and by the second
positive group of NZ(CBHu - Bjng). For that reasongthe B - X emission
cross sections of CH could not be measured. In the case of C - X emissicn
the contribution of nitrogen radiatiom to the total light signal at 100 eV

could be estimated from the light signal at 14 eV, at which energy the

Senf .
Lmaé:‘_ CH(XA-XN)

CIOL-XENx20

4] T T - .

50 100 500 1000
Ey (o)

) P oo
E,keV)

Emission cross sections for CH and Cy radiation presented
in the form of a Fano plot for electron and proton impact
on acetylene; solid lines refer to electrons; dashed line
refers to protons [10]. The emigsion cross sections for C,

FIGURE 3.1.

radiation have been multiplied by 20.
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TABLE 3.3.
Calculated minimum energiesa’b for formation of excited
fragments by dissociative excitation of acetylene.
Dissociation products E(eV)
2 2
CoH, > CH(AA) + CH(X'M) 12.8
S CH(A%M) + cH(AZA) i5.7
~ CH(A%A) + C(P) + H(n=1) 16.2
~ cua’s) + antxlsh 23.9
3 1_+
- C2(d3ﬂg) + HZ(X Zg) 8.6
> C,(d ng) + H(n=1) + H(n=1) 13.1
I 1+
- C2(C Hg) + HZ(X Lg) 10.4
> cz(c‘ng) + H(n=1) + H(n=1) 14.9
1.+ 1.+
> Cy(DIT) + Hy(X zg) 11.5
. CZ(D]z:) + H(n=1) + H(n=1) 16.0
N czﬂ(i) + H(n=4) 18.1
- cz(xlzg) + H{n=1) + H(n=4) 23.3
- c2H*<i) + H(n=4) 30.0
> e+ eCp) +Hyx'E)) 20.0
-> C(]P) + CH(XZH) + H(n=1) 21.0
> ¢('p) + ¢(®p) + H(n=1) + H(n=1) 24.5

a

D(HC-CH)=9.89 eV [19], D(C-H)=3.47 eV [20], D(C~C)=6.2+40.2 eV [7],
D(H-H)=4.48 eV [20], D(HCC-H)=5.38+0.05 eV [21], IP(CH)=11.1 eV [20],

IP(CZH)= 11.96+0.05 ev [21].

b . . .
Excitation energies have been taken from Refs. 7, 22 and 23.

RN T It Ao e




radiation can only be due to the strong emission of the second positive
group of nitrogen, and from the ratio of the emission cross sections for
the second positive group at 14 eV and at 100 eV [13]. We determined
Oem(CH, C22+ - XZH) = (8.9 + 4.5) x 10.”20 cm2 at 100 evV. Hence

oem(c - x)/cem(A ~ X) = 0.02 + 0.01. Carré [10] found for this ratio 0.01.
His value could be more accurate, because in the case of proton impact
triplet states cannot be excited when the effect of secondary electrons

is avoided. Consequently radiation from the second positive group of
nitrogen may not be present.

The energy dependence of oem(AZA - XZH)Abelow 100 eV 1is dep ~ted in
Fig. 3.2. The threshold for CH(AZA) radiation is found at 13.0 + 1.5 eV.
Another onset is observed at 32.5 + 1.5 eV. Table 3.3 shows minimum
excitation energies for formation of excited fragments formed by
dissociative excitation of acetylene, calculated from known dissociation
energies and excitation energies of the fragments. It follows from a com-
parison of the observed threshold and the calculated energies, that, near
threshold, CH(AZA) is formed by:

C2H2(13.0_: 1.5 eV) » CH(AZA) + CH(XZH) + excess energy (< 1.7 V).
This excess energy is released as internal and kinetic energy of the
fragments. From the energy balance it follows that at the first observed
threshold for CH(AZA) the second fragment cannot be an ion (Table 3.3).

This indicates that these fragments are formed via super—-excited states of

acetylene (see Section l.4). At the second threshold CH(AZA) can also be

formed from ion states.

3.2.3. Emission of the C, molecule

Electron impact on acetylene produces the Swan, Deslandres—d'Azambuja
and Mulliken systems of C2. These systems correspond respectively to the
d3n - a3H . CIH - A]H amd Dlz+ - XIZ+ transitions. The emission cross
g u g u u g
sections for Mulliken radiation are collected in Table 3.2. The error in o,
is estimated to be 25%. Since cascade from higher states to the D state
has not been observed and only emission from this state to the ground state
is known f?], the cross section for 02 Mulliken radiation is equal te¢ the
cross section for formation of c, in the D]ZZ state by dissociative

excitation of acetylene. In Fig. 3.1 these cross sections are presented in

311]
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FIGURE 5.2, ‘tnergy dependence below 100 eV of the emission cross sections
for CH and Cy radiation for electron impact on acetylene.
o
The ordinate of the CH{A®H — X°1) emission cross section.: is

displaced to avoid confusion.

the form of a Fano plot. From the slope and the intercept of this plot one
derives M2 = 0.00114 and Com = 3.97 respectively. This indicates that
Cz(DlE:), like CH(AzA), is produced mainly by an optically allowed excita-
tion process or processes. The energy dependence of the emission cross
sections below 100 eV is depicted in Fig. 3.2. The threshold is found at
18.0 + 0.8 eV. It follows from a comparison with Table 3.3 that part of the

radiation is formed by the process(es):

C,Hy(18.0 + 0.8 eV) > C,(0'E)) + H(n=1) + H(n=1) + 2.0 + 0.8 eV

excess energy

and/or

* . 1+ Slot
C2H2(18.0 + 0.8 eV) » CZ(D Zu) + HZ(A Zg) + 6.5 + 0.8 eV
e. ~ess energy.
A second onset for Mulliken radiation is observed at 33.5 + ".5 eV. At this

. . . . +
energy various processes can be operative in the formation of Cz(DlZu).
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3.2.4. Balmer emission from the hydrogen atom

One of the stronger features in the emission spectrum obtained by electron
impact on acetylene is the Balmer series of hydrogen. The emission cross
sections for Balmer B radiation are presented in Table 3.2 and in the form
of a Fano plot in Fig. 3.3. The same energy dependence is found for Balmer
a, vy and 6 radiation within 4%, We therefore give for these Balmer lines
only the emission cross sections at 100 eV (Table 3.4). Due to the wesk
light signal, the emission cross section for Balmer e radiation could only
be measured at 100 eV, The accuracy of the emission cross sections has been
discussed in Section 2.5. It is estimated to be 107 for Balmer ", vy and &
radiation and 20% for Balmer o and ¢ radiation. For the Balmer § .ine zn
additional error of 107 may arise from contamination with C, radiation.

In Fig. 3.3 we also compare our Balmer B data with proton impact data
of Carré [10]. As 1is the case for CH radiation and Balmer B radiation from
methane and ethylene [3] the agreement is rather poor. In the asymptotic
region the electron impact cross sections are 46% higher than the proton
impact cross sections. This is within the stated errors, which are 107 in
this experiment and 407 in that of Carré&. In addition to Balmer B rad® ition
Carré measured also Balmer y radiation. The ratio of the emission cross
sections of these two lines is 0.34 in agreemcnt with our value of 0.36.

The low energy cross section data for Balmer B radiation are shown in
Fig. 3.4. The threshold for production of H(n=4) from acetylene is found
at 20.6 + 1 eV. From Table 3.3 then follows that near threshold H(n=4) is

formed by the process:

C2H;(20.6.i 1.0 eV) » Czﬂ(i) + H(n=4) + 2.5 + 1.0 eV excess energy.
Because of the absence of structure in the energy dependence of the emission
cross sections near threshold (Fig. 3.4) and the zero or nearly zero slope
in the Fano plot (Fig. 3.3) we conclude that one or only a few optically

forbidden processes are relevant in the formaticn of excited hydrogen

atoms.

3.2.5. Emission from the cavbon atom

At 1931 & and 2479 & we observed CI emission from the 3s lPo state to
the 2p2 1D and the 2p2 lS states respectively. The same energy dependence
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FIGURE 3.3.

FIGURE 3.4.
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Emission cross sections for H Balmer 8 and (! radiation
presented in the form of a Fano plot for electron and proton
impact on acetylene; solid lines refer to electrowns; dashed
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of 9om for both transitions is found, as is expected because the emission
originates from the same upper level. Therefore, only the emission cross
sections for 1931 & radiation are presented in Table 3.2. The ratio of
Uem(2479 X)/oem(l931 %) was determined to be 0.068 + 0.024. The error is
mainly due to the uncertainty in the quantum sensitivity of the optical
equipment, which is estimated to be 20% at 2479 % and 307 at 1931 & (see
Section 2.5). Weiss [14] has calculated oscillator strengths for several
transitions in CI and CII by the method of superposition of configurations.
It is shown that the calculated f-values are generally, although not
always, obtainable with an accuracy of about 25%. From the calc ‘lated
oscillator strengths we derive a theoretical value of oem(2479 R)/
oem(193l 2) of 0.101. This shows that the values obtained from theory and
experiment agree with each other within the quoted errors.

From the energy dependence of the emission cross section (Fig. 3.3) it
follows that excited carbon atoms in the 3s lP0 state are formed, like
excited hydrogen atoms, mainly by optically forbidden excitation processes.
The threshold for carbon (3s IPo) radiation is found at 24.4 + 1 eV
(Fig. 3.4). This value allows for a number of processes to be operativ:
in the formation of carbon (3s 1Po) (see Table 3.3). A second onset is

observed at 45 eV.

3.3. METHANE, ETHYLENE, ETHANE AND ACETYLENE

3.3.1. Balmer emission

3.3.1.1, Introduction

The dissociative excitation of simple aliphatic hydrocarbons into excited
hydrogen atoms has been studied quite extensively by Vroom and de Heer [il].

They measured emission cross sections for Lyman ¢ and Balmer radiation in

the case of methane, ethylene and ethane excited by electrons (0.05 - 6 keV).

It turns out that the absolute values of the emission cross sectionsg for
Lyman o and Balmer radiation are almost independent of the number of
hydrogen atoms in the molecule. More recently Aarts et al. [3] extended the
measurements of Vroom and de Heer in the case of methane and ethylene to
low energies. They also measured thresholds for hydrogen radiation., In

Section 3.2 we have presented measurements on the hydrogen emission from
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TABLE 3.4.

.. . . . -1
Balmer emission cross sections at 100 eV in units of 10 9 cm

for electron impact on methane, etitylene, ethane and acetylene

Balmer o« | Balmer 8 | Balmer vy | Balmer § | Balmer ¢
i methane 31.2 6.56 2.38 1.10
| ethylene 31.2 6.12 2.20 1.05
ethane 28.5 6.29 2.28 1.11
acetylene 29.8 6.68 2,42 1.34 0.63
IABLE 3.5.
Emission cross sections at 100 eV electron impact
energy for Balmer B radiation in units of 10-19 cm2
oem(HB)
present ref. 1 ref. 3
methane 6.56 7.15 6.48
ethylene 6.12 6.80 5.95
ethane 6.29 6.35 -
acetylene 6.68 - -

TABLE 3.6.

Threshold energies for H(n=4) and Mﬁm for
Balmer B radiation.
w2 x 10° 2 Threshold (eV)
em

s b b c
methane | ~0.9 + 1.37]21.8 + 0.5° 21.7 + 0.8
acetylene| -1.7 + 10 20.6 + 1.0
ethylene | -0.6 + 1.5%| 23.2 + 1.0°

2 Brrors refer to standard deviation in the slope of the Fano plot.
b Ref. 3.
€ Ref. 2.
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acetylene in the energy range 0 — 1000 eV, We compare the results with
those of methane, ethylene and ethane. Previous measurements [1,3] have

been repeated at 100 eV.

3.3.1.2. Experimental procedure and error discussion

In order to make a direct and accurate comparison of the Balmer
emission cross sections possible we set side by side the light signal,
normalized with respect to the pressure and electron beam intensity, »f
the successive Balmer lines from the various hydrocarbons. This procedure
allows us to use the same geometrical factors and the same quantum
sensitivity in the evaluation of the emission cross sections for corres-
ponding Balmer lines (see Section 2.2). The error in the ratio of the
emission cross sections of one Balmer line for different hydrocarbons is
then determined only by uncertainties in the pressure and electron beam
intensity. These add up to a probable error of 5% in the ratios (see
Section 2,5). The error in the ratio of the absolute emission cross section
of one Balmer line and that of another Balmer line from the same hydro-
carbon is mainly determined by the uncertainty in the relative quantum
sensitivity of the optical equipment as a function of wavelength. Together
with random errors in the measurement of the light signal, electron beam
intensity and pressure this leads to a probable error in the ratios with |
respect to the Balmer g line of 127 for the Balmer o and ¢ lines and of
7% for the Balmer y and § lines.

In the case of molecules containing two carbon atoms the H6 emission
cross sections might be somewhat higher due to contamination with ¢,
radiation, For HE contamination by NT radiation from background gas in

2
the collision chzmber is possible.

3.3.1.3. Results

The emission cross sections for Balmer radiation from methane, ethylene,
ethane and acetylene at 100 eV electron impact energy are collected in
Table 3.4. In that table it can be seen that the Balmer emission cross

sections of these hydrocarbons have the same value within 10Z. This also




applies to the Balmer B and Balmer y emission cross sections, The Balmer §

emission cross sections are more difficult to compare, because of conta-

mination by C2 radiation for the molecules containing two carbon atoms.

In Table 3.5 the present results for Balmer B emission are compared
with those of Vroom and de Heer [1] and of Aarts et al. [3]. Within the
experimental errors the absolute emission cross sections agree with those
measured previously.

In Fig. 3.5 we compare the energy dependence of the Balmer 8 emission
cross sections of acetylene with earlier measurements on methane and
ethylene [3]. The values of Mzm derived from the Fano plots are collected
in Table 3.6, Negative values of Mzm are probably due to random scatter in
the relative cross sections. The Fano plots therefore indicate a zero or
very small positive value of Mzm. In Table 3.6 we also compare threshold
energies for Balmer B production.

The ratios of the Balmer ¢, B, Yy, § and ¢ emission cross sections and
the Balmer B emission cross section for methane, ethyiene and acetylene
are given in Table 3.7. Within the accuracy as given in Section 3.3.1.2.
the present values agree with the proton impact experiments of Carré [10],
who measured Balmer a, 8 and y radiation from methane and Balmer g and y
radiation from ethylene, ethane and acetylene. The present results are
also in agreement with those of Vroom and de Heer [1], except in the
case of Balmer vy emission from ethane and Balmer § emission from all
hydrocarbouns.

The following similarities in the Balmer emission cross sections there-
fore arise from the above mentioned results:

- The thresholds for Balmer R production are found to be in the 19.6 -
24.2 eV energy range (Table 3.5). The energy dependence of the emission
cross section of the Balmer B line does not indicate other onsets for
that Balmer line at higher energies (see Fig. 3.4 and Ref. 3). This
applies aiso to the other Balmer lines (see Section 3.2 and Ref. 3).

- 'The values of the emission cross sections for one Balmer line are the
same or only slightly different in the various hydrocarbons (Table 3.4).

- The main part of the excited hydrogen atoms is formed by optically

forbidden transitions (Jig. 3.5 and Table 3.6).
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FIGURE 3.5. Emission cross sections for H Balmer B radiation presented
in the form of a Fano plot for electron impact on acetylene,

methane and zthylene.

3.3.1.4. Comparison with other experiments

The threshold for production of Balmer emission from excited hydrogen
atoms by dissociative excitation of methane, ethvlene zand zce
found in the energy range 19 - 25 eV. Because the excitation energy of
H(n=3) is 12.0 eV ‘and the dissociation energy of a C-H bond is about 4 eV,
only 3 to 9 eV is available for internal energy of the other fragment(s).
This is less energy than required for <onization (~ 10 eV). Therefore, at
the threshold for Balmer emission, excitation of the molecule is followed
by dissociation into neutral fragments. Hence we conclude that the
excited hydrogen atoms originate from super—excited states of the parent
molecule (Section 1.4). The near~zero value of Mﬁm for Balmer radiation
(Table 3.6) indicates a small cross section for excitation into these super-
excited states by photoabsorption.

Welch and Judge [15] studied fragment emission from methane in the
wavelength region 3500 - 8000 8 after excitation of the molecule by mono-
chromatic radiation from 1242 - 555 } (10.0 - 22.4 eV). Apart from strong
CH(AZA) emission and a much weaker emission from CH(BZZ_) and CHz(EdB])




TABLE 3.7.

Emission cross sections for Balmer o,B,Y,§ and e radiation at
100 eV relative to the Balmer R emission cross section
Balmer o | Balmer B8 | Balmer y | Balmer & | Balmer ¢
present 4.76 1.00 0.363 0.168 -
CH4 ref. 1 4.03 1.00 0.408 0.236 -
ref. 5 5.0 1.00 0.35 -
present 5.11 1.00 0.360 0.172 -~
ooH, ref. 1 4.00 1.00 ‘| 0.435 0.253 -
l ref. 5 | - 1.00 0.34 - -
| nresent | 4.55 1.00 0.356 0.176 -
[ C,H, ref. 1 | 3.43 1.00 0.458 0.258 -
| ref. 5 - 1.00 0.34 - -
! present 4,47 1.00 0.363 0.201 0.094
L, ref. - - - - -
l ref. 5 | - 1.00 0.35 - -

they found Balmer a, 8 and y radiation with a very small photofluorescence

cross section (~ 10_2] cm2 at 22.4 eV). This is consistent with the small

(]
Q

(Table 3.6).
Backx et al. [16] measured photoionization and photoabsorption cross

sections for methane in the range 0 ~ 80 eV. In their experiment a mono-
chromatic photon beam is simulated by a beam of electrons (10 keV) of which
the energy loss is measured. They observed that the photoabsorption cross
section is equal to the photoionization cross section in the energy-loss
region 17 — 23 eV. This also implies that at the threshold for Balmer
radiation from methane neutral states of the molecules are not formed by
optically allowed excitation processes, consistent with the small value of
M2 of Balmer radiation found in our experiment.

Considering the production of protons as a limiting case of the product-—
ion of excited hydrogen atoms, we expect that at least part of the protons

are formed by a similar mechanism as excited hydrogen atoms. This would

T IR

T Tt T

B ST b e

T TR ST

Pt St v . T S D
SR



.

s

T TR TR e T

T

43

imply that the appearance potential of H+ should be close to the threshold
for Balmer radiation. The optically forbidden character of the Fano plot
for Balmer radiation would mean that in photoionization experiments only
very small amounts of protons are formed. Although measurements on the
proton production from aliphatic hydrocarbons are rare, a similarity
between the formation of protons and excited hydrogen atoms is indicated
in the case of methane. Smith [17] measured the appearance potential of
gt qQ’ge 22.7 + 0.5 eV as compared with the threshold energy at
21,8 + 0.5 eV for Balmer B radiation [3]. Backx et al. [16] studied also
the production of protons in the case of electron impact on methane by
measuring them in coincidence with the energy loss of those electrons
which were scattered at a small angle. Because also the energy of the
incident electrens is high (10 keV), this experiment can be compared with
photoionization experiments yielding H'. Below an electron energy loss of
30 eV they found the proton production to be very small. This means that
in the formation of protons below 30 eV probably optically forbidden
processes dominate, as is the case for excited hydrogen atoms.

In the case of acetylene Tate et al. [18] determined the appearancc

potential of H' to be 21.7 *+ 1.0 eV, which is close to the threshold for

H(n=4) at 20.6 + 1.0 eV.

3.3.1.5. Discussion

™
Behe it

In this section we wish to discuss the origin of the super-—excited states

2D g

from which the err~ited hydrogen atoms are formed. In the present state of /

T
ha ST

the art, calculations on molecular states in the region 19 — 25 eV are
difficult to do with sufficient accuracy. Yet some insight into the
processes leading to excited hydrogen atoms can be gained from a consider-
ation of the electronic configuration and orbital energies in the molecule.
These are given in Table 3.8 with the assumption that according to Koopman's
theorem the orbital energies are represented by the measured ionization
potential. In the case of acetylene the 20g orbital energy is not known
experimentally. Photoelectron spectroscopy places it above 21.4 eV [24],
while calculations put an upper limit of 28 eV [27].

If we consider one-electron transitions to be involved in the excitation




‘rocess, only the Zal orbital energy of methane, the 20g orbital energy of
acetylene and the 2a2 orbital energy of ethylene are sufficiently large to
yield neutral molecular Rydberg states mnear 20 eV, which may dissociate
into excited hydrogen atoms.

In a first approximation the excitation cross section of these Rydberg
s-ates can be thought to depend only on the number of relevant electrons
and on the orbital energies [28,29]. Because the two factors are the same
or almost the same in the three hydrocarbons considered, we expect that the
excitation cross sections of the Rydberg states, which produce H*, will not
differ much. In the one-~electron model the promoted electron o "pies a
non-bonding orbital and therefore the potential energy surfaces of these
Rydberg states will have the same shape as those of the corresgponding ions.
Thus ~he production of excited hydrogen atoms from the neutral molecule
cnuld proceed in a similar way as the appearance of protons from the
corresponding ions, Apart from the formation of excited hydrogen atoms,
11s0 processes like dissociation into heavier fragments, pre-disscciation,
pre~ionization and light emission should be considered as possible decay
modes. Because the observed threshold for Balmer production is at an :nergy
whic!i is several electronvolts higher than the calculated adiabatic energy,
the lifetime of the excited states as far as determined by dissociation
yielding hydrogen atoms might be as short as 10—15 - 10—14 seconds. This
makes this process by far dominant over the other possible decay processes.
In connection with an egual excitation cross section tor the H*-producing
Rydberg states (see above) this would explain why the corresponding Balmer
emission cross sections are about equal in the various hydrocarbons. In
addition the consideration of one-electron transitions also explains why
the threshold for Balmer production is always found close to the vertical
ionization potential. The observed small value of Mim tells us that the
absorption oscillator strength for transitions from the ground state to the
relevant Rydberg states must be small.

Also excitation processes leading to super—excited states by simulta-
neous excitation of two electrons should be considered. In the case of
proton formation by electron impact on hydrocarbons doubly ionized states
certainly play a role [16]. This is concluded from the fact that a fraction
of the protons are formed with a large amount of kinetic energy, which can
arise from the strong Coulomb repulsion in a doubly ionized state [30,31,32].

These states lie above 30 eV [16,33].

ST

TR

e

SAPE



e e e

T T—

I

e e e e A T e T T e

Doubly excited states may already be formed at the threshold for Balmer
production. They are probably not important because the excitation cross
section for a two-electron transition is relatively small. Moreover, if
doubly excited states are important, then they should give rise to discrete
structure in the energy dependence of the Balmer emission cross sections.,
However, only an experiment such as that in which Balmer radiatioum is
measured in coincidence with the energy loss of the incident electrons can
establish to what extent higher (doubly excited) states contribute to the
formation of excited hydrogen atoms,

Balmer emission from ethane [1] and propane [4] has only been studied at
electron impact energies above 50 eV. At these energies the emission cross
sections have the same characteristics as for methane, ethylene and

acetylene, indicating a similar mechanism for the formation of excited

hydrogen atoms.

3.3.2, Emission from excited carbon atoms

In the wavelength region 1850 - 000 R electron impact on hydrocarbons

lPo -+ 2p2 lD) and CI(3s 1PO -+ 2p2 lS) multiplet radiation

produces CI(3s
at 1931 and 2479 & respectively, Only in the case of acetylene is this

emission strong enough to be studied (see Section 3.2). The Fano plot

~

TABLE 3.8

Electron configuration and ionization potentials for methane,

ethylene and acetylene

methane® : K (2al)2 (lt2)6
I.P. (eV) 23.1 13.6
b,c . 2 2 2 2 2 2
ethylene *~ : KK(Zag) (2b3u) (leu) (3ag) (lblg) (lb]u)
I.P. (eV) ~ 23 18.87 15.68 14.47 12,38 10.51
b, 2 2 2 4
acetylene : KK(ZOg) (20u) (3og) (lwu)
1.P. (eV) - 18.38 16.36 11.40
2 Ref. 25.
b Ref. 24.
c

Ref. 26.
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. 2
yields a small value of Mem’ as in the case of hydrogen emission (Fig. 3.3).

From the energy dependence of the emission cross sections at low electron
impact energies (Fig. 3.4) it can be observed that at least two different
excitation processes are involved in the formation of carbon 3s Po, one

having an onset at 24.4 + 1 eV and another with an onset at 45 eV.

. o . .
The emission from the 3s ]P state 1s much weaker in methane and ethylene

which sugg.sts that excited carbon atoms are not formed from the various

hydrocarbons in equal amounts as is the case for formation of excited

hydrogen atoms.

3.3.3. Emission from molecular fragments

3.3.3.1. Introduction

The light emission from molecular fragments produced by electron
impact on hydrocarbons has been studied in the case of methane and
ethylene by Aarts et al., (3]; the results for acetylene have been pre-
sented in Section 3.2.

Apart from emission from excited atoms, diatomic fragments have alsc
been observed: CH, C2 and CH'. The CH(AZA - XZH) emission cross sections
have been measured for methane, ethylene, and acetylene. The results are
compared in this section. Contamination or weak signals prevented the
measurement of the emission cross sections for €, and ci' radiation. Only

in the case of acetylene were measurements of the C2 Mulliken system

possible (see Section 3.2.).

3.3.3.2. Results

In Table 3.9 and Fig. 3.6 the cross section data for CH(AZA - in)
emission are compared for methane, ethylene and acetylene. In the case of
methane and ethylene the same energy dependence and the same absolute
cross sections have been found [3]. From the values of Com and Mzm it was
concluded that both optically forbidden and optically allowed transitions
are involved in the formation of CH(AZA). In the case of acetylene the
emissi 'n c¢ross sections are much larger. The rather small value of Com

and the positive slope in the Fano plot imply that optically allowed

o,

T



TABLE 3.9

Emission cross section data and threshold energies for CH(AZA - XZH)

radiation from methane, ethylene and acetylene.

methanec
ethylenec

acetylene

2.a b
Mim(x 10%) ¢, ¢ Threshold (eV)
0.94 + 0.10 15 17.0 14.6 + 0.5
0.82 + 0.03 14 14.6 15.2 + 1.0
4.90 + 0.20 1.25 | 46.6 13.0 + 1.5

a _—
Errors refer to the standard deviation

plot only.
b

Ref. 3.

19

At 100 eV and in units of 10 cm2

FIGURE 3.6. Emission cross sections for CH(AZA - X°1) radiation presented

-
1000

E, (V)

in the slope of the Fano

in the form of a Fano plot for electrom impact on acetylene,

methane and ethylene.
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nsitions are more important in the dissociative excitation of acetylene

o CH(AZA) than in the case of methane and ethylene.

The thresholds for CH(AZA) production are above the adiabatic ionization

potential in all three molecules, while the lowest thresholds are too low

to allow the other fragment or fragments to be ionized. Therefore, CH(AZA)

is at least in part formed via super-excited states of the parent molecule

(see Section 1.,4). Moreover, discrete structure is observed in the energy

dependence of the emission cross secticns (Ref. 3 and Fig. 3.2), indicating

tnat several excited states of the hydrocarbons may be involved in the

CH(AZA) production.
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CHAPTER IV

ANALYSTIS O F T H E I NTENSITY

S PECTRUM F ROM ACETYULENE.

4.1. INTRODUCTION

In this chapter we analyse the CH(A2A - X2H) spectrum produced by elec~
tron impact on acetylene. The features of this spectrum are found to be
independent of the energy of the incident electrons in the range 15 - 1000 eV.
The CH(AZA - in) spectrum which covers the region 4150 - 4400 & is huilt up
from three overlapping bands corresponding to the 0-0, 1-1 and 2-2 vibration-

al transitions. An analysis of the intensities in these bands provides in-

P

ormation about the distribution of the CH molecules over iLhe rotational

¢

and vibrational levels in the AZA state after dissociative excitation of
acetylene by electron impact,

The intensity distribution in the rotational structure of the 0-0 band of
the spectrum has been studied before by Brennen and Carrington {1] and by
Clerc and Schmidt [2]}. The former obtained excited CH radicals by the
reaction of oxygen atoms with acetylene in the pressure range 0.1 to 8.5
Torr, the latter by radiolysis of methane and acetylene by an electron pulse
at pressures of about 1 Torr. In these experiments the intensity distribution
is obtained by an analysis of the lines in the R branch of the 0-0 band.

It is found that the intensity distribution can be described by two rotation—
al energy distributions. However, in the method of analysis used in Refs. |
and 2 serious errors may arise from overlap of different vibrational
transitions and from overlap of the varinus branches in the rotational
structure.

In the present study the analysis is performed by two methods. In the

first method the free lines in the R branch of the 0~0 band are analysed.

In the other method the spectrum is compared with a spectrum simulated on

the computer. Because in the calculated spectrum all transitions contributing




to the spectrum are taken into account, also lines which are not free from
overlap can be analysed. The computer program is described in the appendix

to this chapter.

4.2. SPECTRUM

The frequency of a rotational transition is given by:
Vo=t F'(J'] - F"[J"] (1)

where v_ is the band origin and F[J]) is the rotational term value depending
onn the total angular momentum J. The single prime refers to the upper
electronic state, the double prime to the lower electronic state. The total
angular momentum J is the resultant of the component of the electronic
angular momentum along the internuclear axis A, of the spin angular momentum
S and of the angular momentun of nuclear rotation N. These three quantities
are mutually coupled. The limiting cases of the modes of coupling are given
by Hund (see Ref. 3). For large J the coupling between A and S 1s very weak
in the AZA and XZH states of CH and therefore these states belong to Hund's
case b. At low J the spin becomes gradually coupled to A; a transition

from Hund's case b tc Hund's case a takes place.

Because we largely deal with Hund's case b, it is convenient to introduce
the quantum number K. It represents the total angular momentum apart from
spin. K can take the values A, A+l, .... . Each rotational level belonging
to a particular value of K is split into two components, one with J=K+S and

one with J=K-S. These two spin components are indicated by the subscripts

— F. [}

FIGURE 4.1. Schematic representation of the splitiing of

rotational terms.
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1 and 2 respectively. An interaction between the rotation of the nuclei and
the electronic angular momentum causes a further splitting called A-type
doubling. The components of A-type doubling are indicated by the subscripts
c and d. A schematic representation of the splitting of the rotational

terms is given in Fig. 4.1,
For rotationmal transitions the following rigorous selection rule holds:

J'~-a"=-1,0, +1
If J'-J" = K'-K" = -1, 0, +1, we obtain the P, Q and R branches respectively.
These are called main branches. .. J'-J" # K'-K" we obtain so called
satellite L.anches. Ffurthermore, only some particular combinations of the
subscripts ¢ and d are possible, depending on the branch involved [4].
We then find '2 main branches and 8 satellite branches (see appendix).
Ia the CH(AZA - XZH) spectrum the Q branch is centered around the origin

near 4310 &. The R branch extends to shorter wavelength and the P branch

to longer wavelength from the origin.

4.3. EXPERIMENTAL

The CH(AZA - XZH) spectrum is produced by dissociative excitation of
acetylene by electron impact at a pressure of 10-2 Torr. An electron beam
of 500 pA is used. The energy of the incident electrons is about 15 eV.
Under these conditions we could analyse the rotational lines in the R
branch up to K = 20,

We found the features of the spectrum, recorded a: a resolution of
0.45 &, to be independent of the electron impact energy (i5 — 1000 eV), the

pressure (10 & - 10“2 Torr) and the electron beam intensity (0 - 500 ua).

4,4, INTENSITY RELATIONS

4.4,1, General

The intensity in emission of a transition between an upper electronic
state n' with vibrational quantum number v' and rotational quantum number

K' and a lower electronic state with guantum numbers n", v" and K" is

given by [3,5]:



n'v'K' n'v'K’
= (2)

I = Nnrv|Kt An"v"K"

b nllvHKll

where I is the intensity in photons per second, N is the number of molecules

in the initial state and A is the Einstein transition probability of

spontaneous emission. If the motion of the electrons and the nuclear

vibration and rotation are mutually independent, the following can be shown

[5]:
n'n”lz vlvll 2
n'v'K' _ 64ﬂ4V3 ,Re ' ,Rvibr]

SK IK"
n"v"K" - 3h gK' (3)

A

Here h is the Planck constant, v the frequency of the transition and

r_n
gy = 2K'+1 is the degree of degeneracy of the initial state. IR: n |2
is proportional to the electronic transition probability. It is taken

1,11

constant in our problem. The quantity fRZi 2

br'
Franck-Condon factor Qv ym of the vibrational transition. S

is proportional to the

line-strength of the rotational transirion, which is propor
square of the overlap integral of the rotational wavefunctions in the
upper and lower electronic state. By combining Eqs. (2) and (3) we can
write for the intensity of a rovibronic transition:

S

' 1 T

v'K 3 K'K
(4)

v « NV'K' v qvvvn

I
gK'

Suppose that the distribution of mnlecules over the rotational levels

belonging to one vibronic state 1s described by a function Rv.(K') such

that:

N = ——"—- ger R (K" (5)

Q. .+ = KZ' 8yt R+ (K") (6)

We then obtain from Egs. (4) and (5):

N
v'K' v' 3 3
IV"K" ) Qr v! Voo GQgn SK'K" RV:(R') N
H

eraera ¥

kA L el

PO N SR S

TR VI LI SN o A P

e

s




e

From the experimentally determined spectrum we wish to deduce the
distribution function RV,(K') and the relative population of the

vibrational states. This requires a knowledge of the Franck-Condon factors,

line-strengths and frequencies.

4.4.2. Franck-Condon factors

Franck~Condon factors of the CH(AZA - in) vibrational transitions
have been calculated by Childs [6]. His calculations show that within
0.57 the Franck-Condon factors of the 0-0, 1-l and 2-2 transitions can

be put equal to unity.

4.4.3, Line-strengths
At high rotational quantum numbers the AZA and XZH states of CH belong

to Hund's case b, while at lower K values a g

case a takes place. We have calculated the line-strengths of the rotational

transitions when both states belong to case b and when both states are
described by a coupling intermediate between case a and b. The relevant
formulas for the line-stremgth calculation, taken from Kovdcs [5], are
given in the appendix. For Hund's case b the spin-orbit coupling constant

Y is put equal to zero. The numerical results are presented in Tables 4.1

and 4.2,

4.4.4. Frequencies

For almost all lines belonging to the main branches the frequency of
the rotational transitjon is known experimentally {7]. We calculated the
frequencies of all lines (see appendix). In Tables 4.3, 4.4 and 4.5 we
compare these with the experimental frequencies [7]. For the stronger

lines in the spectrum (K < 20 for the main branches) the calculated and

. . ey . -1
experimental frequencies agree to within 6 cm .
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TABLE 4.21
LINESTRENGTH FOR CH ( AQDELTA « X2P.

XK=VALUES REFER TO THE LOWER STATE}LY=2 AND UY3-0,986/uBV,
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1.7831
2.272
2,766
3,262
3.760
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4.7%6
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TABLE 4.3.
CALCULATED AND 7XPERIMENTAL FREQUENCIES (CM-3]) FOR CHM( A2DELTA = X2P) , Qe ) ROTATIONAL TRANS) i J,
K=VALUES REFER TO THE LOWER STATE,
e e T L L L T R T T P P I A Y. 2
I | § { i (
i | ‘PLCD \ PLDC | paco | P20C !
! | | I | !
L L T X L. L. L. T e e R N L L L bl L L L L L T R e A e L L LE L1 T ONpCy PRI i ppspapee ey L J
I | | 1 | | | | | b 1 1 | I
b ExXP, } caLe, | DIFF_ 1} EXP, ) CALC, | DifFrF, | ExP, ¢ CALC, } Dirr, | EXP, { CALC, | D'FF, |
| | i T 1 ] 1 | i b { I | i |
L T L L L T g L L R e L L L L L L L T T e et e L L L L T RN R L R T Y FUDREp s ]
{ { ! 1 | | { g | ! \ \
| % | 23088,52 | 23088,62 | -00.10 | 23088,19 | 23038,19 | =00.00 | 23094,44 | 23094,30 | +00.14 | 23093,98 | 23093,87 | 400,11 |
} 4 | 23063.3% | 230563,46 1| =00.07 | 23062.75 | 23062.74 | +00.01 | 23067,73 | 23067,64 | +00,12 | 23064,89 | 23088,8% | ~00.00
| 5 | 23033,95 | 2303%9.05 | -00,10 | 23037,92 | 23037,97 : =00.05 | 23042.2% | 23042,27 | 200.02 ‘ 23041,13 | 23041,19 | ~Q00.06 |
| . | | | | ] | i 1
|6 } 23015.42 | 23015.47 { -00.05 | 23013.97 | 23013,96 | 00,01 | 23318.16 | 23048.06 { +00.10 | 23016,49 | 23016,55 : «00.06 }
|7 | 22992.82 | 22592,81 1 400,01 ! 22990,834 | 22990.79 | +00.09 ! 22395.1. | 22994,63 | «G06.19 | 22992,82 | 22992,91 | «00,09 ¢
{8 | 22971.08 | 22971.08 | ~-0n.00 | 2296B,54 | 22968,49 | +035,05 ; 22972,%¢ 1 22972,84 | 00,312 | 22970.14 | 22970,24 | ~0Q,10 )
| 9 | 229%0.32 | 229%0,33 | =00.01 | 22947,14 | 22947,0% | «0C.05 S2951,90 1 27531.78 | «00.12 | 22948,41 | 72948,%4 | =00,13
I 10 | 22930.62 | 22930.56 | 00,06 | 22928,72 | 22726,60 | <00.12 ; 22931.91 | ~=954,70 1 sq0,15 | 25907,76 | 292%27,80 | «00.04 |
f | i ! i | | ¢ | | : §
"1l f 22911,90 | 22911,78 | 00,12 | 22907,26 | 22907.,03 | ..0,R3 ; 2201%,0¢ | 129,277 4 400,29 | 22708,07 | 22°08,02 | -00,¢5 1
| 12 | 22894,13 | 228%4,01 | +00.12 | R22388,88 | 22BBE 39 | .« 3,27 ' 27895.0F | 22804,00 s00.28 | 22889,32 | 22089,19 | s00.13 |
I 13 | 22877.55 | 22877,24 { 00,31 [ 272871,26 | 22870,69 | -.10.,%7 . ;878,27 , 20077,07 f +03.472 | 27871,46 | 229871,31 1 400,15
|14 | 20861,85 | 22861.47 1 +00,39 | 278%4,73 | 22853.91 | - ¢, 8z erfgp,s % 3%, Q9d t o.npg,B5& | 72854,73 1 22854,38 | 400,35
| 18 | 228947,20 | 22846,70 | +00.50 } 22838,%6 | 22838,06 | - 0,8 TITATT 20T 3 G a00,73 ) 22089,96 | 228B38,39 1 00,57
! i | | | : i | i i ] i | I
I 16 | 22833,50 | 22R32,92  +00,%58 1 22824 214 : 22823,13 1 .1.0% v .2933,79 yoeDn, 87 | ~eF2e 21 ) 22323,32 1 400,89
1 17 | 22920.88 | 22820.1% | +00.77 | 2281G,49 . 22809.09 | 1,40, £2820.,8¢ | | 400,89 0 17910,33 3 22809.17 . <01,16 !
| 18 | 22808,95 | 22808.206 | +00,69 | 22797.8% | 22795.95 | 1,71 0 22898,9: | 20073 L 23797 ,45 | 22795,91 | +01,24 |
| 19 | 22798,05 | 22797.35 | +00,7Q0 | 2278%5,64 ; 22783 .67 | 11,97 , 2:798,9% ! V800,83 | 2778%,10 § 227B3,92 | <G1.58 |
1 20 | 22787.78 | 22787,.36 | +00,42 | 22774,4% | 22772.,24 | 2,17 | 22787.78 | 1 800,67 | 22773,73 | 22771,99 | «5i,74 |
i | ! i | | ! i t | | { |
| 21 22778.38 ) 22778.27 | <00.311 | 22763,95 | 22761.63 | 22,32 | 22778.38 | b 00,47 | 22763,20 | 22765,28_ ) 01,92
| 22 | 22789.83 | 22770.03 | =00,20 | 227%4,30 | 227%1.82 | 02,48 | 22769.83 | 2 | +09.2% | 2279%3,39 | 22751.37 | 02,02 |
! 23 22761,77 | 22762.63 | -00.86 | 22745,11 | 22742,76 | «02.35 | 22761,77 | 22762,09 | -00,32 | 22744,16 | 22742,22 | «01.94 |
| 24 22754,30 | 22756,03 | =01.73 | 22736,%2 | 22734 .43 { «02.09 | 22754,30 | 2275%,39 { -01.09 | 2273%5.60 | 22733,79 | +01.81 |
: 25 | 22747.36 : 22750.18 | -02,82 | 22728,58 | 22726.78 | 01,80 | 22747,36 | 22749,46 | -02,10 | 22727,84 | 22726,08 | 01,38 )
| ) } ! 4 | } } |
| 26 | 22741.09 | 22745.05 | ~63,96 | 22720,92 : 22719.78 | 201,14 | 22740.72 { 22744,25 | «03.53 | 22719,74 | 22718,98 { 400,76 |
1 27 | 22734,82 | 2274y4,60 | ~-05,78 | 22713,4% | 22713.38 | <00,07 | 227%4,%8 § 22739,7% | <0%.3%  22712,1Y | 22712,49 | -0C.30 |
1 28 | 22728.%8 | 22736.77 | -08.19 { 22706,19 | 22707.53 | -01.34 | 22727 7 | 22735,79 { =07.% | 22704,86 | 22706.56 { «01.70 |
I 29 | | | 220698,72 | 22702,19 | =03.47 | i i | 22697.,44 | 22701,14 | «03,70
} 30 ! : : | 22691.10 | 22697.29 | 06,19 | | | | 22689,73 | 22696.16 | -06,43
| | | | | + | | 1 |
- | I | 22683,17 | 22692,78 | «09.61 ' | { | 22681.62 | 22691,57 | «09.9%5 |
| 32 1 ] 1 | 22674,32 | 226808,60 | ~14,28 | | i 1 22672,69 | 22687,32 | 14,63 |
1 33 | i | | 22664,71 | 22684,68 | ~19,97 | | | | 22663,07 | 22683,33 | =~20.26 |
1 34 | | | | 22684 ,44 | 22580,97 | 26,53 | { t [ 22653,12 | 22679,54 | 26,42
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TABLE 4.4.

| CALCULATED AND ExPER MENTAL FPREQUENT €y 1.May, - « CH( aA20ELTA ~ X2P1 , 0«0 ) ROTATIONAL TRANS!TIONS,
K=VALUES REFER TO THE LOWER gTATEC,
D I TP L P P N e L L L L L L R R R R A e L R L T Tk L1 L X P iyl Ue PR ey )

! 1 | | |

|
{ f Q1c¢ | @1bd | c2c J Q20 |
! | [ | | |
LR T T T T Y N T R e e L L T T X T Y R L L L L L L LR e R - LR R L L L R L L L L e L Ll L L T
! | ! i | | J ! 1 | | | | |
1 < | Exp, | CALE, t DIFF, | EXP, | caLc, | DiFF_ ExP, | CALC, | DIFF, | ExP, | caLc, [ OIFF, |
} i \ f i ! { i t } I | ] |
D T L LTy PR Catemermen—a B A Y Rl Y Ll Ll T P L e cmmamn- P Y L L L L T Y T Tar ey U DU AT NPy e gy N 3
| | f ! | | ! | | { | I 1 l
b2 1 23172.72 ¢ 23172.84 t +00,08 |} 23172,72 + 23172.85 | ~00.13 | 23180.78 | 23:80,34 | +00,44 | 23180,78 | 23180,%5 | «00,23 |
b3 | 23175,.66 | 23175 66 | +0N,00 i 23176,04 + 23276,09 | =00,05 | 23180,78 | 23:80.83 | ~00,05 | 23181,39 | 23181,26 | «00.13 |
1 4 | 23179,05 | 23:79.07 1 =00,02 { 23179,75 « 23179.79 | =00.08 | 23283.00 | 23282,92 | +00.08 | 23163,74 | 23183,64 | +00,10
) % ) 23183,00 | 23483,02 | -06.03 ¢ 23184,15 | 23184 11 | +00.04 | 23186,06 | 23186,05 | +00.01 | 23187,27 | 23187,13 | +00,14
| | ! ! 1 | | | I f { | i |
! 6 | 23187,62 | 23;87,59 | +00.03 | 23189,12 1 23489,10 | +00.02 | 23:90,01 | 23190,03 | ~00.062 | 23191.54 | 23191,54 | «00.10
17 ) 23192.87 ) 23192,77 ) +00,10 | 22194,85 | 23194 .78 | «00.05 | 23194,83 1 22194,76 | +00.07 | 23196,97 | 23196,78 | «00,1% i
| 8 | 23198.68 | 23:98.5€ | +00,12 , 23201.25 1 23201,.1% | «00.10 | 232n0.17 | 23200.20 | =00.03 | 23203,01 | 23202,80 | +00.21
I 9 | 23205.20 | 23204,94 | 400,26 | 23208.37 | 23208,18 | 00,19 | 23206.35 | 23206,30 | +00,05 | 23209,82 | 23209.%4 i +00,28
: 10 | 23212.33 | 23211.90 ! +00,43 | 23216,11 ' 23215,86 | 00,25 | 232:3.13 | 27%213,03 | +00,10 { 23217,39 | 23216,99 | +00.40 |
{ t ! ! ! | ! | 1 \ 1 |
111 | 23219.8%5 | 23219,42 | *0n,43 | 23224.53 § 23224.17 | +00.36 | 23220,57 | 2322n,33 | +00,24 | 2322%,5% | 2322%9,08 | +00,47
P12 | 23227,95 | 23227,45 1 00,50 | 23233,54 | 23233.06 | +00,48 { 23278.59 | 23228,17 | +p0.42 | 23234,38 | 23233.79 | +00,59 |
| 13} 23236,B4 | 23235,96 1 +00,88 | 23243,12 | 23242.51 | +00.61 | 23237,11 | 23236,52 | +00.59 | 23243,8¢ | 23243,07 | 00,79
{14 | 23246,12 | 23244,91 | +01,21 | 23253.34 | 23292,47 | +00.87 | 23246,12 | 23245,32 | +00.80 | 23253,88 | 23252,88 | +0:.00 |
118 1 23255.76 | 23254,2¢& t 01,50 1 23243,96 | 23262.9p | +01,06 ) 232%5,76 1 23254,53 ) 01,23 | 23264,34 | 23263,17 | 01,17 |
t | i i 1 1 | | 1 | | 1 | t
I 16 | 23265.75 | 23263,97 | +01.78 1 23275,07 | 23273.76 | +01.31 | 23265,75 | 23264,11 | +01.64 | 23275.,33 | 23273.90 | +01.4)
© 17 | 23276.29 ) 23273,98 | 02,31 ) 23286,63 | 23384,99 | 01,64 | 23276,04 | 23274,00 | +02.04 | 23286,63 | 23285,01 | «01,62
1 18 ! 23287.07 | 2328423 | +02.84 | 23298,36 | 23296,55 | 71,81 | 23786.,63 | 23284,14 | +02.49 | 23298.36 | 23296.45 | +01.91
(19 | 23298.00 | 23294,69 | +03,31 1 22310,40 ¢ 23308,37 | 02,03 | 2329/,42 | 23294,48 | +02.94 | 23310.40 { 23308,16 | »02.24
: 20 : 23309.13 | 23305.27 | +03.86 | 23322,56 ! 23320,39 | +02.17 | 23308.46 | 23304,96 | +03.50 ’ 23322,%6 1 23320,08 : +02,48
‘ i 1 l l | | ? |
‘ | 21 ) 23320.37 | 233:5,92 ) 04,45 | 23334,83 | 23332,56 : +02.27 | 23319.57 | 23315,52 | +04.05 | 23334,86 | 23332,1% | +02.71 |
| 122 1 23331.56 | 23326,5B 1 +04,98 | 23347,1% | 53344,80 | 02,35 | 23330.64 ' 23326,08 | +04.56 | 23347,15 | 23344,30 | +02,85 |
1 23 | 23342.69 | 23337.17 | +05.%2 | 23359.%1 | 23397.0% | +02.46 | 23741.68 | 23336,58 f 05,10 { 23399.51 | 233%6.43% | +02,06
\ b 24 | 23353.65 | 23347.63 1 +06.02 | 23371.49 | 23369,23 | +02,26 | 23357.7y | 23346,94 | +0%.76 | 23371,24 ] 23368,54 | «02.70 |
[ ; 29 : 23364,18 | 23357,87 | +06.31 | 23383,17 | 23381.27 { +01.90 | 23363.01 ! 233%57,10 | +05.91 ! 23382.70 | 23380.%0 : +02.20 :
| ] | ! 1 i |
1 26 | 23374,.27 | 23367.81 | +«04.45 | 23394 ,50 : 23393.08 : +01.42 | 23373.07 | 23356,%6 | +06.171 23393.53 | 23392,23 ) +01.30 |
| 27 | 23383.88 | 23377,38 | +06,50 | 23495.24 | 23404.60 | +00.54 | 23382,70 | 23376,45 | +06.7. | 23404,63 | 23403,66 . 400.97 |
|28 ! | | 23415,01 | 23415.73 | =00.72 | { { | 23414,29 | 23414,71 1 =00.42 |
v 29 | | [ | 23425.00 | 23426,37 | =01.37 | i | | 23422,97 | 23425,28 | =02,31 |
: 38 : } } | 23431,23 | 234a36.4% | =05,22 | | t } 23430,%4 ; 2343%,28 } -04,74 :
| | | } | {
13t 1 l ! | 23437.17 | 2344%5,87 | «08,70 | j | | 23436,30 | 23444,61 | ~08,11 |
L T USRI ISP S PPN R sttt d
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4.4.5. Distribution rfunctions

If we deal with only one vibrational transition we obtain from Eq. (7):

' ]
IK « vj S

K R(K') (8

KVK"
For free rotational lires the distribution function R(K') can easily be
obtained from this relation.

We investigate whether the distribution over the rotational levels can

be described by a Boltzmann distribution:

~hcB ,K'(K'+1)/kT '
R(K') = e v M (9)

where thV,K'(K'+l) is the rotational energy, c is the velocity of light in

vacuum, k is th Boltzmann constant and Tv' is the Boltzmann temperature.

In the case of dissociative excitation the Boltzmann temperature should be

considered as a distribution parameter; it does not refer to somnw
tempcerature in the system. Combining Eqs. (8) and (9) we have
~heB (K'(K'+1)/kT ,

v v

K' 3
1 LY SK'K" e

K”

(10)

In the case of a Boltzmann distribution a plot of 1n(I/Sv3) versus

K'(K'+1) gives a straight line with a slope equal to -thV./kTV..

4.5. RESULTS

The CH(AzA - XZH) spectrum obtained in this experiment has a complex

structure due to overlap of the different branches of the 0-0, I-1 and
2-2 vibrarional transitions. In the case of the 0-0 band the R branch is
almost in a spectral free range at higher rotational quantum numbers

(K > 7). For these lines we can apply Eq. (10). In Fig. 4.2 it can be seen
that a plot of ln(I/SvB) versus K'(K'+1) yields a straight line. This
indicates that the distribution of molecules over the higher rotational
levels of the CH(AZA, v'=0) state can be described by a Boltzmann distri-
bution. From the slope of the straight line we derive T = 2700 # 150°K.

A spectrum of the 0-0 transition computed for several values of ’I‘o is
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shown in Fig. 4.3. It follows that the intensities in the R branch are
rather sensitive to the temperature parameter.

For the I-1 and 2~2 vibrational transitions only a small number of free
lines with relatively high K are present in the R branch. Assuming a Boltz-
mann distribution also in the v'=] and v'=2 states we can roughly determine
the temperature parameter. However, a greater accuracy is obtained by
including in the analysis also lines which are not free from overlap.

This is done by simulation of the CH(AzA - Xzﬂ, 0-0, 1-1, 2-2) spectrum on

the computer. The intensity of each line is calculated by a relation similar

to Eq. (10).

V'
- k
K Vs e B/ (1)
vKY "-vl v K'K"
]
where a , is the relative intensity of the vibrational transition, EE is

the rotational enerzy and Tv, is the temperature parameter. Next the spectrum

is convoluted by scanning a window, determined by the intensity of the lines

and the dispersion and slit width of the monochromator, through the calculated

"he )
5. \ el1hev} . (H &
CTH(A A - X' 0-0})
R - branch
24
{
}
|
[}
]
o] 200 400 K (Kel)— o=

FIGURE 4.2. Plot of In(I/5vS) versus K'(K'+1) for
cueals - ¥, 0-0).
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FIGURE 4.4. Comparison of the calculuted and the experimental
CH(AZA -~ XZTU spectrum.
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line spectrum (see appendix). Affrer various computer scans using different
values of o and Tv' a good agreement between the calculated and the ex-~

perimental spectrum is obtained for (Fig. 4.4):

2700 %K; o = 1

(o] (o]
T, = 1600 ks a; = 0.6
[e)
T, = 500 °K; a, = 0.6

The corresponding Boltzmann distributions are shown in Fig. 4.5. Only a few
discrepancies can be observed between the calculated and the experimental

spectrum. These are probably due to radiation from other excited species as

is the case near 4278 X, where N

+

2

radiation from background gas in the

collision chamber is present.

Because the Franck-Conden factors of the 0-0, i-1 and 2-2 transitions

are almost equal to unity (see Section 4.4.2) we derive from Egqs. (7) and

(11):

N «
v! var’vv

The rotational state sum can be calculated from Eqs. (6) and (9) by summing

FIGURE 4.5.

(12)

v'=G, Ta= 270G K
e —evz1, T2 1600°K
_____ viz2, Tg= S00°K

200 . 40 600 K(Kol)—

Boltzmann distributions over the rotational
levels of the CH(AZA, v'=0,1,2) states.




from K'=2 on. We obtain:

= 12
r,0 125.0
QI‘,I = 76,4
Qr,: = 2.9

To a good approximation Qr gt can be put equal to kT/hcB (see Ref. 3) giving:

N, « 2 T, (13)

Considering the uncertainties 1in av,Tv. of 57 for v'=0 and 307 for v's 1,2,
as estimated frem the computer scans, we find for the relative population

of the vibrational levels of the CH(AZA) molecule (Eq. (12)) the Toliowing:

0.68 + 0.03
- 0.25 + 0.08
i, = 0.07 * 0.02

N
0

=z
T
|+

w
]

1f for the population of the vibrational levels also a Boltzmann distribution
is assumed then these numbers can be fictted by a temperature parameter of

3500 + 500 K.

4.6, D1SCUSSION

Brennen and Carrington [1] and Clerc and Schmidt [2] have determined the
rotational distribution function of the 0-0 band by the method of plotting
LH(I/SV3) for the R branch versus K'(K'+1) (see above). In their experiments
the resolution amounts to 2 % and 3 § respectively. They found that the
intensity distribution can be described by two Boltzmann distributions over
the vibrationless A2A state. One Boltzmann distribution is described by
a high temperature parameter, the other by a low temperature parameter. The
high Boltzmannr temperature is explained as due to the Adirect process of the
formation of CH(AZA), the lew temperature 'y collisional relaxatiuvn of
excited CH radicals. From the calculated spectrum (Fig. 4.6) it follows that
at wavelengths near 4200 % the R brancn is strongly contaminated by the
Q branch. 1ln that wavelength region the R branch consists of transitions
involving low rotationzl quantum nnmbers. If we neglect the contamination
by the Q branch, as done in Refs. | and 2, we find too high intensities of
the R branch transitions towards lower values of K. This may give rise to

~

an apparent deviation from the straight line in the 1n(I/Sv3; versus
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K'(K'+1) plot, which can erroneously be attributed to a second Boltzmann
distribution with a low temperature parameter. The description of the inten-
sity distribution in one vibrational transition by two functions should
therefore be considered with some reserve. -

There is no a priori reason to assume a Boltzmann distribution over the
vibrational and rotational levels of the CH(AZA) molecule formed by disso-
ciative excitation of acetylene. Theoretical calculations of the distribution
of rotational and vibrational energy after dissociative excitation have been
performed by Horie et al. [8,9] for various molecules, but not for the
splitting of acetylene into CH(AZA). In their theory the excess energy,
which is equal to the difference between the vertical energy and the adia-
batic cnergy for formation of the fragments, is distributed among the
vibrational, rotational and translational degrees of freedom in a statistical
way. The calculated distributions depend therefore on the excess energy.

It has been shown before (Section 3.2.2) that CH(AZA) is formed by several
excitatlion processes, each process probably giving rise to a different
excess energy. In addition CH(A2A - X2n) spectra taken from methane, ethylene

and ethane closely resemble that taken from acetylene. The excess energies

CHA'A =X 1(0-0)

® Ta = 2600° K

F AA:1254

v @-branch
-~~- R-branch

2
PIGURE 4.6. Favt of the caleulated CH(AS - XN, 0-0)
spectrum for TO = 2600 °K, showing the overlap

of the @ and R brarches.




with which the excited CH radicals are formed differ in the various molecules

(see Section 3.2 and Ref.

results can be completely explained by the theory of Horie .'. :7. We intend

to do further experimental and theoretical investigations on this subject.
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ANALYSIS OF THE INTENSITY DISTRIBUTION IN THE ROTATIONAL
STRUCTURE OF THE  ELECTRONIC SPECTRA OF DIATOMIC MOLECULES
BY COMPUTER SIMULATION.

APPLICATION TO THE CH(A%a - X)) TRANSITION.

PROGRAM SUMMARY

Title of program: ROSCOS

Catalogue number:

Program obtainable from: CPC Program Library, Queen's University of Belfast,

Northern Ireland (see application form in this issue).

Computer: E1-X8; Installation: Mathematisch Centrum, Amsterdam, The Nether-

Jands.

Operating system: MILLI.

Programming language used: ALGOL 60.

High speed storage required: 39458 words. Number of bits in a word: 27.

Is this program overlaid? No.

Number of magnetic tapes required: None.

What other peripherals are used? Card reader; Line printer; Plotter.

Number of cards in combined program and test deck: 1266.
Card punching code: MC code (IBM-29).
Keywords: Diatomic Molecules, Wavelength, Line-strengths, Intensity, Convo-

lution, Plotting of Spectrua, Rotational Band Spectrum.

Nature of the physical problem

This program is concerned with the analysis of the intensity distrihution
in the rotational structure of the CH(AZA - XZH) spectrum, produced by
dissociative excitation of simple aliphatic hydrocarbons (CH4, CZHZ’ CoH,

CZHG) by electron impact.
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Method of solution

When the resolving power of the monochromator does not allow one to
separate all lines contributing to the spectrum, the intensity distribution
in the rotational structure can be established by simulation of the ex-
perimental spectrum on the computer by a convolution technique. For this
purpose, the wavelengths, line-strengths and intensities of the rotational
transitions are calculated. Relevant formulae are given by Kovics [1].

The wavelengths, whichh have been determined experimentally by Gero 2],
are read in. The intensity is calculated by applying a Boltzmann distribution

over the rotational levels.

The program is restricted to the calculation of a 2A - 2ﬂ transition.
It can also be applied to singlet-singlet and other doublet-doublet

transitions, when relevant parts of the formulas are changed (see Ref. 1).

The running time depends on the number of lines to be convoluted. The

test run required 225 sec for 1714 lines, including comwpilation, loading

and syntax control.

REFERENCES

[1] I. Kovidcs, Rotational Structure in tle Spectra of Diatomic Molecules
(Adam Hilger Ltd., London, 1969).
[2] L. Gero, Z.Phys. 118 (1941) 27.
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LONG-WRITE-UP

1. Introduction

Methylidyne (CH) molecules, excited into the AZA state, show their
presence in emission spectra by 4 complex band system extending from about
4150 - 4400 %. This band system is attributed to the 0-0, I-1 and 2-2
vibrational transitions of rhe'AZA - Xzﬂ system. The numerous rotational lines,
belonging to vach vibrational transition, are not separated by most mono-
chromators. Therefore, each peak in the spectrum is built up from several
lines.

To analyse the intensity distribution over the rotational levels we used
convolution rather than deconvwolution, because the spectrum in the
4150 - 4400 & region may be contaminated by emission from other excited
species, like CH+ and H, formed simultaneously in the dissociative excitation
of aliphatic hydrocarbons. The ratios of the contributions of the 0-0, 1-1
and 2-2 vibrational transitions to the total spectrum and the Boltzmann
temperatures are used as parameters to fit the convoluted spectrum to the

experimentally determined spectrum.

2. Basic formulas

2.1. Wavelength calculation

The rotational term values of the components of a doublet state are given

by:

]

FiL31 = B [(+D 7= 2% ) Joae e v(v-4) a27 - p,J* (1a)

[}

F,L31 = B[ (3+)%= 2%+ @ v-6) 221 - o +n*  (b)

where J is the total angular momentum, A represents the component of the
electronic orbital angular momentum along the internuclear axis, Y is a

measure of the strength of the coupling between A ard the spin; Bv and Dv

are rotational constants, depending on the vibrational quantum number v.




2
Except at low values of J both the AZA and X1 states belong to Hund's
case b [11. In that case it is convenient to introduce the quantum number
K, the total angular momentum apart from spin. Formulas la and lb can

then be recast in the form:

Fl[K}=BV{K(K+f)-ﬂz}-Dv(K+3)4+Bv(K+])(l—/l+Y(Y-4)A2/4(K+I)2)+yK/2 (2a)

quK]=BvlK(K+l)-AZ]—DV(K+$)h+BVK(I-vﬁ+Y(Y-4)A2/4K2)-Y(K+!)/2 (2b)

Fl[K] refers to the spin component with J=K+} and FZ[K] to that with
J=K-4. The term containing vy refers to the spin splitting. Each component

i> further spiitted by A-type doubling:

Fi LK) = F IKD + JAR(K+1) (3a)
F]d[K] = FI[K] - JAK(K+1) (3b)
F,. K] = FZ[K] + JAK(K+1) (3c)
FoglK1 = F,IK] = $3K(K+1) (3d)

In Fig. 4.). a schematic representation of the splitting of rotational terms

is shown.

The frequency of a rotational transition is given by:
vo=uoos PUKT] - FY LR (4)

where Vo is the band origin. The single prime always refers to the upper
state and the doutle prime to the lower state. The possible values of K are
A, A+1, A+2, ..... For rotational transitions the following rigorous
selection rule holds: J'-J"= -1, 0, +I, If J'-J"= K’'-K"= -1, 0, +], we
obtain the 2, () any R branches respectively. These are called main branches.
If AJ#AK we obtzin so called satellite branches. Furthermore, onl; some
particular combinations of the subscripts ¢ and d are possible, depending on
the brsanch involved [21.

Using the notat:.on K"=K we find from the selection rules the following

8 satellite branches and 12 main branches.

PQ, 1pqlk] = vy * B [K-11 = F, (K] (5a)
Fq, 40 [K1 = v * F, (k=11 = F, [K] (5b)
O, K] = v, + F, [K] = F, [K] (5¢)
QPZdld[K] = v, ¢+ F;d[K] ~ F:d[K] (54d)
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%W, K1 =y +F (K]~ ¢, (K] (5e)
R, yaglkd = v, 4 F;deI - F;d[K] (5£)
chld K] = Yo + F; TK+1] - FYdLKJ (5g)
Qyqy [K] = v + Fp (K+1] = F| [K] (5h)
(K] = .+ F (K17 - F (K] (51)
P]dC[KJ = v, * ; [K-1] - FYC[KJ (5k)
P, y(K] = v+ F, (K11~ F (K] (51)
Py [Ki = v+ Ey (K1) - F) (K] (5m)
Q, (K] =, +F (K] ~-F (K] (5n)
QK] = v +F K] - (K] (50)
0, (K] = v, * F, (K] = F, (K] (5p)
QK] = v+ By (K] = Fy (K] (50)
Ry g(K] = v, + F, [Ks1] = F, (K] (51)
RigelK] = v+ F, [ke1] = F, [&] (5s)
RyeqlK] = v * Fy [K#1] = F, (K] (5)
RZdC[K] =V, 0+ ' [K+l] - F;c[l(] (5u)
The constants used in the calculations are given in Table 4.6.
2.2. Line-strength_calculation
In the notation K"=K the line-strengths or Honl-London factors for the
rotational transitions are given by the following formulae [3]:
5(p) K] = (K'A.:”(K.'.ﬁ ) {u'TIRI TIR#1144R-A +1) (RK4A +1D}E (6a)
8(K+£)C" [(K1C '['K+1]
5(p,) (K] = ——EAZDEAZD (e 10 ke k-n D ken DY (62
B(K-é)C [K-1]c [F]
$(Q,)(K] = (k-1 )‘K+‘)(K+A ’2) {u LR+ Ty T[R+1T+4 (K= +1) (R+A +1)}2
G(R+D) (R#3/2)C [RHIC [RH1] (6c)
5(0,) (K] = —EA DO 21 (g xasacen D ea 03 (60)

4(K-3) (k+3)C TIKIC TIK]
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S(Rl)[KJ = LS +?Z(K+A +33 {u'—[K+2]u"—[K+lJ+4(K-A"+l)(K+A"+l)}2
8(K+3/2)Cc [R+217 [KR+1] (6e)
S(RZ)[K] - & Tl)(K+A :3) {u +[K+l]u'+[K]+4(K-A Y (K+A )}2 (6f)
8(K+i)c [k+11¢ [K]
S(PQIZ)[K1= (U~A _1)K(_l‘(i/\ +]')'+ [ur—[K]u"+[K]_4(K_AI')(K...A")}z (6g)
4(K-$)(K+3)C [KIc (K]
s(%, yrki- —&A Tl)(K'ﬁ_) fu *IKJu TLR+1I-4(K-A +1) (K+A +1)}2 (6h)
2 8(k+!)c [klc [k+11l
S(QR]q)[KT= (K1 Ti)(K+A If) fu T[R*+1Ju TTRI-4K-A ) (R+A )P (61)
- 8(k+4)C [K+ilc [K]
5%, )[K1- —KEAD (D (en +2) o e ™ 01 Tt o™ 1 (k™19

4(K+£)(K+3/2)c'+(K+l]c""[K+lJ (6k)

Furthermore we lLave

' - 1 [ P 1 '
0 KT = A (Y —an ZeakE s A -2) (72)
u (K] = /é (Y'—A)A'2+4K2 - A (Y -2) (7b)
"y /'n I n2 zﬂ 1 1]
W TLRY = Y (Y -4)A S+AKT + A (Y ~2) (7¢)
L"—[K] - VK{"(Y"_.A)A”Z_{,AKZ ~- An(Yn-z) (7d)
and
1] ] ]
¢ "Ik = Jlu Tk1%a®P-n %y (8a)
¢ TIRJ = du TR+ ®E-r %) (8b)
¢ TIKT = $lu TTRIZea(k®-n %)) (8¢c)
"_r l u.__r ) 2
C [K]) = 3{u K] #4(K =1 )} (8d)

The liase-strengths of the OZIZJ and P2{3J transitions have been calculated
using the case b formulas given by Mulliken {2]. The two components of

A-type doubling are given an equal line-strength.

2.3. Intensity calcuiation

Employing a Boltzmann distribution over the rotational levels, the

intensity IK'K" of a rotational line is given by:

3 e—th'[K']/kT

I SK!KII (9)

KIKI( = VKC K”
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These calculations are done for the 0-0, l-} and 2-2 vibrational
transitions. The ratio of the contributions of these transitions to the
total spectrum and the Boltumann temperature are used as parameters to

fit the calculated spectrum tc the experimentally determined spectrum.

3. Program description

The operations are accompanied by detailed comments in the program
itself. The parameters and functions in the formulas have the following

program names:

B,: BV u': UPLS
D: DV u o
Y ;¥ c*: cpLs
Y GMM C : CMN
A ¢ LMBD

These are preceded by the symbol L or U, which indicates whether the
parameter or function refers to the lower or upper state respectively.

Example:

"y +
u = u for the lower state;

program name: LUPLS

The program has four important tasks:
- frequency calculation,
- line-strength calculation,
- intensity calculation,

= output. ]

After some preliminary rumns on the computer we found out that the values i
of the coastants D, were not known with sufficient accuracy. By a trial and
error method a valve of Do was established which allowed a better agreement
between the calculated and experimentally determined frequencies of Gerd
[4]}. An impression as to the quality of the frequency calculation can be j
obtained from Tables 4.3, 4.4 and 4.5. Only for the main branches are !
experimental frequencies kncwn. These are read in, while the frequencies of
the weaker satellite branches are calculated.

The parameters for the intensity calculation are the Boltzmann cempera-

ture (TEMP) and the relative population of the vibrational levels (INTRATIO).
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TABLE 4.6

Values of the constants used in the calculations of the line-strength,

trequency and intensity.

Constant Ref.

v, 0-0 = 232i7.56 em”! 4,5,6

v, 1=t = 232223 em” ! 4,5,6

v, 2-2 = 23159.6 em” ! 4,5,6 !

B . = i4.190 em ! 4

v =O _]

BV"=1 = 13.655 cm 4

B, = 13022 cm ! 4

y''=2 -1

B , = 14.577 cm 4

v'=( - 5

B, = 13.907 cm 4 ‘

v =] -

B , = 13.182 cm 4 i

v'=2 -3 -1

D . = 1.432 x 10 ~ cm 4 :

v'"'=0 o -1 !

D . = 1.39 x 10 ~ cm 4 :

vi=] -3 -1 ;

D v = 1.39 x 10~ cm 4 :

V=2 -3 -1 ;'

N, = (.564 x 10 ~ cm 4 1

v'=0 -3 - i

D_, = 1.58 x 10 cn 4 ;

v=l S :

Dy, = 1.65 x 10 ~ cm 4 |}

M -1 |

v'! = 0.021 cm 4 ;

" - Y
= - 0.016 cm ! 4 g

1 !
= G.96/B , 2 :

" v |
= 2.0 2 a

- = -
I

> o> om > K ok =
1
N

= 0.036 cm 2

s 3

- e — o .
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These are read in. The gquantum sensitivity of the monochromator as a
function of wavelength (EFF) is taken into account.
The output consists of two parts:

- a table of the lines used for the convolution of the spectrum via
the line printer. These lines have the following properties:
a) the wavelength lies in the desired interval,

b) the intensity is larger than .017 of the intensity of the
strongest line in the interval.

- a simulated spectrum via the plotter. This spectrum is formed from
the 'ideal' line spectrum by scanning a window through this line
spectrum. In the present case this window is a triangle, completely
determined by the intensity of the lines and the slit width and

dispersion of the monochromator.

4. Test run

Input desk for TEST RUN

— e e -

. K-VALUES AND FREQUENCIES

——e e .
RELATIVE INTENSITY OF THE

VIBRATIONAL TRANSITIONS
3 NUMBERS
=.w o= 1 P

: TEMPERATURES,
i 3 NUMBERS

/ PROGRAM VARIABLES
; | EXPLANATION N PROGRAM -
‘ COMMENTS
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CHAPTER V

DI SSOCIATTIVE EXCITATION OF

- W e T e s e e G W4 e S am M e 8 L e e e e Gp = e A e A e s e e

5.1, INTRODUCTION

Several investigations on the dissociative excitation of water by elec-
tron impact have been made by studying the emission of light. Vroom and de
Heer [1] measured absolute cross sections for Lyman o and Balmer a, 8, y
and § emission. Bose and Sroka [2] determined appearance potentials and
cross sections for excited fragments, which emit light in the wavelength
region 500 - 1250 %. Lawrence [3] studied 0(3p 3P - 3s 3S°) and
0(3p 5P - 3s 5S°) emission. Radiation from the excited OH radical has been
investigated by Hayakawa [4], by Sushanin and Kishko [5] and by Tsurubuchi
et al. [6], The latter two studied also Balmer emission. The dissociative
excitation of water by electron impact has been reviewed by Olivero,,
Stagat and Green [7].

In the above mentioned studies large discrepancies appear both im the
absolute values of the emisgsion cross sections and in their energy depen-
dence. In addition only in a few cases have thresholds for emission been
measured. We started therefore a new study on the formation of excited
fragments which radiate between 1850 and 9000 % and which arise due to
electrons with energies from 0 - 1000 eV. The thresholds and emission cross
sections of various excited fragments are determined. A mechanism of their

formation is discussed.

5.2. EXPERIMENTAL

The apparatus and experimental procedure to evaluate emission cross

sections have been described in Chapter II. An error discussion is also

given there. For Balmer and oxygen emission the enmergy scale has been

calibrated against the He 4713 & line, which has a known threshold at




23.5 eV [8], and the He 7065 & line, which has a threshold at 22.6 eV (81].
The threshold for OH(AZZ+ - XZH) emission has been determined with respect
to that for N2(C3IIu - B3Hg, 0-0) radiation, which is calculated to be

11.03 eV [9].

5.3. SPECTRUM

In the wavelength region 1850 - 9000 & radiation from various excited
fragments could be identified [9,10,11] (Table 5.1). For reasons of
intensity and overlap with other band systems the cross section and
threshold measurements were confined to 0H(A28+ - in, 0-0, 1-1, 2-2),

Balmer a, B8, ¥ and §, OI(3p 3p - 3s 380) and 01(3p 5P - 3s 5So) radiation.

5.4. oH(A%zY - %2 EMISSION

Radiation of the hydroxyl radical from the A22+ state to the XZH ground
state is by far the strongest feature in the emission spectrum produced by
electron impact on water. It shows its presence bv a complex band system
with a bandhead at 3064 &, extending from 3060 - 3500 %. This wavelength
region includes the Av = 0 sequence. The emission cross sections of this

band system have been determined by an adding-up procedure (see Section

TABLE 5.1.
Emission observed by electron impact on water.
ARy Transition Name
2810 - 2950 or a%* » x%m, 1-0, 2-1, 3-2
3060 - 3500 on a%st -+ xzn, 0-0, 1-1, 2-2 3064 & system
4102 H n=6 + n=2 Balmer §
4340 H n=5 + n=2 Balmer vy
4861 H n=4 + n=2 Balmer 8
6563 H n=3 - n=2 Balmer o
7774 0L 3p P + 3s °S°
8447 oI 3p p » 3s 3s°
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2,5). This intrcduces an extra error of 5% in addition to an error of 15%
from urcertainties in the gas pressure, electron beam intensity and quantum
sensitivity of tl:e optical equipment. The emission cross sections are
collected in Table 5.2,

The 3064 & system of OH has also been investigated by Hayakawa [4], by
Sushanin and Kishko[5] and by Tsurubuchi et al.[6]. The first measured
the energy dependence of the emission crcss sections from 20 ~ 335 eV with
4 simple triode set-up. The other groups used a crossed beam method and
measured absolute emission cross sections in the energy range 0 - 70 eV
and 20 - 4CO eV respectively. In Figure 5.1 the results on the energy
dependence are compared by normalization of ths maximum value of the
emission cross section at unity in each experiment. From threshold to
maximum our results agree with those of Sushanin and Kishko [5] and at
energies above 100 eV with those of Hayakuwa [4], but otherwise the agree-
ment is poor. The discrepancies may be due to an insufficient suppression
of secondary electrons and the use of too high electron beam currents,
giving rise to a poor energy definition, in the experiments of Ref. 4, 5

and 6. The absolute emission cross sectiomns, measured in a crossed beam

Oerfarbitrary units)

10

—
10 50 100 500 1000
EqleV)

FIGURE 5.1. Energy dependence of the or(4%c* - ¥P1) emissicn
eross sections. —o—-o-o-: present; — O—DO—:
Hayakawa [41; =.~.=.=: Tsurubuchi et al. [61;

>

-ax—-a—x-: Sushanin and Kishko [51.




TABLE 5.2.

Emission cross sections in units of 10

impact on water.

19

T

cm2 for electron

E,, (eV) ona’st +x2m | H(n=4 » 2) 01("P + 35%) | 01(°r + 95°)
3064 % 4861 & 8447 § 7774 8
40 66.3 3.06 1.40 0.945
50 60.3 4.04 1.88 1.16
60 56.6 5.25 2.30 1.29
70 53.5 5.89 2.54 .33
80 50.8 6.25 2.70 1.32
90 48.3 6.40 2.80 1.28
160 46.4 6.41 2.86 1.26
120 43,2 6.13 2.87 1.17
140 40.0 5.83 2.59 1.02
170 36.4 5.22 2.53 0.804
200 33.9 4.86 2.32 0.734
250 29.7 4,18 1.90 0.540
300 26.6 3.68 1.67 0.461
350 24.0 3,27 1.45 0.425
400 22.4 2.92 1.30 0.362
450 20.6 2.62 1.13 0.347
500 19.6 2.39 1.05 0.282
6090 17.9 2.05 0.892 0.244
700 15.8 1.82 0.784 0.172
800 14.9 I.61 0.680 0.170
900 13.1 1.47 0.586 0.160
1000 12,1 1.38 0.532 0.135
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set-up, differ from the present results. At 300 eV Tsurubuchi et al. [6]

determined a value of (7.1 + 3.5) x 10—18 cmz, to be compared with our

value of (2.66 + 0.50) x i0~'® cm?; Sushanin and Kishko [5] found a

- 2 . . .
maximum value of 4.1 x 10 19 cm~, which is about 20 times lower than our

result.

We found the threshold for 0H(A22+) at 9.0 + 0.3 eV, which is close to
the value of 9.5 eV determined by Sushanin and Kishko. The minimum energy
required to produce the OH fragment in the vibrationless and rotationless
A22+ state is calculated to be 9.13 eV [9]. The threchold correcponds
therefore with excited states of water in the 9.13 - 9.3 eV range. It can

be seen from Table 5.3 that these states dissociate by:

HZO*(9.13 - 9.3 ev) » OH(A22+, v'=0) + H(n=1) + excess energy
(< 0.2 evV).

The energy dependence of the emissior cross sections shows that these
excited states of water are both singlet and triplet states. At high

. + . . . .
energies the Fano plot for OH(AZZ ) yields a straight line (Fig. 5.2).

Eul'ﬂEtl
034 4n aéR
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T OHIA T
A

Q
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e
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)
01 -1/ g
%

]
0‘[
100

Enlev)

FIGURE 5.2. Emission cross sections presented in the form of

a Fano plot.
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TABLE 5.3.
Calculated minimun energies a,b) for formation of excited
fragments by dissociative excitation of water
Dissociation products E(eV)
~1 2.+
H,0(X A} + H(n=1) + OH(A'I ) 9.1
> H(n=3) + OH(X°T) 17.2
~ H(n=4) + OH(X°T) 17.8
+ H(n=5) + OH(XH) 18.1
> H(n=3) + OH(a%z™) 21.2
5 0@3p Jp + Hz(XlE;) 15.9
> 0(3p 2P) + H(n=1) + H(n=1) 20.4
> (3 “P) + Hz(x'z;) 15.7
+0@3p °P) + H(n=1) + B(n=1) 20.2
> 2(2p* PP + H(a=1) + H(n=3) 21.5
a) D(H-OH) = 5.11 eV [12], D(0O-H) = 4.35 eV [13], D(H~H) = 4.48 eV [13].
Excitation energies have been taken from Refs. 8, 10 and 13.
TABLE 5.4,
.. 2 a)
Transition Mem cem
-2
H (1.41 + 0.12) x 10 946
o4 - -
Hy (2.84 + 0.10) x 107 151
H (1.36 + 0.06) x 1073 38.4
h'd - -
Hy (5.19 + 0.30) x 107 2.1
-2
OH(3064 R) (7.72 + 0.44) % 10 0.387
0I(p 32 » 3s 5% (1.03 + 0.31) x 107> 24500

a)

Errors refer to the standard

Fano plot only.

deviation in

the slope of the

IR |
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The small value of ¢om and the positive slope of this plot (Table 5.4)

give evidence for optically allowed excitation processes leading to
0H(A22+). At low electron impact enevgies (Fig. 5.3) the energy dependence
of the OH(3064 ) emission cross sections is characterized by a steep
increase of the cross section for a few eV above the threshold, followed

by a slow decrease. Such a behaviour is not expected for an optically
allowed excitation process, in which case the maximam value of the cross
section is reached at much higher energies. A maximum close to the threshold
is, however, typical for an eclectron exchange process. For such a process
the cross section decreases rapidly after having reached the maximum [14,15].
The energy dependence of the emission cross sectiom near threshold is
therefore interpreted as a superposition of an excitation process to triplet
and singlet states, which then dissociate into 0H(A22+). Because of the
rapid decrease of the excitation cross section in the case of an electron

exchange process with increasing energy of the incident electrons, the high

P |

%

T T IS e

RN |

energy results reflect only the cxcitation to the singlet manifold.
The contribution from both optically allowed excitation processes and
2.4, .. .
electron exchange processes to the QOH(A"L ) yield is also suggested hy

2
photofluorescence measurements of Beyer and Welge [16], who found OH(A'L

O.{ arbitrary units)
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054
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FIGURE 5.3. Bnergy dependence of the OH(A%s* - X’1) emission
cross sections below 100 eV.
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emission after excitation of water by photoabsorption from 1360 - 850 !
(9.2 - 14.7 eV) and by measurements of Clyne et al. [37], who observed
OH(AZE+ - XZH) emission after excitation of water by metastable argon atoms
in the 3P0 and 3P2 states, which have an energy of 11.54 and 11.82 eV
respectively. In addition the presence of more than one excitation
process leading to excited hydroxyl radicals is suggested by an analysis
of the intensity distribution in the rotational structure of the
AZZ+ - XZH spectrum. This shows that some rotational states are preferably
populated at low electron impact eneorgiss [18].

We cannot conclude from our measurements whether the threshold for
OH(A22+) corresponds to a singlet or triplet state of water. According to
correlation rules [19,20] these states should have B2 or A1 symmetry in

1

Coye Theoretical calculations [21-24] give evidence for a 'AI and a Al
state of water in the threshold region. These states arise from the promo-

tion of a 3a1 electron to the 431 orbital:

(ap?ap?abp?Gap?asp? ¥'a) -

(13,)%(23)2(1b,) 238 ) (1b ) 2 4a,) 174,

The long progression of diffuse bands, extending from 1411 - 1256 2

(8.79 - 9.87 eV), in the photoabsorption spectrum [25] has been attributed
by Herzberg [12] to the 1Al state. The photofluorescence measurements of
Beyer and Welge (see above) give evidence that this state dissociates into
0H(A22+) immediately abcve the dissociation limit. Some experimental indi-
cation that triplet states may be present in the 9.13 - 9.3 eV region has

been obtained from trapped electron measurements by Schulz [26] and by

Knoop [27].

5.5. BALMER EMISSION

5.5.1. Results

The emission cross sections for Balmer B rzliation are collected in

Table 5.2. For the Balmer o, y and § line the emission cross section was
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only determined at 100, 200, 500 and 800 eV. At these ensrgies we found
the same energy dependence for all Bailmer lines within 4%Z. Therefore in
Table 5.5 we give ror these lines the emission cross sections relative to
the Balmer 3 emission cross section. An error discussion is given in
Sectior 2.5. For the Balmer R, ¥y and § lines the error in the emission

cross sections is estimated to be 10Z. An error of 157 arises in the

Balmer a emission cross section.

TABLE 5.5.

r T '
Balmer emission cross sections relative to the

absolute emisrion cross section for Balmer B

radiation at 300 eV

B He | B ) H O o (Hg)
present | 5.17 ] 1.00] 0.37 | 0.14 ] 3.68 x 10719 cp?
-1
ref. 1 | 5.85]1.00]0.44[0.175.11 x 107" cn?
ref. 6 |10 1.00] 0.6 | 0.2 [4.2 x 10718 cp?

The energy dependence of the Balmer emission cross sections has
also been determined by Vroom and de Heer [1], by Hayakawa [4] and by
Tsurubuchi et ol. [6]. In Fig. 5.4 ve comrars the “esults for Balmer g by
normalization of the maximum value of the emission cross section at unity
in each experiment. Al.ove 100 eV the preseat results agree with chose
measured by Vroom and de Feer [1] within 47, but towards lower energies

their relative emission cross sections gradually deviate to larger values.

Hayakawa [4] found the maximum value of the Balmer B cross section at almost

the same energy as in this experiment, but the cross section falls off
slower. This might be due to an incomplete collection of the primary
electrons at the Fauraday cage in Hayakawa's experiment. Tae agreement with
the results of Tsurubuchi et al. [6], obtained in a cross beam experiment,

is rather poor.

Absolute emission cross sections for Balmer radiation have also been
measured by Vroom and de Heer [1] and by Tsurubuchi et al. [6]. For the

Balmer a, ¥ and 8§ line they also found a similar energy dependence as for
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the Balmer B8 line between O and 1000 eV (Fig. 5.4). Therefore we compare
the absolute emission cross sections only for the Balmer B line and present
the cross sections of the other Balmer lines relative to the Balmer B line
(Table 5.5). Within the stated errors the present results for the ratios
agree with those measured by Vroom and de Heer. Their absolute values are
about 407 higher than in this experiment. This might be due to the fact
that in the experiment of Vroom and de Heer the pressure could actually be

higher than calculated from the temperature of the cold bath in which a

wide-mouth pipe containing the water sample
may cause a somewhat higher pressure im the

and this establishes a higher pressure than

was placed. Small heat leaks

pipe than in the heat bath

calculated from the temperature

of the bath, With the MKS Baratron manometer, used in this experiment,

the pressure can be determined more accurately. The agreement with the
results of Tsurubuchi et al. is also poor as to the absolute values of the
emission cross sections. At 300 eV their value of aem(HB) is one order of
magnitude larger than our cross section. In Fig. 5.2 we give the Balmer B

cross section data in the form of a Fano plot. Since we found the same

G. farbitrary units)

10~

FIGURE 5.4. Energy dependence of the Balmer B emiesion cross
sections. —o~o~: present; ~. O-, O-: Vroom and de

Heer [11; ————: Tsurubuchi et al. [6]; =V=..=V-..:
Hayakawa [4].
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energy dependence between 100 and 1000 eV as Vroom and de Heer, we
deterinined the value of Mzm and Com from the Fano plot obtained by norma-—
lization of their cross section data, which extend to 6é keV, on the present
absolute emission cross section at 100 eV. These values of MZm and Cop 3T

shown in Table 5.4. The positive slope in the Fano plot and the large

value of Com indicate that excited hydrogen atoms (n > 3) are formed both by

optically allowed and symmetry forbidden excitation processes in the

water molecule.
The Balmer B emission cross sections below 100 eV are depicted in

Fig. 5.5. For the measured Balmer lines two onsets for emission are observed,
one around 19 eV and one around 26 eV. The onsei: energies are collected in
Table 5.6 and compared with the results of Bdse and Srcka [2] for the
corresponding Lyman emiscions. Within the experimental errors the threshold
values are in agreement with each other. Censidering the calculated minimum
energies for production of Balmer 8 radiatiin, H(n=4) in Table 5.3, we
conclude that near the first onset of about 18.6 eV all H(n=4) radiation is

formed as a result of the dissociation process:
HZO*(18.61:0.5 eV)-+H(n=4)-+OH(X2H)4-0.7‘i 0.5 eV excess energy.

This excess energy is released as kinetic energy of both fragments and as

0, {arbitrary units)
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FIGURE 5.5. Energy dependence of the Balmer B emiggion croes
gsectiong below 100 eV.
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vibrational and rotational energy of the OH fragment. Similar processes
occur at the first onset for formation of H in other excited states. At the
second onset the formation of excited hydrogen atoms can be accompanied
both by the formation of a ground state oxygen atom and a ground state
hydrogen atom or by formation of OH in the A22+ state. The relative un-
importance of the latter process is indicated by the fact that the energy
dependence of the 0H(A22+) emission cross section does not show an onset

for OH(AZZ+ - XZH) emission at the onsets for Balmer radiation.

TABLE 5.6.

Measured onset energies for for-
mation of excited fragments by

dissociative excitation of water

Measured onset (eV)

Fragment
Present Ref. 2

H(n=3) |18.5+ 0.5]18.0 + 0.5
26.8 + 1.5 [ 25.5 + 0.8
H(n=4) | 18.6 + 0.5 |18.8 + 0.5

26.8 + 0.8
H(n=5) | 19.1+0.5|18.9 + 0.6
26.4 + 0.8
on(a’s*)| 9.0+ 0.3
oce 22 | 17,3 % 1.5
24.5 + 2.0
0(3p P) | 17.6 + 1.5
23.1 + 2.0
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5.5.2. Discussion

The first threshold for production of H(n > 3) has been found in this
experiment to be about 19 eV. At this energy the remaining fragment cannot
be ionized and hence the excited hydrogen atoms can only originate from
states of the neutral molecule. Since these states are above the first
ionization potential of water (12.62 eV) [121, they are called super-
excited states (see Section i.4). The dependence of the Baluer emission
cross sections on the energy of the incident electrons shows that electron
exchange processes are not important in the formation of excited hydrogen
atoms and hence we conclude that these super—excited sitates are predominant-—
ly singlet states. In principle these states can be formed by cne-electron
transitions in the molecule or by simultaneous excitation of several
electrons. The latter mechanism, which is believed to be less probable,
will be discussed later on. A qualitative estimate of the singlet states
of water formed by one-electron cransitions can be obtained by means of a
comparison of molecular orbital =znergies.

Excited states of the water molecule are generated by promoting an
electron from an occupied orbital to higher unoccupied orbitals. Because,
at least around the ground state equilibrium distance, these orbitals
have an appreciable Rydberg character, they give rise to a Rydbarg series
of electronic states whose limit corresponds to complete removal of the
electron, i.e. to an ionization limit for the molecule. Since the kydberg
orbitals have a non-bonding character the potential cnergy surfaces of the
Rydberg states have the same shape as the surface of the corresponding ion
state. The =energies of the Rydberg state¢s can be found to a good approxi-

mation from the Rydberg formula:

En = A - R/(n—G)Z,

where A is the energy of che ion, R the Rydberg energy, n the principal
quantum number of the Rydberg orbital and § the quantum defect. For molecules
built-up from atoms of the first period § ranges from 0 to 1.2 [12].
Substituting also n > 3 yields values of E which range from A to a few
eV below A.

Ionization energies, according to Koopman's theorem equal to minus the
orbital energies, havz been measured in photoelcctron spectroscopy. The

spectrum consists of bands at 539.7 eV and 32.2 eV as measured by
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Siegbahn et al. (28] and bands which extend between 17.2 - 20.3 eV,

13.7 - 16.3 eV and 12.6 - 13.5 eV as measured by Turner et =7. [29].

These band correspond to states of the Hzo+ ion, which are obtained by
removal of a Iai, Zal, Ibz, 3al and lbl election from water respectively.
Considering the energies of the states of 1,0 and the Rydberg formula we
conclude that only Rydberg states converging to the third ionization limit,
i.e. the §2B2 state of H20+, come into consideration for the production

of Balmer emission near the first threshold around !9 eV. Some diffuse bands
have been assigned in the absorption spectrum of water to these Rydberg
states [30]. The Esz state of the ion is a bound state. However, the
vibrational structure in the third band of the photoelectron spectrum shows
a broadening above 18.1 eV, which is attributed to predissociation into

H + OH bv a repulsive 4B] doubly excited state of the ion with the elec-

tronic configuration:
2 2 2
(lal) (Zal) (lbz) (3al)(!bl)(4al)

The first threshold for Hf production has been measured by Appell and
Durup [32] to be 18.7 + 0.5 eV. They explained the formation of protons by
a crossing of the EZB state with one of the two ZBI states of the afore

2

mentinned configuration, indicating a second predissociation channel of th

~
Mo

EZBZ state. Because of the similarity of the 3232 state and the correspon-~
ding Rydberg states of the neutral molecule we suggest a similar mechanism
for the predissociation into H(n > 3) + OH(XZH): predissociation of the
bound Rydberg states by repulsive doubly excited states with electronic

configuration:

(12))%(2a)?(16,)%(32,) (1)) (4a,) (aR)
Lyman emission from excited hydrogen atoms, H(n=2), has been observed
in the photofluorescence measurements of Beyer and Welge [16] in the photon
energy range 15.30 - 20.66 eV. If the same mechanism as for H(n > 3) is
also responsible for H{n=2) production, then the proéess for B production
near threshold explains at least part of the optically allowed character

of the Fano plot.
There is nc indication that the Balmer radiation near the first threshold

is due to direct dissociation of doubly excited states. Their energies can
. . . +
be estimated from recent calculations on excited states of H,0' by Leclerc

et al. [33]. According to their caiculations the lowest doubly excited iom

states have the configuration:

e
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(iapZ2ap?n,)?G3a)) (1b)) (4a))

These states are unstable with respect to dissociation. The resulting
doublet states have calculated vertical excitation energies of 25.5 eV
and 27.6 eV and similarly the quartet state has 24.6 eV. The lowest doubly
excited singlet state of H,0 has probably the same configuration but now
with two electrons in the 431 orbital. Applying the Rydberg formula with
A = 25.5 eV we estimate che energy of this state to be 21.3 eV. This is
much higher than the first onset for Balmer radiation. Hewever, direct
dissociation processes of doubly excited states might explain the second
onset near 26 eV in the Balmer radiation. We exclude the possibility that
states formed by simultaneous excitation of more than two electrons are
involved in the production of excited hydrogen atoms. Such states have a

high excitation energy and a very small excitation cross section.

5.6. OXYGEN EMISSION

Electron impact on water produces also excited oxygen atoms of which the
3p 3% - 3s 38° and 3p P - 3s °5°

==, O - . . . .
774 A respectilvely could be detected in our wavelength region. The emission

multiplet transitions around 8447 % and

~1

cross sections for these transitions are collected in Table 5.2. They have
also been measured by Lawrence [3] in the case of 8447 R radiation. At 100 ev
his value agrees with ours within the errors of 20Z in both experiments. The
encrgy dependence is compared in Fig. 5.6. In Fig. 5.2 we give the

3p 3P - 3s 350 emnission cross sections in the form of a Fano plot. The small

eox 2
positive value o M
em

and the large value of Cem (Table 5.4) indicate that
both ontically allowed and symretry forbidden transitions are involved in
the formation of 0(3p 3P). An accurate determination of the Fano plot for
7774 & radiation was not nossible because of the weak light signal at
higher energies. It indicates, however, that the major part of 0(3p 5P) is
formed by symmetry forbidden excitation processes. Fo; the region below

3% - 35

< .. . o ..
100 eV the emission cross sections of the 3p S~ tramsition are

SP - 3s 5So transition in Fig. 5.8.

depicted in Fig. 5.7 and of the 3p
The values of the onsets for emission are given in Table 5.4. By z comparison
with calculated minimum excitation energies (Table 5.3) the processes which
can occur near the onsets may be derived. For reasons of emergy the observed

onsets near 18 eV can only correspond with the processes:
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HZO*(]7'3 + 1.5 eV) + 0(3p 3P) + HZ(XIZE) + 1.7 + 1.5 eV excess energy.

HZO*(I7.6‘: 1.5 eV) 4:0(3p 5P) + HZ(XIZZ) + 1.6 + 1.5 eV excess energy.

At the second onset dissociation into two ground state hydrogen atoms may
occur. The energy dependence of the emission cross sections does not suggest
that both excited oxygen atoms are formed by the same sort of excitation
process in the water molecule (Figs. 5.7 and 5.8).

The energy dependence of the 0(8447 %) and Balmer emission cross sections
and the threshold energies are quite similar. This might indicatz that near
the first threshold 0(3p 3P) is formed by a mechanism analogous to that for
H(n > 3), namely by predissociation of Rydberg states converging to the EZBZ
ion state. Because near threshold the fragments produced by dissociative
excitation can only be Hz(xlz;) and 0(3p 3P) the predissociating state should
be a triplet state with A, Bl or B, symmetry according to correlation rules.
The second onset for C¢(3p 3P - 3s 3S°) radiation can be interpreted again as

direct dissociation of a doubly excited state.

The slow increase of the 0(3p 5P) emission cross section shows that a small

G_ {arbitrary units )

1.0

0.5

B (eV)

3 . .
FIGURE 5.6. Energy dependence of the 0(3p 3p - 38 °$°) emission
eross gectiong. — »—o—: present; ————: Lawrence

{31.
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part of the excited quintet atoms are formed near the first threshold, which
is in the 16 - 19 eV region. At that emergy the dissociation of water can
only take place into HZ(]Z;) and 0(3p 5P). Therefore at the first threshold
quintet oxygen atoms originate from quintet states of the water molecule.
Such a state can be reached either by direct excitation or by predissociation
of singlet or triplet states of the water molecule. Direct excitation can be
excluded because excitation to such a state would require simultaneous excit-—
ation and exchange of two el:ctrons, which is an improbable process. In
addition doubly excited states are not expected below 20 eV (see Section
5.5.2.). Therefore, we suggest that near the first threshold quintet oxygen
atoms are produced by a spin-forbidden predissociation of singlet and triplet
states of water in the 16 - 19 eV region. These states can be Rydberg states
couverging to the second or third ionization potential.

Most of the 0(3p 5P) atoms are formed from molecular states at the second
onset of 23 + 2 eV. At that energy only doubly excited states of the neutral
water molecule can be formed. The dissociation of these states into 0(3p 5P)
can be accompanied by formation of two hydrogen atoms in the ground state.
According to correlation rules the doubly excited states of water from which

these fragments occur can be triplet states as well as quintet states.
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CHAPTER VI

FLUORESCENRC.E F RO M

The ngu > ZAzg fluorescence resulting from electron impact (30-1000 eV)
on begnzene has been studied in the pressure range 207% - 2 x 1075 Topn.
The fluorescence spectrum is compared with the spectrum obtained by other
methods. The energy dependence of the absolute emission cross section
indicates a small probability for iwtermal conversion from higher singlet

states to the ZB state.

u

6.1. INTRODUCTION

Impact of electrons on benzene rasults in light emission from fragments
(H, C and CH) as well as from the molecule (lBZu > lAlg fluorescence). In
this chapter the discussion will be restricted to the fluorescence of the
benzene molecule excited by monoenergetic electrons in the range 30-1000 eV.
Because the pressure (p < 2 x 10-3 Torr) is such that the time between two
hard sphere collisions is much longer than the lifetime of the lowest ex—
cited singlet state (lBZu state), our data refer to isolated molecules.

In the case of high energy electrons the excitation mechanism is knowm to
be similar to that of irradiation by "white" light [!l1, covering a wide
range of photon energies, which are not easily available from conventional

light sources.

6.2. EXPERIMENTAL

The apparatus has been described before [2]). Basically it consists of an
electron gun which produces an electron beam of variable energy and of a
collision chamber. With a monochromator one observes the light emission

produced by the impact of electrons.
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Benzene (Baker Analyzed Reagent), dried over sodium and next repeatedly
degassed at -40°C and -196°C to remove water and air, was admitted into
the collision chamber via an all metal variable leak. The prsssure was

measured by a capacitance manometer (MKS Baratron). The electron beam
was produced by a directly heated Rhenium filament, resulting in an energy

spread of 2 eV. All measurements were done in a region wnere the lizht

signal is proportional to the beam current and the gas pressure (I < 100 pA

and p < 2 x 1073 Torr).

6.3. FLUORESCENCE SPECTRUM

The 332u -+ lAIg fluorescence spectrum, which results from the imparct
of electrons on benzene, is depicted in Fig. 6.1. It is independent of
the energy of the incident electrons. The energy level diagram of the
benzene molecule is depicted in Fig. 6.2.

To describe the spectrum we adopt the notation suggested by Callomon,
Dunn and Mills [3]. Transitions between vibronic levels are indicated by
a capital number,; which refers tc the fundamental involved, followed by a

superscript and a subscript indicating the anumber of quanta of that

Int

0 1
6,1, ro 0
¢

T T T

2600 2800 3000

MR) —»

2u

FIGURE 6.1, g+ 1g Ffluorescence resulting from itmpact of
100 eV electrons on benzene. The optical resolu-

tion amounts 1.5 %.
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fundamental excited in the upper and lower state respectively. The numbering
of the fundamentals is that of Wilson, Decius and Cross [4]. A comparison
with other notations is also made in Re€f. 3. The wain features in this
spectrum are explained as vibronic transitions involving the e2g ring
vibration Vgs the totally symmetric breathing vibration v, and the e

ring vibration V16 (see Ref. 5).

Erergy (e¥)
80
1
E u
]
6.0 —'8,,
3
------- B 2u
1 3
Bzu Elu
ég 1 3
B u
2.0 1
4
004  — A

FIGURE 6.2. Energy levels of benzene.

At pressures larger than about 5 Torr vibrational relaxation by collisions
establishes a thermal distribution before flucrescence takes place.
Consequently, emission from several low lying vibrational levels is
observed, giving rise to a complicated spectrum which is independent of
the mode of excitation (equilibrated fluorescence) [6,7]. At lower pressures,
where the time between two successive collisions of a benzene molecule is
IB state, no thermal

of the same order or longer than the lifetime of the 2u
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distribution will be obtained. However, in the case of electron impact all
vibronic levels below the impact energy can be excited simultaneously.
Therefore, we expect that the fluorescence spectrum might be as complicaced
as the equilibrated fluorescence spectrum, while in addition emission might
be observed from vibrational levels which are not populated in a 300°K
Boltzmann distribution. Comparison of our spectrum with the equilibrated
fluorescence spectrum [6] shows indeed additional vibronic bands, viz.

6011 and 6012. These bands are also found in a discharge spectrum [6,8]

1°0 1°0
and in the fluorescence spectrum obtained when benzene is excited by
metastable argon atoms, having an energy of about 11.6 eV [9]. However,
. . . . .01 0,2 .
in those experiments the intensity of the b?lo and 6110 bands 1s somewhat

less due to the higher pressures used.

6.4. EMISSION CROSS SECTIONS

The absolute emission cross sections % em for lB2u > 1Alg fluorescence
in the energy range 30 - 1000 eV are collected in Table 6.1. At these
energies the lBZu state can be populated both by direct excitation by
electrons and by internal conversion from other states excited simultane-

ously. Because at high energies spin exchange processes are of minor

importance, incersystem crossing from the triplet manifold to the lBZu

state can be disregarded. Moreover, experiment [10] and theoretical

. . , . *
calculations [11,12] show that excitation to the lowest excited v » 7

states, namely leu, B, and 'E

lu 1u? is more important than excitation to

other states. We therefore restrict ourselves to internal conversion from

the 1B and ]E states to the ]B state.
fu lu 2u

The leu emission cross section can be written in terms of excitation

cross sections as:

oem(lBZu) = ¢l°exc(lBZu) *+ ¢2°exc(lBlu) * ¢3°exc(lElu) m

where ¢ is the fluorescence yield, the indices 1, 2 and 3 referring to the

1 1

B states respectively.

I
2y’ Blu and Elu

According to the Bethe theory [13,14] the excitation cross section of

these states can at sufficiently high energies be expressed as:

4Ta 2R c E
0

n _ n el
Texc = E.p Mﬁ In = ()
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where n represents the excited state, a is the Bohr radius, P is the
Rydberg constant, Eop is the energy of the incident electrons and c is

a constant. Mn is related to the optical oscillator strength fn and the

excitation energy E of the excited state n by:
W = £ R/E (3)
n n n

Substituting Eq. (2) into (1) gives:

2
oem(lBZu) = im}::i'E Mﬁm In fﬂ:.:f_l. (4)
el
where
MEL = M)+ 0+ o (%)
and
Inc_ = (¢|M2l In c, + ¢2M§ 1n c, + ¢3M§ 1n c3)/M§m.

. 1 2 . . .
Plotting cem( BZu) Eelllmao R versus 1ln Eel gives a straight line at

sufficiently high energies with a slope equal to Mim' In Fig. 6.3. the

emission cross sections are presented in such a so called Fano plot. From

0" O o
4nalR .
1.0+ o
0.5
0 ) T i M M 1 LA Al
50 100 500 1000 -
E o (eV)

, 1 1
FIGURE 6.3. Emission cross sections of BZu +> A, g fluorescence
presented in a Fano plot.




TABLE 6.1.

1

o . . 1
Emission cross sections for BZu + A]g fluorescence

in units of 10719 cmz.

Eel(ev) %em Eel(ev) %em
30 3.09 300 1.44
40 2.37 350 1.34
50 2.29 400 1.19
60 2.29 450 1.11
80 2.26 500 1. 3
100 2.09 600 0.900

120 2.22 700 0.816
140 2.18 800 0.733
170 2.11 900 0.649
200 1.90 1000 0.649
250 1.63

TABLE 6.2.

Transition energies and oscillator strengths in

benzene.
3
En(eV) fn Mﬁ
s 4.9° 0.00147° 0.0041
’ . . )
,Blu 6.2P 0.0942 0.21
1 b a
E, 6.9 0.88 1.73
3 pef. 21. b Ref. 22. C Ref. 23, 24 and 25.
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the linear part of it one obtains Mﬁm = 3.23 x 10“3 and Com = 0.764. The
error in Mém’ deduced from the standard deviation in the slope (5%) and
the uncertainty in the emission cross section (257), is mainly determined
by systematic errors in the determination of the quantum yield of the
~ntical equipment (see Section 2.5). Hence it follows that

4.20 x 1077 > M2 > 2.26 x 1077,

The values of Hﬁ are tabulated in Table 6.2. From the facts that the
fluorescence yield for excitation into the lBZu state is about 0.3 {15,
16,17] and that the region below Parmenter's threshold [18] carries about
707 of the leu oscillator strength [19], we estimate ¢] = 0.21. From
formula (5) is is then derived that 3.34 x 10“3 > ¢2M§ + ¢3M§ > 1.4 x 10-3.
Hence it follows that excitation to the lBIu and 'E, state contributes
to the value of Mim and therefore we conclude that the fluorescenze spectrum
obtained in tnis experiment is partially due to internal conversion from
these states. If we assume $, ==¢3, we find 2 x 10 7 > 9y 05 > 7 x 10 7.

So measuremeats indicate a small probability for internal conversion from
higher singlet states. This finding is in agreement with recent recsults of
Gregory et al. [20], who found fluorescence of benzene when it is excited

in the vapour phase into the ]Elu state by the mercury line () = 1849 5.
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CHAPTER VII

Tg. _ T4 FLUORESCENCE FRGCM

The JEZu - JAJ fluorescence of benzene resulting from the impact of
low energy electrons (0 - 30 eV) has been studied in the pressure range
1074 - 2 x 10_3 Torr. It is found that the apparent emisston cross section
near threshold varies iinearly with the pressure. A reaction scheme
eaplaining this behaviour is given. From the absolute value of the

apparent emission cross section it follows thut excitation of the 3E1u

]B state at low electron

state is by far dominant over excitation of the o

impact eaergies.

7.1. INTRODUCTION

The iB2u - lA|g fluorescence of benzene excited by mono-energetic
electrons in the range 0 - 30 eV shows features which differ from those
found by excitation with high enerqy electrons [1]. These fratures may be
correlated with the occurrence of optiecally forbidden traasitions.
Particularly electron exchange processes are highly probable at low
electron impact energies.

Tn this investigation the electron beam is praduced by an electron gun
with an oxide cathode. The energy spread of the electrons is about 0.3 eV,

In order to avoid space charge effects beam currents of less than 10 jiA

have been used.

7.2. RESULTS

The energy dependence of the apparent emission cross sectioa for

lBZu - ]Alg fluorescence is presented in Fig. 7.1 at two different benzene
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Gapp {arbitrary units}

2._.

EleVv)

FIGURE 7.1. Energy dependence of the emisstion crose section
1

for B2 - ﬂuorescence. The upper curve
has been obtamed at a pressure of 1.50x10 3
-3

Torr, the lower curve at 0.68 X 10 ¥ Torr.

0 apparent / Go

p (107 Torr)

FIGURE 7.2. Plot of the apparent emisaion cross section at
7.3 eV divided by the emission cross section
extrapolated to pressure zero.
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pressures. The apparent emission cross section capp has near the onset
a maximum at 7.3 eV electron impact energy. At this value of the energy
Oapp is a linear function of the pressure (Fig. 7.2). At higher impact
energies this pressure dependence disappears. Mo dependence of oapp on
the intensity of the electron beam is found. Therefore, we write the
apparent emission cross section near threshold as:

Oapp(lBZu) = oo(]BZu) * 0p(lBZu) (N

where o _ is the emission cross section extrapolated to zero pressure and

Energy (eV)
8

"oy S,
6. — ‘e,u___sz

3
T B,y
'PT ------ PRIV T k
B,, S, wv k4M3 3E‘uvw 5 VWAL

FIGURE 7.3. Reaction scheme. The rate constants have the
following meaning: k : emeitation to the ‘B,
state; k;: excitation to the 3E1u state; ky:

colligion induced energy transfer to the

13214 state from the 3E1u state; k3: fluorescence

from the JBZu state; k Y intersystem crossing;

ks unimolecular decay of the SEJu state. PT:

Parmenter's threshold.
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op is the cross gsection introduced by a pressure dependent process. From
the absolute values of the emission cross section [1] it follows that at
1 ~19 2 16 2
. e = L] x
7.3 ev oo( BZU) 4.8 i0

cm” and o (iBzu) = 2,5 % 10 cm~, the
latter value being obtained by linear extrapolation to ! Torr.

7.3. DISCUSSION

It is well known that at low electron impact energies there is a
preference for triplet states to be excited [2,3,4]. The excitation cross
section for such an electron exchange process has a maximum at a few eV
above the threshold, in contrast to processes not involving electron
exchange where the maximum cross section is at much higher energies.

The existence of a pressure effect, only observed at low im;act energies,
ests that the BZu state 1s excited in two ways, namely directly and

also by energy transfer from triplet states induced by collisions with
ground state molecules. Of the relevant triplet states 3Blu’ 3Elu and
3

B,, the second excited triplet state 3E is approximately degenerate

lu
. 1 . . . .

with the B2u state, For that reason mainly this state will be involved

in the energy transfer process.

We therefore consider the foliowing processes to be relevant in the

population of the lBZu state by low energy electron impact (see Fig. 7.3):

a) direct excitation of the 1B2u state by electron impact (ko),

lu
by energy transfer from that state to the 1B2u state by collisions

b) direct excitation orf the 3E state by electron impact (kl)’ followed

with ground state molecules (kz).

1

The "B state is depopulated by:

2u
¢) fluorercence to the ground state (k3),

d) intersystem crossing to the triplet manifold (kh)'

Furthermore we introduce a rate censtant k5 which accounts for unimolecular

decay of the 3E state.

Iu

The decay rates of the ]BZu ard 3E states can now be expressed in

fu
terms of rate constants:

das
i
FE = KoSy * KpS. T, — kyS - kS (2)
de
—r = kS, = kS T, + kS, = kT, (3




I

Here So, S1 and T2 denote the density of benzene molecules in the ground
state, leu state and 3El“ state respectively. In this react%on scheme

we have not taken into account infermal conversion from the ‘BZu state to
the grouad state and intersystem crossing from the triplet manifold to
the 1B2u state. The former process is only of minor importance corpared
to fluorescence (see for instance Refs. 5 and 6). The latter process is
not considered, because intersystem crossing from the 1BZu state to the
triplet manifold is known to be an irreversible process (see for instance
Ref. 7). We do not consider internal conversion from singlet states above
Parmenter's threshold [8]. It will be shown below that this process is
not important at low electron impact energies.

Under stationary conditions it follows from £qs. 2 and 3 by

eliminating T,:

k,S, ks
kySy = kS o * w5 w Y% T EE R S (+)
2% 5 2% 5

The rate constants k3 and k4 are related to the fluorescence quantum
yield ¢y of the ]Bzu state, which can be obtained from photofluorescence
measurements:

ky
1 k3+ k4

For the region below Parmenter's threshold 43 is about 0.3 [9,10,11].
Combining Eqs. (¢4) and (5) we find:
s (kZS°+ k5)k°S° + kZSoklso

= (6)
371 K5+ K519,

Becausa of the proporticnality of rate constants and cross sections this

equation can be rewritten as:

1 3
s (IB (k250+ kS)qexc( BZu)+ kyS 9 (Ck

app® Bay) = kS * k.76,

)

2 0 exc lu %)

It follows that a linear pressure dependence ig only found if in our

pressure region kZSo << k5/¢l. Under this condition we obtain from Eq. \7):

4.k, 8
1 1 172% 3
Capp® Bau) ™ 1%xcl Bay) * %, Cexc Eiu (&)

1153
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The first term on the right hand side of Eq. (8) refers to direct

excitation of the leu state, the second term to the formation of that
state by collisions between molecules in the ground state and molecules
in the 3Elu state. This term, proportional to the pressure, is only im-
portant at low impect energies. Comparing Eqs. (1) and (8) we can write:

1 1
Uo( B2u) = ¢l°exc( B2u) (9)
k,S
1 2% 3
c’P( BZu) = k5 ¢l°exc( Elu) (10)

In the derivation of Eqs. (9) and (10) intermal conversion from singlet
states above Parmenter's threshold has been omitted (see Section 6.4).
This process contributes t¢ the pressure independent part of the emission
cross section. Within the singlet manifold mainly the ]Elu state is
excited, even at low electron impact energies [3]. Therefore, the contri-
bution of internal converSLOn to o ( B ) can be put equal to a good
approximation to ¢3 exc( E ), where o xc( E ) is the excitation cross
section of the ]Elu state and ¢3 is the fluorescence quantum yield after
excitation into that state. An estimate of the latter quantity has been
made in Section 6.4. The excitation cross section of the lElu state has
been measured by Brongersma [2] for impact energies up to 8 eV. From these
data we calculate the possible contribution of internal conversion from
the ]E state to the ]B em1551on cross section at 7.3 eV impact

1§

energy to be (0.7 + 0.4) x 10 cm . This value is much smalTer than our
emission cross section oo( BZu) of (4.8 + 1.6) x 10 19 cm determined also
at 7.3 eV; it indicates the relative unimportance of internal conversion

near the threshold emergy. Using ¢, = 0.3 we derive from Eq. (9):

('By) = 1.6 10718 w? at 7.3 ev.

The uncertainty in this excitation cross section is as high as 60Z due

to the neglect of internal conversion and the uncertainty in co(]BZU).

In electron impact spectra [2,3,12,13] the approximately degenerate

1BZU an 3Elu states give rise to a single broad band at 4.7 eV. The
excitation cross section of this band is equal to the sum of Gexc(lBZU)
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3 . . .
and g c( Elu)' Knoop [3] measured the relative excitation cross secticn

of thiz band from threshold to about 9 eV. We can bring his data to
an absolute scale by normzlization on the absolute value as determined
by Brongersma [2] in the electron impact energy range 4.7 - 5.7 eV,

It is found:

16

1 3 ~ — 2
Uexc( B2u) + Gexc( Elu) = (1.5 + 0.5) x 10 cm” at 7.3 eV,

Our much smaller value of Gexc(]BZU) suggests therefore that the
4.7 eV band in the ~lectron impact experiments can be almost exclusively
attributed to excitation of the 3E]u state. This supports Knoop's [3]
assignment of this band., In addition Kuoop found a maximum of the
excitation cross section of the 3Elu state at 7.3 eV. At that energy
e observed the strongest pressure dependence in the apparent emission
cross section of the ]BZu state. The latter observation supports our

assumption of the involvement of the 3Elu state in the energy transfer

3

process. The large value of o, Elu) is consistent with theoretical

(
xe ~-16 2
cm

calculations by Matsuzawa [141, which lead to a value of 0.9 x 10

at 10 eV electron impact energy.

3 . .
From Uexc( Elu) and cp (see Section 7.2) we derive from Eq. (10):

k)8 /ks = 8.3 + 3.3 at ] Torr.

The rate coanstant k2 is related to the effective collision cross section
of the energy transfer process and kS to the unimolecular decay of the
triplet state. We do not make any attempt to interpret the ratio of k2
and kS' Neither rate constant is not known; moreover, k5 might represent
intramolecular processes in the benzene molecule as well as diffusion

of excited benzene molecules out of the viewing region of the monochromator.
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CHAPTER VIII

DISSOCIATTIVE EXCITATTION O F

8.1. INTRODUCTION

In the wavelength regior. 1850 - 9000 R radiation from H and CH fragments
is observed as a result of the dissociative excitation of benzeae Ly
electron impact. The Balmer series of hydrogen and the A2A - X' trans-
ition of CH can br. identified. For these transitions emission cross
sections and thresholds have been deotermined. A weak emission from- the

1 o 21

carbon fragments (3s Ipo _ 2p2 ]D, 1931 & and 3s P°- 2p° 's, 2479 B)

could also be detected.

8.2. BALMER EMISSION OF HYDROGEN

We have determined the emission cross sections for the Balmer a, B, Y
and 8§ lines. It is found that they all have the szme energy dependence as
a function of the electron impact encrgy. Therefore, we give in Table 8.1
the Balmer emission cross sections at one electron impact energy and in
Table 8.2 the energy dependence for one Baimer line, namely HB. A
discussion of the errors in the absolute emission cross sections is given

in Section 2.5. For the Balmer B, v and § lines the error in the emission

cross sections is estimated to be 10%. An error of 15% arises in the Balmer

o emission cross sections.
Cross sections for Balmer emission from benzene have also been measured

by Vroom and de Heer [1]. The ratios of the emission cross sections for the

different Balmer lines, as given in Table 8.1, are within 107 in agreement
with their results. However, the absolute value of the emission cross
sections is lower than measured previously [1]. This difference may be

caused by the fact that in the latter study a McLeod manometer is used

for the measurement of the pressure. This procedure may give too low values
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TABLE 8.1.

.. . . . . . -19
Emission cross sections for Balmer radiation in units of 10 cm
at 100 eV electron impact energy
cem(Ha) o(HB) cem(HY) cem(ﬁa)
16.8 3.35 1.47 0.91

TABLE 8.2,

Emission cross sections for Balmer B radiation from H and for

A2A - XZH radiation from CH fragments in units of 10.'19 cm2.
E_,(eV) cu(a’s - ¥°m) H(n=4 - 2)
30 4,17 0.23
40 5.40 0.63
50 5.68 1.43
60 6.35 2,19
80 7.01 2.97
100 6.80 3.35
120 6.94 3.32
140 6.87 3.28
170 6.09 3.05
200 5.60 2.68
250 4,62 2,24
300 3.86 1.81
350 3.28 1.51
400 2.91 1.30
450 2.61 1.10
500 2.27 0.973
600 2.01 0.795
700 1.63 0.657
800 1.41 0.564
900 1.21 0.492
1000 1.17 0.442
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FIGURE 8.2, Enenrgy dependence below 100 eV of the emission
erogs sections for Balmer B radiation.




for the pressure in the case of condensable vapours and hence too high
emission cross sections. The Baratron capacitance manometer, used in the
present work, enables a more accurate pressure measurement tsee Section
2.5). ‘

At high energies the values of UemEel approach a constant valve (Fig.
8.1) as has been found before [1]. This indicates that optically forbidden
excitation processes dominate in the formation of excited hydrogen atoms.
At encrgies dbove 200 eV thbe emission cross sections have the same energy
dependence within 3% as measured by Vroom and de Heer [1]. At lower ener-
gles their values of Jem become relatively higher than ours, as is also
found in the case¢ of Balmer emission from water (see Section 5.5.1).

The threshold behaviour of the HB emission cross sections is shown in
Fig. 8.2, From the absence of structure it is concluded that one or only
a few optically forbidden states of the benzene molecule are involved in
the formation of excited hydrogen atoms. The onset for Balmer g8 emission
is found at 19.3 + 1 eV. From this, the process which is involved in the
formation of Balmer radiation may be derived. Taking for the dissociation
energy of the C-H bond a value of 4 6 eV [2] and for the excitation energy
of H(n=4) a value of 12.69 eV [3], it follcws from the energy balance and

the absence of structure in the threshold behaviour that the process

C6H6(19.3 + 1 ev) + C6H5(§2A]) + H(n=4) + 2.0 + | eV excess energy

plays an important role in the formation of excited hydrogen acoms.

Another possibility is that the phenyl radical is formed in the KZBI state,
which has an excitation energy of 2.35 eV [4]. However, we cannot obtain
evidence for this process, because we did not find emission from the

phenyl radical.

Contrary to the Balm2r emission cross section data of methane, ethylene
and acetylene the benzene cemEel values show a maximum at 250 eV which is
not present in the case of aliphatic hydrocarbons (Fig. 8.i1); the emission
cross sections in "he asymptotic region are 507 lower than those for the
aliphetic hydrocarbons (see Section 3.3). Sufficiently accurate experimental
and theoretical data on orbital energies [5] are not available to decide

whether these differences can be justified.
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8.3. CH(AZA - XZH) EMISSION

Since the AZA state of CH decays only to the XZH ground state and
since rascade to the AZA state from higher states is not possible
(because either radiation from these states to the A2A state is optical-
1y forbidden or these states dre repulsive [61), the emission cross
sections are equal to the total cross sections for production of CH(AZA).
The emission cross sections are collected in Tcble 8.2. Besides errors
of 10% due to uncertainties in quantum yield, pressure and electron beam
intensity additional errors of 307 arisc in the CH cross section data
due to a continuous background under the 4314 h{ system and the use of the
'adding up' procedure [7]. The results are also presented in a Fano plot
(Fig. 8.3). The zero slope of the straight line portion indicates that
- contrary to the aliphatic hydrocarbons (Section 3.3) - the formation
of CH(AZA) mainly proceeds by optically forbidden processes in the
benzene molecule.

The threshold for CH(AZA) is obscrved at 15.0 + 1 eV (Fig. 8.4).

A second threshold is found at 29 + 1 eV. It is not possible to derive
the processes which may be involved, because the relevant dissociation

energies are not known.
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SUMMARY

The work described in this thesis deals with the measurement of the
intensities in the spectrum (1850 - 9000 X), produced by bombardment of
molecular gases (acetylene, methane, ethylene, ethane, water and benzene)
by a beam of mono-energetic electrons (0 - 1000 eV). For a large part the
spectrum consists of fluorescence from excited fragments formed by dissocia-

tive excitation. The results are expressed in terms of cross sections for

! emission of photons of a particular wavelength. These emission cross sections
! are a measure of the chance that a collisiocn between?ziectron and a molecule
gives rise to the emission of a photon of specified kind.

At high energies of the incident electrons the cross sections can be
analysed by means of the Bethe theory. This allows a classificatior. of
the excitation processes which precede the emission of the photon into

optically-allowed and symmetry-forbidden. Measurements at low electron impact

processes; also the threshold emergy for formation of excited molecules can

be determined.

{

]

|

¢

{

{

\

* energies give information about the occurrence of spin-forbidden excitation
i

;

} In Chapter I a brief introduction to the measurements is given. The

‘ appliga;ig& of the Bethe theory for dissociative excitation processes is
f éiggﬁ;iégééﬁﬁnnmn A description of the apparatus is given in Chapter 1I.

‘ Chapter III deals with the dissociative excitation of simple aliphatic
hydrocarbons: acetylene, methane, ethylene and ethane. It turms out that

1 for these molecules excited hydrogen atoms are formed by symmetry-forbidden
excitation processes; the varioqs hydrocarbons have an equal cross section
for formation of these atoms. This can be explained by assuming that they
arise from highly excited Rydberg states of the hydrocarbon. CH radicals in
the AZA state are formed by optically-allowed excitation processes. In the
case of acetylene the cross section for formation of CH(AZA) is particularly
high.
In Chapter IV the intensity distribution in the CH(AZA - XZH) spectrum,

produced by dissociative excitation of acetylene, is analysed. This spectrum

is built-up from three overlapping bands, ramely the 0-0, I-! and 2-2 bands.
The intensity distribution in the rotationmal structure of the 0-0 band can be
1 determined by an analysis of the free rotationel lines of the R branch.
However, this procedure is not possible for the other bands because in that

case the rotational transitions cannot be resolved. Therefore, the intensity

I
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distribution in the 1-1 and 2-2 bands has been determined by means of a
spectrum simulated on the computer. In that way the overlap of the various
rotational and vibrational transitions is taken into account. The simulation
program is described in the appendix to Chapter IV. It turns out that the
iistribution of molecules over the rotational levels can be described in a

fairly good way by assuming one Boltzmann distribution for each vibrational

“level, This result is in contrast to work published by others, which did

not take into account the overlap of transitions.

In Chapter V the results for the water molecule are given. These are
compared with those obtained by other groups. The formation of excited
hydrogen atoms is shown to proceed by predissociation of highly excited
Rydberg statss. The strong emission from the excited hydroxyl radical
originates from excitation of both singlet and triplet states of the water
molecule.

In Chapters VI and VII measurements on the ]B2u - ]A fluorescence

1
spectrum of benzene are presented. An analysis of tha ingensity of this
spectrum shows a contribution by internal conversion from higher singlet
statee to the leu stzte. At low electron impact energies the formatiom of
molecules in excited triplet states is an important process. From experiment
follows that these molecules can populate the lBZu state by collisions with
ground state benzene molecules. Chapter VIII deals with the dissociative

excitation of benzene.

e
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SAMENVATTING

Het in dit proefschrift beschreven onderzoek heeft betrekking op intensi-
teitsmetingen van het spectrum (1850 - 9000 ), dat ontstaat bij bombardement
van moleculaire gassen (acetyleen, methaan, ethyleen, ethaan, water en ben-
zeen) door een bundel mono-energetische electronen van variabele energie
(0 - 1000 eV). Het spectrum bestaat voor een belangrijk deel uit fluores-

centie van aangeslagen brokstukken, die zijn ontstaan door dissociatieve

—.— . . p—_

excitatie. De resultaten worden uitgedrukt in werkzame doorsneden voor
| ’ . . .
emissie van fotonen van een bepaalde golflengte. Deze emissie doorsneden
zijn een maat voor de kans dat een botsing tussen een electron en een molecuul

aanleiding geeft tot het uitzenden van een bepaald soort foton.

Bij hoge energieén van de invallende electronen worden de werkzame door-
sneden geanalyseerd met behulp van de theorie van Bethe. Hiermee kunnen de

aanslag-processen, die het uitzenden van het foton voorafgaan, worden inge-

deeld in optisch-toegestaan en symmetrie-verboden. Metingen bij lage ener-

gieen geven aanwijzingen over de rol van spin-verboden aanslagprocessen en
maken een bepaling van de drempelenergie voor vorming van aangeslagen

moleculen mogelijk.
Hoofdstuk I geeft een korte inleiding tot de in dit proefschrift beschreven

metingen en laat zien hoe de theorie van Bethe kan worden toegepast voor
dissociatieve aanslagprocessen. Een beschrijving van het apparaat wordt ge-

geven in Hoofdstuk II.

g Hoofdstuk III gaat over de dissociatieve aanslag van eenvoudige alifatische |
‘ koolwaterstoffen: acetyleen, methaan, ethyleen en ethaan. Het blijkt dat bij
| deze moleculen aangeslagen waterstofatomen worden gevormd door symmetrie-

! verboden aanslagprocessen; in de verschillende koolwaterstoffen is de werk~
; zame doorsnede voor de vorming van deze atomen gelijk. Dit kan worden ver-

{ klaard door aan te nemen dat ze ontstaan vanuit hoog-aangeslagen Rydberg

i toestanden van het koolwaterstof. CH radicalen in de A2A toestand blijken

‘ gevormd te worden door optisch toegestane aanslagprocessen. Acetyleen heeft
een bijzonder grote werkzame doorsnede voor CH(AZA) vorming.

: . o . . 2
X In Hoofdstuk IV wordt de intensiteitsverdeling in het CH(AZA - X

spectrum geanalyseerd, dat gevormd wordt door dissociatieve aanslag van
acetyleen., Dit spectrum is opgebouwd uit drie elkaar overlappende banden:
de 0-0, I-1 en 2-2 band. De intensiteitsverdeling in de rotatiestructuur van

' de 0-0 band kan worden bepaald door de vrije rotatielijnen in de R~tak te

- s e e =




analyseren. Dit is echter niet mogelijk voor de andere banden, daar hiervan
vrijwel alle rotatie-overgangen niet spectraal opgelost kunnen worden. De
intensiteitsverdeling in I-1 en 2-2 banden is daarom bepaald aan de hLand van
een spectrum gesimuleerd op de computer, waarbij de overlap van de verschil-
lerde rotatie— en vibratie~overgangen in rekening wordt gebracht. Het simula-
tieprogramma is beschreven in het aanhangsel bij Hoofdstuk IV. Het blijkt

nu dat de verdeling over de rotatieniveaus vrij goed beschreven kan worden
door &én Loltzmann verdeling over elk vibratieniveau aan te nemen. Dit is

in tegenstelling tot door anderen gepubliceerd werk, waar geen rekening is
gehouden met de overlap van banden.

Hoofdstuk V vermeldt de resultaten van metingen aan water. Deze worden
vergeleken met die van andere groepen. De vorming van aangeslagen waterstof-
atomen gaat door predissociatie van hoog-energetische Rydbergtoestanden.

De sterke emissie van het aangeslagen hydrdxylradicaal blijkt zijn corsprong
te vinden jn de aanslag van zowel singulet als criplet toestanden van het
watermolecuul.

In de Hoofdstukken VI en VII worden metingen gepresenteerd, die verricht

1 1

zijn aan het B2u - Alg fluorescentiespectrum van benzeen. Een analyse van

de intensiteit van dit spectrum wijst op een bijdrage van "internal conversion

van hogere singulet toestanden naar de IB2u toestand. Bij lage electronen-
energieén blijken in belangrijke mate moleculen in aangeslagen triplet tue-
standen te worden gevormd. Uit het experiment blijkt dat deze door botsingen
met benzeen moleculen in de grondtoestand de lBZu toestand kunnen bevolken.

In Hoofdstuk VIII wordt de dissociatieve aanslag van benzeen besproken.
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