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•• • ; ï STELLINGEN

1. Bij de interpretatie van de experimentele resultaten voor electron-

vangst door meervoudig geladen ionen in gassen wordt ten onrechte

geen rekening gehouden met var.gst in aangeslagen toestanden.

J.B. Hasted, Physios of Atomic Collisionss Chapter 12.7

(Butterworths, London, 1964).

A. Mü.lleï>3 Thesis, Universiteit Giessen (1975).

2. De snelheidsconstanten voor doving van Balmer-a straling door bot-

sing van de aangeslagen waterstofatomen met water, zuurstof en stik-

stof moleculen, zoals die zijn bepaald door Shukla et al. in

microgolf ontladingen, zijn niet zonder meer toepasbaar op deze

dovingsprocessen in de aardse atmosfeer.

E.V. ßhuklüj S.K, Join, S.K, Gupta en A.N. Srivastava, J.Chem.

Phys. 52_ (197Q) 2744.

T. Ogawa, F, Masvmoto en N. Ishibashi, Chemistry Letters

(1976) 207.

3. Uit de metingen van energieverlies met hoog-oplossend vermogen voor

electronen gestrooid aan waterstofatomen, welke geadsorbeerd zijn

aan wolfraam oppervlakken, blijkt dat de voorspelling van de adsorp-

tieposities met hehulp van ongehybridiseerde locale d-orbitals van

beperkte geldigheid is.

P.f/. Team en L.D. Schmidt, J.Chem.Phys. S£ (1971). 4775.

C. Backx, B. Feuerbaaher, B. Fitton en R.F. Willis, Phys.Let-

ters 60A (1977) 145.

4. De experimentele waarden van Erman en Brzozowski voor de levensduur
~2

van vibronische A A. toestanden van het watermolecuulion zijn on-

juist ten gevolge van het verwaarlozen van het ruimteladingseffect.

P. Erman en J. Brzozowski, Phys.Letters 46A (1973) 79.

Dit proefschrift, hoofdstukken I en III.
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5. Voor een gevoelige test van de theorie voor 2-fotonionisatieproces-

sen verdient een meting van de verhouding van waarschijnlijkheden

voor circulair respectievelijk lineair gepolariseerd licht de voor-

keur boven een meting van de absolute waarschijnlijkheden.

Y. Flank, G. Lapianohe3 M. Jaouen en A. Rachman, J.Phys.B;

Atom.Molec.Phys. £ (19761 L 409.

M.R. Teague, P. Lcaibropoulos , D. Goodmcmson en D.W. Norcross,

Phys.Rev. A14 (19761 2057.

6. Het optreden van de 2 electron- 1 fotonovergang tijdens de botsing

van 200 keV Ne ionen op Ne atomen, die door Hoogkamer et al. toe-

geschreven wordt aan de vorming van extra 2p gaten in het begin van

de botsing bij grote internucleaire afstand, zou ook verklaard kun-
2+ 1 +

nen worden door de aanwezigheid van Ne in de Ne bundel.

Th.P. Hoogkamer, P. Woerlee, F.W. Saris sn M. Gavrila, J.Phys.

B: Atom.Molee.Phys. 9 (1976) L 145.

7. De experimentele waarden die Lewis en Williams geven voor de werk-

zame doorsneden voor deactivering van aangeslagen waterstofatomen

door middal van botsingen met moleculaire waterstof zijn niet juist.

J.W.L. Lewis en W.D. Williams, J.Quant.Speatrosc.Radiat.Trans-

fer 16_ (1976) 939.

8. De door Hartfuss en Schmillen gemeten levensduren van aangeslagen

toestanden in koolmonoxyde zijn door hen ten onrechte toegekend aan

de eerste aangeslagen tripiet toestand van dat molecuul.

H.J. Hartfuss en A. Schmillen, Z.Naturforsch. 23a (1968) 722.

R. Anderson, Atomía Data ¿ (1971) 227.

R.W. Pearse en A.G. Gaydon, The Identification of Molecular

Spectra (Chapman, London, 1965).

9. Indien het hebben van een brede belangstelling door psychiaters als

schizofrenie bestempeld wordt, dan werpt dit een ernstige smet op

de betrouwbaarheid van deze psychiaters.

R. en Z. Medvedev, Wie is er gek? (Paris, Amsterdam).

G.R. Möhlmann Leiden, 17 mei 1977.
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C H A P T E R I

INTRODUCTION

1 . GENERAL

In this thesis collision processes are described which occur

when a beam of electrons interacts with a molecular gas of low

density and result in the formation of electronically excited

particles. The products considered are excited parent molecules

or excited fragments resulting from a dissociation process. They

may decay into lower lying electronic states by emission of ra-

diation. In the present work the emitted radiation, which is

characteristic for a transition in an atom or molecule, is detec-

ted in order to get information about the collision processes.

Some of these processes between electrons and molecules, to-

gether with possible decay channels, are given schematically in

fig. 1. The excitation may lead to the formation of M* (excited

M**2e

e+M

*. A\B*2e«

Fig. 1 - Schematic representation of some elec-

tron-moleaule collision processes and

possible successive reactions.
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neutral), M+ (ground state ionl or M+* (excited ion}. M* and M+*

may decay via radiation into lower states or (pre-)dissociate

into ground state fragments (A, A , B, ...) or excited fragments

(A*, A+*, B*, . . . ) • It may happen that M* has been excited above

the first ionization potential of M. In that case we have a so-

called super-excited state [1]. This state will mostly disso-

ciate or preionize, with the possibility of the formation of ex-

cited products. Due to the many possibilities to produce photons

via electron-molecule collisions (fig. 1), an emission spectrum

taken in such an experiment will show radiations from many ato-

mic and molecular excited states.

A difference between excitation of particles by photoahsorp-

tion and by electron impact is that in the first case only opti-

cally allowed transitions can be excited while in the second

case symmetry forbidden or electron exchange (spin-forbidden)

excitations are possible too. This allows one to study a larger

variety of excited states in the case of electron impact. On

the other hand, with monochromatic photons it is possible to ex-

cite one or only a few states in an atom or molecule selectively,

whereas by electron impact in principle all states with excita-

tion energies smaller than the electron impact energy can be

reached.

In this thesis we discuss the experimental determination of

the relevant light intensities in order to obtain emission cross

sections (a„ 1 of atomic and molecular radiations in the case of
6U1electrons incident on molecules, and of the lifetimes of ex-

cited states. The relations of a and T to the molecular (atomic)

structure will also be discussed.

Measurements have been performed with various small inorga-

nic molecules (H2, D2, H20, NH3> HC1, etc) and with both small

and large organic molecules (CH,, C„H..g, etc.).

fe

2. APPARATUS

The apparatus, used for the light intensity measurements in

order to determine a , has been described extensively by Been-

akker C2]. Therefore only a brief description of the experimen-

tal set-up is given in this section.
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Fvxtay c*g»

2 - Schematic representation of the

apparatus.

A schematic representation of the apparatus is given in fig.

2 of this chapter. It consists of a vacuum chamber in which an

electron gun is mounted, connected with a collision chamber by

a differential pumping hole through which the electron beam is

directed. The hole also acts as a collimator for the electron

beam. The target gas can be introduced into the collision cham-

ber by a variable leak (Granville Phillips 203) and is pumped

away by the differential pumping hole. The target gas pressure

(10~ - 10~ Torr) is measured with a capacitance manometer (MKS

Baratron, pressure head 77 H-1). The residual gas pressure in

the collision chamber is about 10~ Torr. The electron beam cur-

rent, passing the collision chamber, can be varied in the range

0 - 1 mA and the incident electron energies can be chosen between

0 - 2000 eV. For 0-100 eV incident electrons the beam current is

kept below 20 yA; a coaxial magnetic field of about 50 Gauss is

used in this energy region to confine the electron beam. In the

energy range 100 - 2000 eV usually no magnetic field is used (to

avoid processes due to secondary electrons), while the current

is about 100 jiA. The energy spread of the electrons is about

0.5 eV. In the collision chamber an electrode system is present;



the potentials of the different electrodes are chosen such that

the observation region is electrically field free and the dis-

turbing effect of secondary electrons on the observations is as

low as possible (for details see ref. [2]).

The energy scale of the incident electrons is calibrated by

measuring the appearance potentials of emissions for which the

onset is known from emission or photoelectron spectroscopy, like

the Second Positive band of N2 (11.0 eV for v'=0), the First

Negative band of N^ (18.75 eV for v'=0) and the 43S -* 23P transi-

tion in He (23.6 eV).

The radiation produced in the collision chamber, due to the

interaction of the electron beam and the target gas, is observed

at 90° to the electron beam by means uf two monochromators

("Leiss") covering the wavelength regions 1850 - 5500 Ä and

4500-9500 Ä. For the region 1850 -5500 Ä a grating is used

with 2160 grooves per mm (reciprocal linear dispersion 15 Ä/mm

and blazed at 2000 Ä) together with an EMI 6256 S photomultiplier.

For the region 4500 -9000 Ä a grating of 1200 grooves per mm is

applied (reciprocal linear dispersion 27 Ä/mm and blazed at

7500 Ä) in combination with an RCA 31034 A photomultiplier. The

photomultipliers are thermoelectrically cooled below -15°C.

The multiplier output pulses are discriminated, amplified and

fed into a pulse counter (SSR model 1110 Digital Synchronous

Computer).

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 intensity of the radiation emitted by tungsten

ribbon has been measured as a function of ribbon temperature and

wavelength by De Vos C3]. The calibration procedure with this

standard has been described in ref. [4]. Below 3000 Ä this stan-

dard cannot be used because of the sharp decrease of the emis-

sion by the hot tungsten filament towards lower wavelength and

the relative increase of scattered light. In the wavelength re-

gion 1850 - 3000 Ä the relative yield as a function of wavelength

was determined by means of a deuterium lamp (1850 - 2700 Ä) (see

ref. [5]) and a quartz-iodine lamp with a coiled-coil tungsten

filament (2500-4400 Ä) [6]. This was fitted to an absolute

scale by normalization to the quantum yield determined by the

tungsten standard.
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The lifetimes of the excited states are obtained from the in-

tensity decay curves of the relevant emissions. The decay curves

are obtained by application of the delayed coincidence technique

which is a single photon detection method. Basically the same

apparatus is used as that for the a measurements with some

electronic modifications. For a scheme of the experimental life-

time set-up see fig. 3.

CoH.C

t
¡Jt

E.G

RA

F

hV "

D - Delay

M

StO|

TAC

i

SL Amp P.G

3

y—N.

start

Fig. 3 - Schematic representation of the life-

time set-up.

EG: electron gun, PG: pulse generator,

Coll.C: collision chamber, M: monochro-

mator, P.M.: photomultiplier, P.A.:

pre-amplifier, D: discriminator, TAC:

time to amplitude aonvertor, PHA:

pulse height analyser.

The electron beam is pulsed by modulating the potential on

the first electrode (grid) of the electron gun by pulses from

the pulse generator. The same pulses start a Time to Amplitude

Converter (TAC, Elscint, Model TAC-N-1), which is stopped by

the first (wavelength selected) photon that is detected by the

optical detection system after the TAC has been started. The

(time difference) signals from the TAC are stored in a minicom-
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puter (DDC 1Jöl which acts as a (multi-channel] pulse height

analyser. By repetition (1Q KHz - 2 MHz), of this single photon

detection procedure the intensity decay curve develops. The

pulsewidth (pw) of the exciting electron beam (50 ns - 5 us) as

well as the repetition frequency, chosen in the experiment, are

determined by the lifetime (T) of the excited state. Generally

the time between two pulses is 5-10 times x while pw « T. The

cut-off period of the exciting electron pulse is about 15 ns.

3. EVALUATION OF EMISSION AND EXCITATION CROSS SECTIONS

The emission cross section (a m ) , which has the dimension of

an area, is related to the experimental parameters according to:

4 i, S(o))P
em NL

(1)

where S(w) is the measured signal (current or number of pulses

per second) which is proportional to the intensity of the emit-

ted radiation in the solid angle w, k(x) is the quantum yield

(current or number of pulses per incoming photon per second) of

the optical detection system at wavelength x, (i/e) is the num-

ber of electrons passing the collision region per second, N is

the density of the target gas, L is the observation length of

the emission along the electron beam and P is a correction fac-

tor in the case that the emitted radiation has a degree of pola-

rization.

The sum of all a 's connected with transitions from an exci-

ted (electronic-vibrational) state to all lower lying states is

equal to the excitation cross section (e ) of that upper state

(see fig. 4 for a schematic representation). This sum can be de-

termined experimentally. If some radiation falls outside the

detectable wavelength region or cannot be detected for other

reasons, a part of the contribution has to be calculated using

the branching ratio method (see for instance Chapter IV, section

2.4). It may happen that the summed a 's contain cascade con-

tributions from "higher lying electronic states with respect to

the state considered. Then a correction must be made for this in

order to obtain the proper a
exc

The experimental a 's can be
exc
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excitation

upper state

lower state

ground state, v = 0

Fig. 4 - Schematic representation to illustrate

the excitation and de-excitation process.

compared with theoretical ones if available. It appears however,

that a_„ 's have only been theoretically calculated for a few

cases of electron impact excitations of molecules.

4. EVALUATION OF THE LIFETIMES

If the production of excited species is stopped at time t = t

by cutting off the exciting electron beam, the number of excited

particles N at time t after t is given by:

N(t) N(to)e
-t/T (2)

where T is the lifetime of the excited state, which is the in-

verse of the total transition probability for decay of that

state. If radiation is the only decay channel of the excited

species, T is equal to x ¿. In this case the intensity I(t) of

the radiation emitted in the decay process is proportional to

N(t) according to C73:

Kt)=N(t)/xrad (3)
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This means that the time development of I(t) is the same as that

of N(t], Therefore a plat of In I yersus t yields a straight

line with slope -1/T ..

If the excited state is also populated via cascade from high-

er lying levels or if the observed emissions come from several

excited states with different T ¿'s, the plot of In I versus

t will consist of a superposition of several straight lines. A

deconvolution procedure must be applied then to obtain the dif-

ferent

5. ACCURACY OF
© m

AND

The reproducibility of the experimental oe_ values is connec-

ted to random errors in the measurement of the pressure (31),

the electron beam intensity (21) 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 10% at 3000 S to 41 at 9000 Ä [4].

We estimate the probable error in the absolute quantum yield

below 3000 Ä to be 20%. Additional systematic errors occur in

the measurement of the electron beam current (2!) and in the de-

termination of the geometrical factors u> and L (21) . The neglect

of polarization effects introduces an error probably smaller

than 51. The systematic error in the pressure, determined by

Baratron, is estimated to be 2%. This capacitance manometer has

been calibrated against a McLeod manometer, described in ref. [8].

These factors together give probable errors in the emission

cross sections ranging from 22% at short wavelengths to 8% at

longer wagelengths.

Larger random errors come into the emission cross sections for

weak light signals.

The experimental accuracy of T is determined by that of the

TAC (1°/oo), the time resolution of the pulse height analyser

and by the statistical uncertainties in the obtained decay curve.
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6. SECONDARY EFFECTS OF THE TARGET GAS PRESSURE AND ELECTRON

BEAM CURRENT ON THE MEASURED EMISSION INTENSITIES AND LIFE-

TIMES

As can be seen in eq. (1) the intensity of the emitted radia-

tion is needed for the derivation of o__. If radiation is the
6 Til

only decay channel every excited particle will yield a photon

in the decay process. However, if besides radiative decay, non-

radiative decay channels are present, such as collisional quen-

ching and/or redissociation (molecules), the excited particles

cannot all be detected via photoemission. In this case the sum

of all o ' s connected with an excited state is not equal but

smaller than a_v_ for that state. The importance of non-radiative

decay channels depends on the transition probabilities for non-

radiative relative to that of radiative decay. The probability

for (monomolecular) predissociation is independent of the target

pressure and can be relatively so large that it is the domina-

ting decay channel for the upper state (see Chapter III, section

3.3.2). Another decay channel, collisional quenching, is a bimo-

lecular process and its relative importance therefore depends on

the density of the quenching (target gas) particles. It will be

clear that an apparent emission cross section (CT^P) measured

at a certain target pressure is always smaller due to quenching

than o which refers to zero target pressure. The branchingem
ratio R for radiative and total decay is given by:

R = Vad
Vtot

Vad (4)

where A_ . is the inverse of the radiative lifetime, k (cm s~
_1 raa q

mol ) the rate constant for collisional quenching by M, and [M]

is the density of the quenching particles. If A ,, k and CM]
are known the ratio a

value acco7:ding to

A

can be calculated for every i M]

rad
em S-ad + k „[M] aem "*"

em .
app
em

(5)

On the other hand, a plot of er /a* p p versus CM] with slope
em' em

k /A j will yield the value for k if the radiative lifetime
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Trad ^~ ''/^rad^ *s ^ n o w n« Under our experimental conditions the

collisional quenching is not so important as long as tra¿ < 1 vs.

Another effect of the pressure on the measured emission inten-

sity can be caused by the formation of secondary (ionization)

electrons. If these electrons have enough kinetic energy they

can produce excited particles in addition to those produced by

the primary process. Contributions due to secondary electrons

can be important if the ionization cross section is large in

comparison with the cross section for the primary process at

that energy, i.e. for electron exchange reactions at high pri-

mary electron energies (see for instance Chapter IV, sections

2.1 and 2.3). The contribution due to secondary electrons in-

creases quadratically with the target gas pressure. In our ex-

perimental set-up precautions are taken to keep the influence

of secondary electrons as low as possible (see section 2 of

this Chapter).

For the consideration of the pressure effect on the measured

lifetimes we use the formula:

(6)

So A t t increases with pressure which means that the measured

lifetime T becomes shorter for increasing [M]. A plot of

versus [M] yields the value for k (slope) ; the extrapolation

towards CM] =0 yields A r a d (= 1/T r a d).

The secondary effect of the electron beam current on the

emission intensities is only present if quenching of the obser-

ved excited particles takes place via interactions with other

secondary (quenching) particles according to:

(7)

where k' is the rate constant for quenching between the observed

product and the quenching product A. Generally this quenching

effect is negligible because the density of the quenching (secon-

dary) particles is low compared with that of M. Note that the

production of the quenching particle A is also a function of the

target pressure. An example in which the quenching between pro-

ducts is important follows below in section 7.
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7. INFLUENCE OF THE SPACE CHARGE ON AND T

In this section it is shown that quenching due to secondary

particles may become very important if the studied particle is

an excited ion with a relatively long lifetime (T J > 1 ys).

When a beam of elections is shot into a target gas,part of

the particles present will be transformed into ionized species

(see fig. 1) if the energy of the incoming electrons is suffi-

ciently large. The produced secondary electrons will gain more

kinetic energy in the ionization process than the formed posi-

tive ions, due to the big mass difference of electrons and

nuclei. Therefore the secondary electrons will move much more

rapidly out of the collision region towards the wall of the

apparatus than the positive ions. The result is that a positive

space charge is built up in the interaction region. The exis-

tence of such a positive charge has been demonstrated by Smit

[9] who has measured the shift of the appearance potentials of

some He I lines towards apparently lower incident electron ener-

gies as a function of added Hg vapour. The ionization cross sec-

tion for Hg (ionization potential 10.43 eV) at 20 eV is

3.4 x 10~ 1 6 cm2. Addition of 1 x 10~? Torr Hg at 20 eV impact

energy causes a shift in the appearance potentials of about 5 eV

towards lower energy for an electron beam current of 16 pA.

Under the influence of the positive potential built up in

the collision region, the positive ions repel each other which

results in an acceleration of the ions in the direction of the

walls of the apparatus. If the excited ions under study have a

relatively long lifetime they may fly away from the (limited)

observation region before they have radiated. So an additional

non-radiative decay channel for long living excited ions is in-

troduced leading to smaller apparent o ' s and to shorter mea-

sured lifetimes. It is clear that a higher positive space charge

potential results in larger velocities of the ions and conse-

quently to a larger fraction of non-detected photons. The value

of the potential built up is proportional to the number of ions

created and consequently proportional to the target gas pressure

and the electron beam current. By decreasing the pressure or

the current the repulsion effect can be diminished.

Calculations [10] have shown that a 100 eV, 100 nA electron

beam (radius 1.5 mm) shot into a gas with a pressure of 1 " 10"
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Torr and a releyant ionization cross section of I * lO" 'cm

results in a positive potential of about 9 eV relative to the

wall of the apparatus, neglecting the partial space charge neu-

tralization by slow secondary electrons with kinetic energies

below 9 eV. The calculated potential is only a factor two lar-

ger than the experimental one of Smit [9] and that of our own

experiments,- both investigating appearance potential shifts.

The influence of the space charge effect on emission intensities

and lifetimes is demonstrated for instance in Chapter III, sec-

tion 2.4.

8. THE RELATION OF aQm AND x r a d WITH TRANSITION PROBABILITIES

IN MOLECULES

In this section will be indicated how the experimental cr 's

and T ¿'s can be used in the evaluation of some physical quan-

tities .

As already mentioned before in section 3, if all radiations

due to transitions from a particular level can be collected,

aOY_ for that level is known.

In the case of a diatomic molecule (see fig. 4) it is some-

times possible to measure the emission intensities Iv»vt> of se-

parate electronic-vibrational transitions n'v' -»• n"v".. If we

consider a v" progression in an electronic transition n' ->n"

(v1 is constant) then the intensities Ivtvn are given by [7]:

Nv'Av'v"~ Rn'n"Rv'v"vvfv" (8)

where N , is the population of the electronic-vibrational upper

state, A , „ the transition probability for radiative decay of

the relevant transition, C an(unknown)constant, R , „ the elec-

tronic transition moment, Ryiv»» the overlap integral of the re-

levant vibrational wavefunctions (R^, „ is the Franck-Condon

factor) and v,r.„ is the frequency of the emitted radiation. If
v'v"

the measured relative I , ,,'s (or a 's) are proportional to

Rv'v"vv'v" t^len Rn'n" *s independent of v' and v". However it

is often found that R , „ varies as a function- of v' and v",
n n o

which in fact means that R , „ varies as a function of the

internuclear distance of the atoms in the molecule (see for in-



stance Chapter III, sections 3.4,1, 4,4.1 and 4.4.4). If the
2

Rn,n„ variation with y' and y" is known it can be used to calcu-

late the intensities of those electronic vibrational transitions

which are not directly measurable due to overlap by other emis-

sion or because the wanted transition lie outside the detectable

wavelength region. The knowledge of vibrational hand intensities

is important because they can be used for the determination of

the sensitivity of an optical detection system [11].

Up till now we have considered the ratios between IvIy,i (or

A , „) for a common upper level n'v', so-called branching ratios,

in the case of radiative decay for a v" progression. One can do

the same for the branching ratios in the excitation process (see

fig. 4) from the electronic-vibrational ground state to different

v' levels of n'. By applying a similar formula as eq. (8) one

can see whether the electronic transition matrix elements for

the excitation depend on the relevant internuclear distances

(see for instance Chapter III, sections 4,4.3 and 5.3.5).

The measured lifetimes can be used to bring the transition

probabilities A . „ for radiative decay on an absolute scale be-

cause the lifetime is the inverse of the total transition proba-

bility. The lifetimes of the electronic vibrational states n'v'

are given by:

= A-1 - f r, j. R2 R2 3 ,-1
tot lL

 n,,v„ V n " n'n"v'v" vn'n"v'v"1

where C' is a known constant. Generally T , , varies smoothly as

a function of v'. A sudden drop in T , therefore indicates that

an additional decay channel (i.e. predissociation) has become

available. This latter decay channel can be so important relative

to that of radiation for certain v' values, that the emission

intensity decreases sharply or is even absent (see Chapter III,

sections 1 and 3).

9. CONSIDERATION OF THE ELECTRON IMPACT ENERGY DEPENDENCE OF

aem 0 R

By observing the emission intensity of a particular transition

in an atom or molecule, one can study the production of the ex-
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cited particle as a function of the incident electron energy.

First we consider the electron impact energy region 0-100 eV.

The shape of the 0-100 eY excitation curve is dependent on

the type of excitation that leads to the production of the ob-

served emission. When an electron exchange excitation takes place

(i.e. singlet-triplet, doublet-quartet, etc.) the excitation

function rises sharply just above threshold. The maximum e x c

is reached within only a few eV, followed by a sharp decrease

(see for instance Chapter IV, fig. 3). The maxima of the excita-

tion functions corresponding to optically allowed and symmetry

forbidden excitations are much further away from the threshold,

about four and two times the threshold energy respectively. How-

ever the difference between optically allowed and symmetry for-

bidden excitation functions is not always clearly visible. If

more types of excitations contribute to the observed emission,

a superposition of the relevant excitation functions will be

measured (see Chapter II, section B1, fig. 4).

When the observed emission is due to an excited parent mole-

cule or excited parent molecular ion, the appearance potential

of the observed emission is mostly already known from emission

or photoelectron spectroscopy. However in the case of excited

fragments these data are not always available. It often happens

that the measured appearance potential for emission from frag-

ments is higher than the calculated adiabatic energies for for-

mation of these. This may be due to the fact that the excited

fragments are produced via excitation to repulsive states. In

such cases the fragments will obtain kinetic energy which in

principle can be measured by means of the Doppler broadening

of the emission lines.

The analysis of the cross sections in the energy range above

100 eV yields also information about the types of excitations

leading to the observed emissions.

For sufficiently high incident electron energies Bethe [12]

has given the relation between vovf. and the incident electron

energy E j. For an optically allowed excitation this relation is:

exc

4ira2R ?

T- 2- Mexc lnEel exc

cexcEel
R (10)

where a is the first Bohr radius, R the Rydberg energy and c
exc
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is a constant dependent on th.e states inyolyed in the transition.
$ is related to the optical oscillator strength f for excita-

tion and can be expressed in the case of a discrete state n with

excitation energy E as:

(11)

For excitation into a continuum M v„ is given by:
exc

exc •ƒ i (12)

Hhr

where E is the excitation energy, E+hr *^e threshold energy for
the relevant process, and df(E)/dE is related to the photoabsorp-

tion cross section o _
• cL

by:

C13)

-15 -1 -2in which B is a known constant equal to 9.1 x 10 eV cm

II f

by:

The relation between a-, for a particular emission 1 and
f° r excitation to the relevant discrete state n is given

;l,em ,exc
(14)

where $•, is the efficiency for the relevant emission process
(I (frj < 1).
One can now replace the indices "exc" in eq. (10) by "em".
Eq. (11) then changes into:

Mï,em (15)

Similarly for the continuum, for instance when radiation from a
fragment produced via dissociative excitation is detected, eq.
(12) changes into:

(16)

'thr

where if, (E) is the efficiency for the relevant dissociative

excitation process.
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'f

It is seen (from eq. (10}) that a plot of <Jem
Eel^7rao^ v e r s u s

In E , (thi$ is a so-called Bethe or Fano [13] plot] yields a
2

straight line with a positive slope equal to M .

In the case of symmetry forbidden and electron exchange reac-

tions similar equations is (10) have been derived [12,14]; then

the slopes in the Fano plots have zero and negative values res-

pectively.

If optically allowed excitations dominate in the formation

of an excited product, the c value in eq.(10] is of the order

of unity. Experimentally this cexcvalue can be determined from

the point of intersection between the linearly extrapolated,

straight part of the Fano plot for high incident electron ener-

gies and the In E j axis. In the case of symmetry forbidden ex-

citations (zero slope) cexcis infinite. If both types of transi-

tions contribute the Fano plot will show a positive slope and a

cexcvalue much larger than one.
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ABSTRACT

Absolute emission arose sections (a ) of Balmer-a.t $, y radi-
' • 6 tit

ation have been measured in the case of electrons (0 - 2000 eV)

incident on R^ and Dg' The H Balmer a 's are larger than the

corresponding D Balmer a ''s for every electron impact energy.

It has been found that this isotope effect varies strongly as a

function of the incident electron energy below 100 eV. The iso-

tope effect will be interpreted using the H^ and D^ potential

energy curves.

"Department of Theoretical Organic Chemistry, Leyden University,

The Netherlands.
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TABLE 1

Summary of previous investigations concerning Balmer radiation produced by

electrons incident on H_, D».

Group

Vroom and de Heer [1]

Williams et al. [3]

Burrows and Dunn [4]

Weaver and Hughes [5]

Walker and St.John [6]

Khayrallah [7]

Freund et al. [8]

Karolis and Harting [9]

Present work

Eel(eV)

50 - 6000

0 - 400

20 - 400

200

0 - 540

0 - 400

0 - 500

0 - 2000

Gem

abs.

H2

X

X

X

X

X

X

D2

X
X

 
X

 
X

rel.

H2

X

X

D2

X

Balmer

a

X 
X

 
X

 
X

 
X

 
X

 
X

 
X
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ß

X 
X

 
X

 
X

 
X

 
X

 
X

 1

Y

X

X

X

X

X

X
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X

X

X

e

X
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1. INTRODUCTION

The production of excited H and D atoms by dissociative exci-

tation of H2 and D2 with electrons has been studied by several

groups. Vroom and de Heer Cl 3 have measured absolute emission

cross sections (ff ] for Lyman-a, ß and Balmer-a, ß, y, 6 radi-

ations in the case of 50 - 6000 eV electrons incident

on H2 and D2< They reported an isotope effect and observed that

the o.-CH^'s were systematically larger than the corresponding

a (D*)'s. The cross section ratio R, which is defined as
a
Om(

H*J/ffOrnC
D*2» is about 1.2 for Balmer-a, ß, y radiation at6 in 6m

100 eV impact energy. This feature has been explained by the

fact that in the excitation process so-called super-excited

states [2] are formed for which the preionization is larger in

the case of D2 than for H,. This difference in preionization is

due to the smaller separation velocity of the atoms in D2 than

in H2 according to Vroom and de Heer [1].

It is the purpose of the present paper to study the isotope

effect in more detail, in particular at low impact energies,

starting at the threshold for H* and D* formation. At the same

time a comparison is made between the measured 0 's for 0 - 2000

eV electrons and previous data of other groups.

In table 1 we have summarized the work on Balmer radiation

for electrons on H2(D23, which has been carried out before (refs.

[1,3-9]. We do not discuss the investigations with respect to

the evaluation of the oem's for the n, i, substates separately.

The literature about this subject can be found in the articles

listed as refs. [10-16],

Further information about the dissociative excitation processes

in the case of H2 has been obtained by Freund et al. [8] and Ito

et al. [17], who measured the Doppler broadened Balmer emission

line shapes and consequently the velocity of the produced exci-

ted H atoms.

2. EXPERIMENTAL

2.1. Apparatus

The apparatus used in this experiment has been described by

Beenakker and de Heer [18]. Basically it consists of a vacuum
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chamber in which an electron gun has heen mounted. The vacuum

chamber is connected with the collision chamber via a differen-

tial pumping hole. The electron beam is directed through this

pumping hole into the interaction region. The electron current

is measured with a Faraday cage in the collision chamber. The

emitted radiation in the interaction region is detected perpen-

dicular to the electron beam axis by means of a monochromator-

photomultiplier system. The quantum yield of the entire optical

detection system has been carefully determined (see ref. [18]

and the relevant references therein]. The same electrode system

is used as before [13] in the interaction region and the volta-

ges are chosen in such a way to suppress the effect of secondary

electrons and to keep the observation region at ground potential.

For the measurements below 100 eV incident electron energy a

coaxial magnetic field of 30 Gauss has been used to confine the

electron beam; above 100 eV no magnetic field has been used.

The U.2 and D2 target gases (Air Liquide) with the purities

0.9999951 and 0.9941 respectively, were introduced via a varia-

ble leak into the collision chamber. The target gas density is

measured by a capacitance manometer (MKS Baratron, Head 77-H).

2.2. Experimental procedure

The accuracy of our a ' s is determined by the uncertainties
Gill

in the quantum yield determination, the gas pressure and beam

current measurements, and by systematic errors for instance in

the geometry of the system. Similar considerations as given in

ref. [18] lead to an uncertainty of about 10% in the Balmer
aem's'

The measurements, to see whether the light signals were pro-

portional to the target pressure, showed that in the case of H

radiation the measured intensity increased less than linear

with the target density. This effect has also been reported by

Khayrallah [7]. Möhlmann et al. [10] and Tsurubuchi et al. [11]

also mentioned pressure effects in the relative contributions

of the 3s, 3p, 3d sublevéis to the H radiation. Therefore the
s have been derived from pressure dependent measurements

which were extrapolated linearly to zero pressure both for H 2
em

and D2'
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Emission cross sections of H„ and D,

TABLE 3

radiations (10~18 cm2) and H„/D„ cross section ratios RD for 0 - 2000 eV electrons

(Ho)em g

a) b) c) d) e) f)

0
20
22
24
26
28
30
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40
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70
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100
150
200
300
400
500
600
700
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1000
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1700
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0.0184
0.0165
0.0142

—
-
-
-
-
-
-
_
_
-

0. 176
0.186
-
0.186
-
0.168
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1.23
1.23
1.24
1.23
1.24
1.25
1.25
1.24
1.25
1.26
1.26
1.25
1.24
1.26
1.27
1.27

—
-
_
-
1.25
1.23
-
1.22
-
1.16
1.21
1.14
1.18
1.17
1.18
1.25
-
1.24
-
1.21
-
1.23
-
1.38

1.18
.18
.16
.14
.12
.10
. 11
. 11
.11
.1 I
.11
.11
.11

1.22

1.21

1.12

1.12

I. II
1.14

a) this work.
b) Vroom and de Heer [I].
c) Khayrallah [7, fig.6].
d) Weaver and Hughes [5, fig.11.

e) Williams et al. F3L
f) Burrows and Dunn [4].
g) Freund et al. [8, fig.11 normalized to our

data at 80 eV.

h) Khayrallah [7], calculated from fig.
Rg values of fig. 9.

i) Khayrallah T7, fig.91.
j) Less accurate value.

6, using his
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The light signals were proportional to the electron beam

current within the statistical uncertainty of the measurements.

In the incident electron energy (Eei] range 0-100 eY beam cur-

rents of less than 10 pA have been used; in the range 100 - 2000

eV the current never exceeded 100 uA.

The presence of electric and magnetic fields can influence

the intensity of the Balmer radiation. An electric field causes

Stark mixing of the atomic sublevéis which leads to changes in

the branching ratios for radiative decay (see Bethe and Salpeter

[19]). In previous work of our group [10] it has been shown that

an electric field of 100 V cm" causes a decrease of about 40%

in the H intensity. In the case of Hß radiation a decrease of

about 10% has been observed by us. In the present experiment we

have avoided the presence of electric fields as well as possible.

Magnetic fields may also cause perturbations. An H atom, moving

with a velocity v in a magnetic field B_, experiences a motion-

al electric (Lorentz) field E "vxBz Freund et al. [8] and

Ito et al. [17] have determined, by measuring Doppler broadened

Balmer emission line shapes, that a part of the excited H atoms,

split from H7 by dissociative excitation with electrons (EQ1 >
4 - 1

27 eV) , can have velocities up to about 3.6 x 10 ms . The cor-

responding Lorentz field for such atoms, moving into a direction

perpendicular to the magnetic field lines (B = 30 Gauss), is
-1about 1 V cm . We have shown before (see fig. 3a of ref. [10]

that a homogeneous electric field of 1 V cm" causes a decrease

in the H intensity of about 2 I. In the present experiment only

a part of the H atoms feels the Lorentz field strength of 1 V

cm" . On the average, the excited H atoms have a smaller veloci-

ty than 3.6 x 10 ms" and move into various directions which

implies that the average Lorentz field strength is much smaller

than 1 V c m . At 100 eV incident electron energy we have inves-

tigated the influence of the magnetic field on the H , Hß and

H intensities. We have varied the field strength between 0 and

30 Gauss and did not find a significant difference in the rele-

vant intensities. Therefore we concluded that the presence of a

magnetic field of 30 Gauss did not perturb our Balmer intensity

measurements in the electron energy range 0-100 eV.

It is known that the excitation of molecular hydrogen in a

discharge gives rise to many molecular lines and continuum spec-



TABLE 4

f V

0
20
22
24
26
28
30
35
40
45
50
60
70
80
90

100
150
200
300
400
500
600
700
800
900

1000
1200
1500
1700
2000

Emission

a)

0
0.0145
0.0154
0.0155
0.0155
0.0174
0.0207
0.0303
0.0376
0.0437
0.0488
0.0559
0.0585
0.0582
0.0568
0.0538
0.0435
0.0352
0.0250
0.0188
0.0150
0.0128
0.0110
0.00951
0.00849
0.00768
0.00651
0.00520
0.00460
0.00390

cross sections of

-

-
-
-
-
-
-
-
-
0
0
-
0
-
0
0
0
0
0
0
0
-
0
_
0
-
0
-
0

b)

.0530

.0555

.0545

.0530

.0405

.0347

.0254

.0183

.0152

.0124

.00936

.00736

.00498

.00382

a (H
em y

c)

0.0100
0.0101
0.0106
0.0117
0.0127
0.0155
0.0197
0.0281
0.0324
0.0366
0.0413
0.0469
_
-
0.0427
0.0353
0.0346
0.0223
-
0.0138
-
-
_
_
-
_
-
_
-

H and
Y

)

d) e)

0.0 1 36
-
0.0136
-
-
0.0197
-
0.0315
-
0.0441
0.0483
0.0500
0.0523
0.0518
0.0509
0.0407
0.0333
0.0251
0.0205
0.0173
-
-
_
_
_
_
-
_
-

D
Y

-

-
0
-
-
-
_
-
-
-
-
_
0
-
0
0
0
0
0
-
-

_
_
-
_
-

radiations

f) :

.0140

.0582

.0538

.0437

.0343

.0230

.0175

OO"18 cm2)

;|

a)

0.00340
0.00364
0.00365
0.00369
0.0047
0.0077
0.0171
0.0258
0.0326
0.0376
0.0437
0.0465
0.0474
0.0460
0.0434
0.0349
0.0286
0.0198
0.0153
0.0120
0.0102
0.00887
0.00755
0.00669
0.00610
0.00525
0.00413
0.00362
0.00317

and H /D

-

-
-
-
-
-
-
-
-
0
0
-
0
-
0
0
0
0
0
0
0
-
0
_
0
-
0
-
0

a

cross section ratios R

(D
em

b)

.0450

.0485

.0489

.0448

.0366

.0290

.0196

.0145

.0115

.00946

.00676

.00557

.00370

.00273

0 .
0 .
0 .
0 .
0 .
0 .
0 .
0 .
0 .
0 .
0 .
0 .
-
-
-
-
-
-
-
-
-
-
-
_
-
-
-
-
-

)
Y

s> ,

00535
00505
00573
00709
00847
0110
0151
0228
0266
0300
0341
0388

d)

0 .
-
0 .
-
-
0 .
-
0 .
-
0 .
0
-
-
-
-
-
-
-
-
-
-
-
-
_
-
-
-
-
-

e )

00723

00720

0136

0254

0364
0399

Y
for 0

a)

4.26
4.23
4.26
4.20
3.71
2.67

. 77

.46

.34

.30

. 2 8

.26

. 2 3

. 2 3

.24

.25

. 2 3

.26
. 2 3
.25
.25
.24
.26

1.27
1.26

.24
1.26
1.27
1.23

b

-

-
-
-
-
-
-
-
-
1.
1.
-
1.
-
1.
1.
1.
I .
1.
1.
1.
-
1.
-
1.
-
1.
-

>000

18
14

13

18
11
20
30
26
32
31

38

32

35

40

eV e lec t rons

R
Y

h> ;

1.
2.
1.
1.
I .
1.
1.
1.
1.
1.
1.
1.
1
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

87
00
85
65
50
40
30
23
22
22
21
21
20

d)

1.
2 .
1.
-
-
1 .
-
1.
-
1.
1
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

e)

88
00
89

45

24

21
21

a) this work.
b) Vroom and de Heer il].
c) Khayrallah T7, fig.7].
d) Williams et a l . f3].

e) Burrows and Dunn f 4 I.
f) Freund et a l . T8, fig.1 I normalized to our

data at 80 eV.

g) Khayrallah T7], calculated from fig.7 using his
Ry values of fig.9

h) Khayrallah [7, f ig .9] .

"•V . ••'
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tra (see for instance refs, [20J anu[2J]l. Some of these emis-

sion systems have appreciable intensity (see for instance ref.

[2231 and may cause background radiation at the positions of the

Balmer-a, (3, y emission lines. Therefore all the cr 's in the
cTil

present work have been carefully corrected for these background

contributions. This has been done by measuring the excitation

functions of the relevant background emissions at spectral posi-

tions close to and on both sides of the Balmer emission lines.

Several slitwidths of the monochromator were applied correspon-

ding with optical resolutions in the range 1.5-37.5 Ä fwhm,

for each Balmer line. The background contribution at the Balmer

line position was then evaluated by interpolation and was sub-

tracted from the total signal at the Balmer line wavelength.

For example, using 25 eV incident electrons on D2
 an^ measuring

the signal at the D wavelength with a spectral resolution of

37.5 Ä fwhm it was found that more than 901 of the radiation is

due to molecular D2 emissions.

The electron energy scale has been calibrated by making use

of the appearance of H2 (3p II ,v'=0 •> 2s Z
+ ,v"=0) emission [22]

at 13.97 eV [21] and that of the He (43S-*• 23P) emission (4713.2

Ä) at 23.59 eV [23].

3. EXPERIMENTAL RESULTS AND COMPARISON WITH OTHER GROUPS

Our a's of H, D radiations produced by 0 -2000 eV elec-e m ct,p ,Y
trons on H

Y
a r e presented in tables 2, 3 and 4 together with

the available data of some other groups. Our Balmer o 's are

also depicted in figs. 1-4; in figs. 1-3 the cross section

behaviour from threshold up to 100 eV is shown, while in fig. 4

the cross section data have been given in the form of Fano plots,

for the energy range 100 - 2000 eV. In the sections 4 - 6 we come

back to the meaning and interpretation of these Fano plots.

Now we want to consider the agreement between the data of the

different groups (see tables 2 - 4) .

Generally, there is fairly good agreement between our data

and those of Vroom an de Heer [1], Khayrallah [7], Williams et

al. [3] and Burrows and Dunn [4], However, the o 's in the case

of T>2 given by the latter three groups [3,4,7] are increasingly

larger than our corresponding u 's for decreasing incident elec-
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ID-
r25

05-

Fig. 1 - Balmer-a excitation funations and cross section ratios

for 0 - 100 eV electrons on H2 and D2.

r25
02-

I • I 1 1 1 1 1 1 1

0.1-

XX)
E.,.(*V)

Fig. 2 - Balmer-?> exaltation functions and cross section ratios

for 0 - 100 eV electrons on H2 and V%.
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h'.

tron energies, up to a factor of about ],5 at 20 ey. Consequent-

ly the differences between their [3,4,7] R values (a(H*l/CT(D*l)

and ours increase for lower incident energies. The discrepancies

between our low energy deuterium cross section data and R values,

and those reported in refs. [3,4,7] are not well understood.

Weaver and Hughes [5] have measured Ha and H„ o 's only,

and their cross section values are generally 1.5 times lower

than ours over their investigated energy range. Freund et al.

[8] have presented only relative ti 's in the case of electrons

on H2; the shapes of their Ha g excitation curves agree well

with ours. Very good agreement exists between the relative <Jem's

presented by Karolis and Harting [9] in the case of H and D

radiation for 0 - 500 eV and 0 - 100 eV electron impact energy

respectively. Also their experimental R values (0-100 eV)

agree very well with ours.

The onsets in our excitation functions for Balmer radiation

appear at about 17 and 27 eV, similar as in the experiments of

Khayrallah [7], Williams et al. [3], Burrows and Dunn [5],

Freund et al. [8] and of Karolis and Harting [9]. Weaver and

Hughes [5] have not reported any structure in the excitation

curves. The onsets found by Vroom and de Heer [1] in the case

of H radiation seem to be shifted systematically towards lower

energies by about 7 eV. However, their [1] apparatus was not

specially designed or calibrated for low electron energy experi-

ments. In the case of H , the experimental results shown in

refs. [1,3,4,7,9] indicate the existence of a third onset around

35 eV, which was not observable in our H^ excitation function.

Refs. [7,9] show even evidence for a fourth onset around 45 eV

for the H emission.

4. ANALYSIS OF THE HIGH ENERGY (100 -2000 eV) o 's

4.1. Introduction

For sufficiently high incident electron energies Bethe [24]

has given the relation between the excitation cross section

(° /-) for the transition to an excited state and the impact

energy E ,. For an introduction and application of the relevant

formulae see ref. [25]. The relation between o .̂_ and E , , for
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004-
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002-

Fig. 3 - Balmer—f excitation functions and cross section ratios

for 0 - 100 eV electrons on H2 and D¿.

0.04-1

003-

002-

001-

100 500 WOO 2000

Fig. 4 - Fano plots of Balmer-at&ty emission cross sections

for 100-2000 eV electrons on H2 and D¿.

J
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an optically allowed excitation, is given by:

exc

Ry _
1 Mexc (11

where a is the first Bohr radius, Ry is the Rydberg energy,
c i: a constant dependent on the properties of the states in-exc *y
volved in the transition and M~„_ is related to the optical
oscillator strength for the transition. It is derived from eq.

2
(1) that a plot of <^eyC

E
ex/'*'

irao^ v e r s u s ln E i yields a straight
line with a slope equal to M ; this is a so-called Fano plot.

In the case of excited H,D atoms, we are dealing with parti-
cles which originate from repulsive or predissociated superexci-
ted molecular states. Superexcited states are neutral excited
states lying above the first ionization potential of the molecule,
Such states can decay via radiation, autoionization or (pre-)
dissociation. Generally this means that the total a , correspon-
ding with transitions from an excited state in H,D fragments, is
smaller than a for the relevant molecular states which can
yield these H,D fragments. Therefore we write:

(2a)

and consequently:

« M (2b)

where n , is the fraction of the total excitation leading to ex-
cited H,D. The quantity c is only dependent on the relative
excitation cross sections and thus remains the same whether

(H,D) is used in the Fano plot. If in eq. (1) the°exc or aem
Jem s for the different Balmer radiations are introduced the
M|m's for the relevant H,D fragments can be obtained.

4.2. Discussion of the high energy (100-2000 eV)
-em—-

We have analysed our Balmer a data for high energy incident
em

electrons with the aid of eq. (1). The thus obtained M2 and
em

c values have been collected in table 5, together with the
CAW

experimentally obtained results of Vroom and de Heer [1Ü.
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TABLE 5

Mfi and c e x c v a l u e s for H,D { e m i s s i o n s

H
a

D c

D 6

HY

DY

M2 '
em

a)

4.07(^0.61) x io"3

2.84C + 0.43) x io"3

3.09( + 0.46) x |o"4

1.51 (¿0.23) xio"4

4.67( + 0.75) xio"5

3.69(+_0.55) x io"5

b)

3.44xio"3

2.22x io"3

1.84x IO"4

2.67x IO"5

4.32x 1O"5

2.23 xio"5

cexc
a)

117+36
"'-27

••<:62xi°6

'•"iMo*10"

7.89+20:ixI012

~jiDO

, .,+5.82 .„13
2 . 1 " . CE * IV

c)

+21
-16

'•<:S«wl°

'•'«"o7

a) this work.

b) Vroom and de Heer [1],

c) Vroom and de Heer [I], calculated from their data.

The positive slopes of the linear parts in the Fano plots

indicate that optically allowed excitations in the parent mole-

cules contribute to the production of H,D Balmer emissions.

This is consistent with the fact that Balmer radiation can also

be produced via photodissociation of H2 as reported by Glass-

Maujean [14] in the case of H . However, the large c values

(>> 1) found in the electron impact energies show that symme-

try forbidden excitations in H2 and D2 are very important in

the formation of H (n > 3) atoms. The cavr. values increase both

in the case of H2 and D2, when going from a •*• 8 •*• y. This indi-

cates that in the production of H atoms with increasing n value,

the symmetry forbidden excitations become relatively more im-

portant. Further it is seen that the cexc values for Balmer D

radiations are always larger than those of the corresponding

Balmer H emissions. Since the M (D,n)'s are also always smal-

ler than the corresponding M* (H,n) s, we may conclude that
the Balmer photofluorescence cross sections in the case of D-

will be smaller than the corresponding ones when H2 is the tar-

get. The same features, as discussed here for H,D (n >̂  3) , have

been found in the case of Ly-a (H,D; 2s,2p->-1s) radiation by

Vroom and de Heer [13 and by Möhlmann et al. [26].
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TABLE 6

25
Ratios. R , of 0 at 25 eV and the maximum a for H,D . radiations

max em em a - o

H
(X

D
a

Dß

H
Y

D
Y

H.

HRh>

a)

0.58

0.46

0.33

0.20

0.26
0.074

-

b)

0.75
0.55

-

-

-

-

-

c)

0.64
0.66

0.31
0.30

0.23
0.15

-

Rraax

d)

0.58
-

0.33
-

0.25
-

-

e) f)

0.61
-

-

-

-

-

-

g)

0.49
-

0.30
-

0.24
-

0.24
0.14

i )

0.54
0.44

-

-

-

-

-

a) this work.

b) Vroom and de Heer [1, fig.6].

c) Khayrallah [7, figs.5,6,7,9].

d) Weaver and Hughes [5, fig.I],

e) Williams et al. C3].

f) Burrows and Dunn [A].

g) Freund et al . [ 8 ] .

h) High Rydberg states.

i ) Karolis and Harting [9] .

5. SUMMARY OF SOME EXPERIMENTAL FEATURES

In t h i s sec t ion we summarize the fea tures which can be ab-

s t r a c t e d from our experimental r e s u l t s .

a) Onset energies.

There are two clearly observable onsets in the excitation
curves of the Balmer-a,e,Y emissions both in the case of H2

and D2, namely one at about 17 eV and another at about 27 eV
incident electron energy.

b) Maximum o 's.
em

The maxima in the Balmer aoni's are obtained between 75 and
85 eV impact energy.

em
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a) Ratio of a at about 25 eV and the maximum a .

We have considered the ratios of the Balmer a 's near 25 eV

(the first plateau in the excitation curve) and the maximum
25

at about 80 eV. This ratio, indicated by Rmax> decrea-
25

~ m 25y (see table 6 ) . R decreases
lUclX

ses in the direction a •*• 6

much faster in the case of D2 than for H 2 when going from

a •*• 3 -*• y.

d) Isotope effect in a

The o (H*)'s are systematically larger than the correspon-

ding a m( D * ) '
s at every electron impact energy. However,

their ratios R o (= aDTn(H*)/cr (D*)) are not constant over
ex, p , Y Gin e m

the entire energy region of the incident electrons. Further

for Balmer-a,B,Y radiations the variation in R with the ener-

gy becomes larger for a •+•&•*• y. Going from 100 eV to 25 eV",

Ra changes from 1.20 to 1.50, R from 1.23 to 2.12 and R

from 1.24 to 4.25; above 100 eV the R . values remain al-
ot,ß,Y

most constant at about 1.24 (see figs. 1 -3 and tables 2 - 4 ) .

e) High impact energy results.

From the Fano plots we see that both optically allowed and

symmetry forbidden excitations lead to the formation of exci-

ted H,D atoms. The M^ and c values indicate that for the
c TIL " A L

higher quantum numbers n, and for the corresponding Balmer D

emissions, the symmetry forbidden excitations become relati-

vely more important (see section 4.2).

6. DISCUSSION

The mechanism for the production of excited hydrogen atoms

from molecular hydrogen has been discussed by several authors.

For an introduction into this matter see for instance refs.

[7,8,27,28]. The interpretation of our experimental data is

partly based on the mechanisms described there.

All excited molecular levels, which lead to dissociation in-

to H(1s) and H(n:>3), lie energetically above the ionization

potential of the molecule and are therefore superexcited states.

This means that the relevant molecular states have competing

decay channels, namely preionization, (pre-)dissociation and
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radiation, the latter having a relatively very small rate con-
stant. This competition, as we shall see further on, will play
an important role in the phenomena "c" and "d" mentioned in
section 5. Because the radiation rate constant is generally
much smaller than those of the other two decay possibilities,
we neglect this decay channel in our further considerations, al-
though such radiation has been observed in some cases [29].

The following discussion has been divided into four main
parts, namely, the onset energies (section 6.1), the ratio of
o at about 25 eV and the maximum a (section 6.2), the iso-
tope effect in a (section 6.3) and the high impact energy

6 in

results (section 6.4).

6.1. The onset energies

All our Balmer excitation functions show two onsets. The
first onset at 17 eV can be explained as follows (see also fig.
5):

Firstly excitation can take place in the Franck-Condon re-
gion to the repulsive part of the bound molecular (1so )(nfcX)
Rydberg states, above their limits for dissociation into the

electronically adiabatically correlated fragments H(1s) and H*.
2 +These Rydberg states, converging to the s (Isa) ground state

of H?» may either dissociate directly into H(1s) +H or pre-
dissociate via the repulsive doubly excited states, respresented
by (2pou)(n'£X), with n' <n (see fig. 5). These (2pau)(n'ax)
states converge to the first excited repulsive (2pau) state of
H~.

Secondly we can have excitation to the bound part of the
(1scr ) (nJlX) states followed by predissociation via the doubly
excited (2po )(n'£X) states with n' < n, if the energy in the
(1so_)(iUA) state is sufficiently high with respect to the re-
levant dissociation products and with respect to the energy of
the relevant crossing point.

A third possibility is the excitation to and the transition
from bound (1so )(n)ix) Rydberg states into the dissociation con-
tinuum of lower lying bound Rydberg states. However, the proba-
bility for such transitions is expected to be small because the
Franck-Condon principle is violated.
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35

30H

25H

20H

15H

eV

I f
. F Q -
region

'(1sOg)(nlX)H2

r (A)
T

Fig. 5 - Some energy lévela of molecular hydrogen as a function

of the internuclear separation, relevant for the dis-

cussion in section 6 of the text.
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The second onset at about 27 eV may correspond to direct ex-

citation to the (2pa )(n'£A) doubly excited repulsive states in

the Franck-Condon region. These doubly excited states may either

dissociate directly into H(1s) +H or make a transition to the

(1sa )(n£A) states with n' >n at the crossing points of the re-

levant singly and doubly excited states (see fig. 5).

Calculations on the potential energy curves of some doubly

excited molecular states have been performed by Böttcher and

Docken [30] and by Hazi [31]. The crossing points between the

(1sa ) (ni,X) and (2po )(n's,X) states lie outside the Franck-

Condon region for excitation from the ^ ( X S ) state, at larger

internuclear distances.

The fragments H(1s) and H* formed via the doubly excited re-

pulsive states will have a large kinetic energy because of the

large excess energy (ca 10 eV) present in the reaction. On the

other hand if the same particles are formed via (pre-)dissocia-

tion of the (1so XnJU) states,corresponding with a small excess

energy, the fragments get little kinetic energy. Kinetic energy

studies of H atoms have been carried out by Freund et al. [8]

and by Ito et al. [17] in the case of H(n^3) produced by elec-

tron impact on f^. For H(n = 2) formation, kinetic energy studies

have been performed by Misakian and Zorn [32] and by Leventhal

et al. [33]. All these groups [8,17,32,33] have found that H

(n^2) atoms are formed with two distinct kinetic energy distri-

butions, namely peaked around about 0 and 5 eV respectively.

This is consistent with the view that the production of excited

H atoms proceeds via excitation of (1so )(ni,X) and (2pa )(n'ax)

states.

6.2. Ratio of a c m at about 25 eV and the maximum
 g

c m (
= R

m a x ) '

2 5
The decrease of R , for increasing principal quantum num-

ber n of the produced atomic fragment, may be explained as

follows. As has been pointed out in section 6.1, below 27 eV im-

pact energy only excitations to the (1so )(n£A) Rydberg states

contribute to the H,D(n) production whereas at about 80 eV,

the (1sa_)(niX) as well as the (2pa,,) (n1 Í.X) states play a role.
° 25

Therefore our experimentally obtained n dependence of R_QV. must
be due to a difference in the n dependence of the excitation
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cross sections for H,D(n) via the (Isa )(iUA) and (2po )(n
states respectively. We shall consider this in more detail. The
decay channels for the relevant singly and doubly excited states
are preionization and (pre-)dissociation, if we neglect radia-
tion. How does the relative importance of these two decay possi-
bilities change for the relevant (1so )(nJU) and (2pau)(n'ax)
states with respect to the formation of the end products H,D(n)?
We shall discuss the two decay possibilities separately.

6.2.1. Preionization

For the formation of H,D(n) fragments with higher n values,
more energy must be transferred to the parent molecule. This
can be done by excitation of molecular Rydberg states with high-
er n values, or by excitation of vibrational levels with large
quantum numbers v' belonging to Rydberg states with smaller n
values. Berry and Nielsen [28] have shown for some types
of (1sa )(ni.A) Rydberg states that, taking into account the
coupling of electronic states by the nuclear kinetic energy
operator, the preionization rate increases with increasing
total energy of the electronic-vibrational Rydberg state. So we
may say that the higher lying electronic-vibrational Rydberg
states, which can yield in principle excited H atoms with higher
n values, are subjected to a larger probability for preioniza-
tion.

For the (2pau)(n
1l\) states no such theoretical calculations

are available. However, probably similar arguments as for the
Osog)(nJU) states can be applied here. Generally, the (2pa )

states with the higher n' values can yield the higher
excited H atoms. The matrix elements for coupling of the doubly
excited states and the ionization continuum, due to the inter-
action of the electronic and nuclear motion, will probably in-
crease with decreasing distance between the two relevant states.
This results in a larger preionization rate for (2pau)(n'¿x)
states with larger n' values.

So the preionization rate has a similar trend both for the
(Isa ) (ní,X) and (2pou)(n

1ÄX) states, meaning that the n depen-
dence of Rmav cannot be explained by this.
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6.2.2. Pr'edissociation

It is seen in fig. 5 that the excited (IsoJ (nU) Rydberg

states cross the (2pa )(n'HX) states. If both states have the

proper symmetries, a transition from one to the other, due to

an avoided crossing, will occur. The Landau-Zener splitting for
-ARC

such an avoided crossing will be proportional to R e [34]

where R is related to the internuclear distance where the cros-

sing occurs and A is a known constant. As is apparent from fig.

5, in general the pseudo crossings at small internuclear distan-

ces are those between high (1sc )(n)U) states and low (2pou)

(n'JU) states. The consequence of this is that from the excita-

tions to high (1sa ) (nJlX) states a fleeding off to lower H(n)

atomic states will take place. On the other hand there is a

trend that excitation to low (2pau)(n
1 JU) states will result

into higher H(n) states. These effects may contribute to the

observed change in R_„,, as a function of n, namely an increase

in the direction u + i+y.

6.3. Isotope effect in a

Two main features in the isotope effect R

(D )) are present, namely the variation of R
o

(= oorn(H*)/

i (D )) are present, namely the variation of R as a func-
e m ot, p , y

tion of the incident electron energy, and the different values

of R , R and R at about 25 eV impact energy (see figs. 1 - 3

and tables 2 - 4).

We first consider the variation of R „
a,6,Y

with the electron

impact energy. Below 27 eV, only (1so )(ni.X) states can contri-

bute to the formation of excited H and D atoms while at energies

> 27 eV both (1sa )(nJU) and (2pau)(n
1ax) states play a role.

This means that the isotope effect for the group of (1sa„) (njiA)

Rydberg states is represented by R below 27 eV. Above 27 eV

the isotope effect is a combination of that caused by both the

singly and doubly excited Rydberg states. We can calculate the

isotope effect for the group of (2pc )(n'AX) states separately

by making use of the results of Freund [8] and Ito et al. [17]

concerning the Doppler broadening of the Balmer emission lines.

From the measured emission line shapes for H , H„ and H radia-

tion [8,17] one can estimate the relative contributions of the
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(1sa )(n£A) and (2pa )(n'JU) states to the production of H(n =

3,4,5) at 80 eV impact energy. If we represent the singly and

doubly excited states by I and II respectively it appears that,
25

taking into account the line shape results [8,17] and our R
lud A

results, we can write:

oem(I,80eV) +aem(II,80eV)
25
max

for H , H as well as H radiations, where aem( I ,80eV) means the

Balmer emission cross section at 80 eV due to the singly excited

states only and a (II, 80 eV) that due to doubly excited states.

If we assume the same proportionality factor («0.69) in the

case of D emissions then we can calculate the cr 's for H,D Q

em ' a,ß,v

radiations at 100 eV due to (2pa )(n'i.A) states. It then appears

that there is almost no isotope effect for this group of Rydberg

states. The R o values measured at 100 eV are thus due to the

contributions of the singly excited states at this energy.

The fact that there is almost no isotope effect for the (2pau)

(n'JU) states with respect to Balmer emission means that either

both for H2 and D2 the ratios of dissociation into H +H(1s) and

D*+D(1s) respectively and preionization are almost equal or

that there is no preionization of the relevant doubly excited

states.

The occurrence of the isotope effect for (1so )(nax) states

may be explained as follows.

Due to the larger reduced mass of D2 the zero point vibratio-

nal energy of D9 is smaller than for H~. Consequently the Franck-
1 +

Condon region for transitions from the X( s , v=0) state is nar-

rower for D2- This means that in the case of D2 less excitations

take place to the repulsive part of the (1sa )(nju) states

above their dissociation limit. Consequently less excited D

atoms are produced via direct dissociation of the singly excited

states than in the corresponding case for H atoms. Due to the

properties of the Franck-Condon regions for excitation in H2

and D2, excitations to the bound parts of (1sa )(nJU) states are

relatively more important in D2. These bound regions can yield

however only excited H and D atoms if predissociation takes place.



If we assume that the relevant (1s<j ) (n£A) states have similar
ë + +

potential energy curve shapes as those of the H 2 and D- ground

states (for which the Franck-Condon factors are known [35]) it

appears that the Franck-Condon factors for the higher vibratio-

nal states, which have sufficient energy to predissociate into

H*+H(1s) or D* + D(1s), are smaller for D2 than for H2< So a

relative larger fraction of the excited D2 molecules cannot pre-

dissociate. This effect contributes to the observed isotope

effect.

Also theoretical considerations with respect to the isotope

effect are available. Berry and Nielsen [28] have shown for

some (1so )(nax) states that the rates for preionization and

predissociation depend strongly on the initially excited elec-

tronic-vibrational (1soCT)(nju) states, the final vibrational
+ g

H2(1sa ) states in the case of preionization, and the final H 2

states in the case of predissociation. If H 2 is replaced by

D2 they [28] showed that the predissociation rate decreases

more than the preionization rate, which means that in D2 pre-

ionization becomes relatively more important for the (1so ) (no)

states.
We now consider the variation of R o at 25 eV as a fúñe-

os ß?y
tion of the n value of the produced atomic fragment. We have

seen before that predissociation is important in formation of

excited H and D atoms below 27 eV, specially in the case of D2.

To produce H,D(n) atoms with higher n values via predissocia-

tion, firstly more dissociation energy is required and second-

ly the energies of the points where the predissociation takes

place increase with higher n values. We know already that in D2

less excess energy with respect to (pre-)dissociation is avai-

lable than in H2. Therefore in D2 the predissociations are more

restricted to the energetically lower lying crossing points

than in H2, resulting in an increase of the isotopic effect for

higher n values.

Another effect may enhance this. In the predissociation pro-

cess, the separation velocity of the atoms at the crossing

point of a (1scr ) (nAX) and the predissociating (2poy) (n
1 JU)

state is smaller in the case of Dp (due to the larger reduced

mass) than for H^- Therefore D2 dissociates relatively more
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adiabatically and thus produces relatively more D atoms with

low n value than in the corresponding case of fr^. In other words,

the leak in the production of higher excited atoms from the

(1sa ) (ni.X) states may be larger for D2 than for I^. This ef-

fect, together with the more unfavourable Franck-Condon factors

for excitation of the higher vibrational states in D,, may con-

tribute to the n dependence of R . at 25 eV, that is larger

isotope effect in the direction at->•&-*• y.

6.4. High impact energy results
2

In table 6 is shown that the combination of M* and c

values indicate that in the production of excited H atoms the

higher states have relatively more contributions from symmetry

forbidden states. It is rather probable that the excitation of

doubly excited states (2pa )(n'AX) has a dominant optical for-

bidden character, while optically allowed contributions are

mainly due to the relevant excitation to the singlet excited
25(1sa_)(ni,X) states. Our finding of decreasing R_„„ value withg max

increasing n (a->• ß-+y) > due to relatively less contribution of

(1so ) (ni,X) states, is consistent with the relatively smaller
©

contribution of optically allowed transitions (from the singly
2

excited states) with increasing n. The smaller M and the lar-
6 III

ger c_„_ values found in the deuterium case agree well with the
25smaller Rmax values in deuterium, where there is relatively

smaller contribution of singly excited states.
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ABSTRACT

Absolute emission cross sections of Ly-a (HtD(2p •*• Is)) ra-
diation have been determined for 0-2000 eV electrons incident

on Jig, HDt HCl, NB3 and CH4. By mean of the applica-

tion of electric quenching the excitation cross sections of
H,D(2s) could be obtained from the increase of the resulting
Ly-a radiation for these molecules. Only in the case of elec-
trons on H ana" of H,D (2s) was found.

Department of Theoretical Organic Chemistry, Leyden University,

Leyden, The Netherlands.

""University of Hiroshima, Hiroshima, Japan.
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TABLE 1

Summary of some previous investigations concerning Ly-a radiation

produced by electrons on various molecules.

Group

(ref.]

1

2

3

4

5

6

7

8

9

10

1.1
12

This work

Compound

H,H2
CH4»CD4»C2H4»C2H6»C6H6
H2,D2

H2°
CH4
NH3
H2O
H2
H2
H2O,NH3,CH4

H2,H2O,D2O,NH3,CH4,C6H6

H2

H2,D2,HD,HC1,H2O,NH3,CH4

energy (eV]

0 - 500

50 - 6000

50 - 6000

50 - 6000

0 - 440

0 - 480

0 T 100

50 - 3000

50 -6000

0 - 300

0 - 200 .

0 - 350

0 - 2000

abs

2s

X

X

X

X

Cm

2p

X

X

X

X

X

X

X

X

X

X

X

X

X
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1. INTRODUCTION

Absolute emission cross sections (a ) of Ly-a radiation
em

have been measured by several investigators [1-12] for electrons

on various molecules such as H2, D2, H20, NH3 and hydrocarbons.

Their work has been summarized in table 1, with some details

about the investigated parent molecules and the electron ener-

gies used.

The excitation cross sections (ao„,J for H,D(2p) can be cal-
v XL-

culated from the aQm (Ly-a)'s if a correction for cascade from

higher lying H,D(ns,nd) levels is made. Vroom and de Heer [2~4]

have reported a (H,D(2s)) values evaluated from the increase

of the Ly-a radiation when an electric quenching field is ap-

plied. For the ratios of aov_(2s) and oovr,(2p) they have found

the values 0.5, 0.5, 0.1 and 0 respectively in the case of H 2,

D2, CH4 and H2O molecules, neglecting cascade effects. Cox and

Smith [13] have measured a of D(2s) for electrons on D7, using

an rf field at the Lamb shift frequency. Misakian and Zorn [14]

have investigated the angular distribution and the kinetic ener-

gies of H(2s) atoms produced by electron impact on H2>

From the experimental results of Vroom and de Heer [2-4] and

Cox and Smith [13] it appears that in the case of H2 and D- a

considerable fraction of the produced H,D(n=2) atoms is in the

2s state. However, for other parent molecules refs. [2-43 con-

tain 2s/2p cross section ratios which are small or even zero.

Möhlmann et al. [15] have found that the H(3p) state is not pro-

duced by dissociative excitation of simple hydrogen containing

molecules with electrons. Thus refs. [2-4,15] provide results

which indicate that in many cases certain quantum states of H,D

atoms are not formed in the electron impact dissociation process.

To investigate this phenomenon in more detail for the H,D(n = 2}

case, we have determined the 2s/2p cross section ratios for the

target gases H2, HD, D2, HC1, H 20, NH3 and CH4. This has been

done by measuring the intensity of the Ly-a radiation with and

without an electric quenching field for 100 -2000 eV electrons

incident on these gases.
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2. EXPERIMENTAL

2.1. Apparatus

The experimental set up used in this experiment is basically

the same as that described in ref. [15], however, with a differ-

ent photon detection system.

The Ly-a photons are detected by a channeltron ultraviolet

photon counter tube (Bendix, model no. BX 7600-4413) in combi-

nation Tvith an oxygen filter, at an angle of 90° to the electron

beam. The filter is a gas cell with two lithium fluoride (LiF)

windows, each 1.6 mm thick and at a mutual distance of 16.5 mm.

It can be filled with oxygen gas reaching pressures between

0 and 500 Torr. The transmission properties of this optical de-

tection, system is discussed in section 2.2.

The detector was provided with a collimating system of two

square slits so that it could "see" the radiation from an effec-

tive length of about 3.6 mm along the electron beam and about

8 mm on each side in a direction perpendicular to the electron

beam and the beam-detector axis.

The electric field, used for the quenching of the H,D(2s)

atoms, is applied parallel with the electron beam, as discussed in

section 3 of ref. [15]. As shown there, the applied fields have

no influence on the energy definition of the incident electrons

at the observation region. Below 100 eV it is expected that the

application of the electric field will influence the electron

energy in the observation region considerably. Therefore no

experiments have been performed with the field on for Ee^ < 100 eV.

The Ly-a emission intensities have been measured both as a

function of the target gas pressure and the electron beam cur-

rent. In the cases where a non-linearity was found an extrapola-

tion towards zero pressure and/or beam current has been made.

For electron energies in the range 100 - 2000 eV no coaxial

magnetic field has been used for the confinement of the electron

beam. In the energy region 0 - 100 eV the magnetic field strength

was 30 Gauss.

The target pressures have been measured with a capacitance

manometer (MKS-Baratron, pressure head 77 H-1).
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2.2. Properties of the photon detection system

According to the specifications of the manufacturer the Bendix
photon tube used in this experiment has a maximum quantum yield
of 91 around the Ly-ot wavelength. Towards shorter wavelengths
the transmission is cut-off at 1140 A by the magnesium fluoride
(MgF,) multiplier window, whereas at longer wavelengths the
yield decreases to 0.91 at 1800 Ä and to 0.15% at 1900 8. The
transmission properties of oxygen have been given by Watanabe
[16] and Friedmann [17]. At the Ly-a wavelength there is a window
in the oxygen absorption spectrum, together with some windows
around this wavelength and above 1795 Ä.

As a consequence of the properties described above, our photon
detection system will almost only detect Ly-a radiation from
the emission spectra produced by electron impact on the molecules
used in our experimental study.

From the emission spectra (1000 - 2000 Ä) of Morgan and Mentall
[10] produced by 100 eV electrons on H2O, NH3 and CH4, we could
determine that, for an oxygen pressure of 500 Torr in the filter,
more than 99? of the transmitted radiation is Ly-a radiation.

In the case of H2, Carrière and de Heer [18] showed that be-
sides Ly-a a considerable amount of molecular H, radiation is
transmitted through the LiF - O2 filter. Using their experimental
results, we have calculated that, in our set up and for an O->
pressure of 500 Torr, 80% of the transmitted intensity is due to
Ly-a radiation. No experimental data are available about the
transmission of molecular HD and D2 emissions through an LiF-O,
combination. However for D2 we can derive the transmission pro-
perties of our detector in the following way: Vroom and de Heer
[3], using a vacuum monochromator, reported an isotope effect of
about 20% for °em(Ly-a) in the case of 100 eV electrons incident
on H2 and D2.
Experimentally, we have found that the signal from our LiF-O2
multiplier combination for 100 eV electrons on D2 was about 20$
lower than the corresponding signal in the case of H2; this
latter H2 signal had already been corrected for the 20$ molecu-
lar H2 contribution. So the above mentioned facts indicate that
in the case of 100 eV electron impact on D2 (almost) all molecu-
lar radiation is absorbed by the LiF-CU filter system. For HD we
have assumed that about 10$ of the transmitted radiation (500
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• this work

— calculated Ly-a absorption
curve (see ret 11)
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í'íg. 1 — Transmitted vacuum ultra violet radiation versus the

0„ pressure in the LiF-Og filter for 1Q0 eV electrons
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Fig. 2 - Quenching of the K(2s) state as a function of the elec

trie field strength e for two different Hs pressures.



- 59 -

Torr CU) is due to molecular emissions.

The 0- filter has a window at the position of the Cal emis-

sion line at 1188.77 Ä [16,17,19]. Therefore in the case of HCt

the transmitted emission may contain some of this C£l radiation.

We have normalized our aQ (Ly-a, 2p->1s, H?) at 100 eV im-
-1 8 2

pact energy to the value 12 x 10 cm according to the discus-

sion presented by Mumma and Zipf in section III.1 of their pu-

blication [12]. This aem
value is close to that (11 x 10~ 1 8 cm2)

given by de Heer and Carrière [9].

3. EXPERIMENTAL PROCEDURE

3.1. Intensity of transmitted radiation versus the 0^ pressure

in the filter

Fig. 1 shows the emission intensity of the total transmitted

vacuum ultraviolet radiation (v.u.r.) between 1140 Ä and about

1900 Ä as a function of the Cu pressure in the LiF-O, filter

for 100 eV electrons on CH¿. For 0^ pressures in the range

0 - 100 Torr the transmitted intensity decreases drastically,

whereas for pressures larger than 100 Torr the slope of the

intensity curve becomes less steep. The intensity curve then

coincides with a calculated transmission curve for Ly-a radia-

tion by 0 2 (and O4) as derived using the results of Watanabe [16],

The measurement of the transmitted v.u.r. as a function of the

C>2 pressure enables us to select a proper C>2 pressure to separate

the Ly-a radiation from the remaining v.u.r. Only if some radia-

tion other than Ly-a falls into an oxygen transmission window,

the separation of the Ly-a radiation is not complete as is the

case for H£ and possibly for HC1.

For the other parent molecules used in this experiment simi-

lar O2 pressure dependent intensity curves have been obtained.

The sensitivity of the detection system for Ly-a radiation

is evaluated from the intensity measurement in the case of elec-

trons on H, at 100 eV, for which the cross section for Ly-a

emission is known (taking into account the correction for the

contribution of the molecular H£ radiation, see section 2.2).



TABLE 2
— 18 2 _^___^__

Emission cross sections (10 cm ) for Ly-ct radiation and 2s/2p cross section ratios

at 100 eV electron impact energy.

com-

pound

H2
HD
D2
HC1

H2°
NK3
CH4
CD4

this

work

12.0

10.8

9.64

38.2

19.3

19.2

12.1

-

refs.

[2-4]

13.1

-

10.7

-

32.3

-

12.4

10.0

2p-»

ref.

[11]

11

-

-

-

9

7

14

-

• 1 s

ref.

[10]

-

-

-

-

8.8

10.9

1.2
-

refs.

[5-7]

-

-

-

-

7.S

7.0

2.45

-

ref.

[9]

11

-

-

-

-

-

-

-

2s -»• Is

this

work

7.26

4.84

4.63

Ö

0

0

0

-

refs.

[2-4]

6.35

-

5.25

-

0
-

1.3

1.02

ref.

[13]

-

-

3.27

-

-

-

-

-

2s/2p

this

work

0.605

0.448

0.480

0

0

0

0

-

refs.

[2-4]

0.485

-

0.491

-

0
-

0.105

0.102

I

8
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3.2. Application of the electric quenching field

If the Ly-ct radiation intensity is measured when there are no

external electric and/or magnetic fields, aam refers to that of

the transition 2p •*• 1s and we can write (neglecting the cascade) :

(1)

By application of a (homogeneous) electric field the atomic
2 2H,D sublevéis S, and P, are mixed [20]. The radiative transi-

i 2

tion probability for decay to the ground state of the former

metastable S, state is a function of the applied electric field

strength (e) and has been calculated by Lüders [21]. This tran-

sition probability increases with increasing e. For e =80 V cm

the radiative lifetime T J has decreased to about 50 ns. Taking

into account the high velocity (up to 40 km s~ [14]) that the

H atoms can have after the dissociative excitation process, T J

and the dimensions of the observation region, at least 99$ of

the former H,D (2s) atoms will decay by radiation within the ob-

servation region. When this is the case we can write (neglecting

cascade):

em
(Ly-a)=oexc(2s)+aexc(2p) (2)

So the difference in aem(Ly-a), in the case with and without the

'electric field, is due to the contribution of H,D (2s).

We have measured the Ly-a emission intensity I as a function

of e for 100 eV electrons on H7. The result is shown in fig. 2

for two different H9 pressures. For e «3 V cm the Ly-a signal
-1starts to increase and becomes saturated at about 40 V cm .

When the electric field was applied in the opposite direction

the same result was obtained. It is seen in fig. 2 that the

ratios I(Ly-ct, e f 0) /(Ly-a ,e = 0) do not reach the same satura-

tion value in the range e > 40 V cm for different H2 target gas

pressures. This pressure effect will be discussed in the next

section.
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on various molecules.
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3.3. Influence of the H, target gas pressure and the electron

beam current on the I(Ly-a,e f 0)/I(Ly-a,e =0] ratio

We have measured the Ly-a intensities (I(Ly-a)) as a function

of the target gas pressure in the case with (e = 50 V cm" ) and

without (e =0 V cm" ) an electric field. In fig. 3 we have plot-

ted the cross section ratios (2s + 2p)/2p ( = 1 (Ly-a ,e f 0] /

I(Ly-a,e = 0)) and 2p/(2s + 2p), together with the relative cross

section sums 2s + 2p, for electrons on H2 in the pressure range

0 - 20 x 10~ Torr. As is seen in fig. 3 the cross section sum

(=I(Ly-a,e f 0)) is independent of the H2 target pressure. How-

ever the ratio (2s +2p)/2p, which equals 2s/2p+l, is not con-

stant but decreases for increasing H2 pressure. This means that,

due to the surrounding target gas molecules, the H(2s) atoms

have already become less metastable.

The target gas pressure effect can be caused by collision

(H(2s) +H,) induced Ly-a radiation, or by the creation of an

electric field due to the produced positive ions in the target

gas (space charge effect). This latter effect should also be a

function of the electron beam current. Therefore we have perfor-

med a beam current dependent measurement at a fixed H2 pressure.

At the right hand side of fig. 3 is seen that a variation of the

beam current in the range 0- 100 pA changes the (2s + 2p)/2p

ratio with a few percent only. Therefore the pressure effect is

not due to the produced positive ions but to collisions between

H(2s) and H2. From our pressure dependent 2s/2p measurements we

could estimate the cross section for the process:

H(2s] Ly-a (3)

to be of the order of 1.5 x io"15 cm2.

The conclusion from the pressure dependence of (2s + 2p)/2p

is that the measurements must be carried out at low pressures to

obtain reliable results for the 2s/2p ratio. In fig. 3 can be

seen that in the case of H 2 for p < 3 x 10

than 51.

-4 Torr the error is less
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TABLE 3
1 —18 2

Emission cross section of Ly-a radiation (10 cm for electrons (0 - 2000 eV)

incident on various molecules

eV

20
30

40
50
60

70

80
90

100

150
200

300

400

500

600
700
800
900

1000

1200

1500

1700

2000

CH4

0

3.09

6.66

9.34

11.0

11.7

12.1

12.2

12.1

10.1

8.21

5.62

4.11

3.11

2.59

2.16

1.84

1.58

1.43

1.19

0.89

0.84

0.69

a

NH3

0

5.02

10.7

14.8

17.3

18.8

19.4

19.8

19.3

16.7

13.9

10.2

7.50

5.93

4.77

4.08

3.75

3.26

3.07

2.44

1.95

1.77

1.42

em *•

H

2

5

10
14
16

18

18
19
19
18
15
12

10
8

7

6
5

4
4
3

3

2

2

2p-

2°
.05

.50

.2

.1

.8

.3

.8

.2

.2

.1

.6

.0

.1

.02

.14

.17

.49

.95

53

85

15

82
47

1s)

HC1

3.07

25.6

47.8

51.2

49.1

46.7

44.7

42.0

38.2

30.6

26.1

18.3

14.6

12.0

10.0

8.86

7.86

6.79

6.29

5.16

4.16

3.59

3.10

12

9

8

6

5

4

3

3

3

2

2

2

1

1

1

H2.

-

-
-
-
-
-
-
-
.0

.71

.19

.51

.29

.40

.75

.22

.00

.76

.48

.10

.80

.56

.41

i

10

9
7
6

4
3

3

3

2
2

2
1
1

1
1

•

HD

-

-
-
-

-
-

-
-

.8

.22

.70

.05

.80

.98

.44

.02

.73

.48

.33

.96

.62

.47

.26

D2

-

-
-

-

-
-

-
-

9.64

7.90

6.46

4.53

3.64

3.01

2.54

2.27

2.04

1.89

1.71

1.45

1.19

1.08

0.916

ae*

H2

_

-

-

-

-

-

-

-

7.26

5.73

4.75

3.97

3.12

2.55

2.25

1.93

1.74

1.63

1.51

1.28

1.06

0.920

0.874

(2s-1s

HD

4

4
3

2

2

1

1

1

1

1

1

0

0

0

0

-

-
-

-

-
-

-
-

.84

.00

.34

.60

.09

.79

.56

.36

.25

.14

.03

.871

.761

.683

.612

)

D

4

3

3

2

1
1

1
1
1
0

0

0

0

0

0

2

-

-

-

-

-

-

-

-

.63

.79

.03

.21

.80

.42

.22

.07

.00

.906

.855

.711

.607

.529

477
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4. RESULTS

First we consider our data in the energy range 0-100 eV. The

o„_(Ly-a)'s, measured in the field-free case (e=0) and thus re-

ferring to aov.n(2p), are presented in table 2 for 100 eV electrons

incident on various molecules.

By application of an electric field (e = 50 V cm ) we have

found an increase in the Ly-a intensity only in the cases of H2,

HD and D2- This means that only for these three molecules the 2s

state is produced in the dissociative excitation process. The 2s

cross sections are also given in table 2 together with the 2s/2p

cross section ratios.

The experimental results of other groups at 100 eV have been

included in table 2 as well.

In fig. 4 the excitation curves of Ly-a (2p-»-1s) radiation

are shown for 0- 100 eV electrons on HC1, H2O, NH3 and CH4.

In the case of H,, D, and HD we noticed a large contribution of

excited molecular triplet states to the observed radiation for

electron energies in the threshold region. This additional

radiation may be due to the a zt -. -• b Z, •> transition, a conti-

nuum radiation which can enter our v.u.r. detector system above

1795 8. Therefore we have omitted the excitation curves for these

molecules in fig. 4 because at low incident electron energies

the radiation does not refer to Ly-a. For the shape of the Ly-a

(H,) excitation curve see ref. [12]. The same data as presented

in fig. 4, are shown in table 3, but now on an absolute scale.

Below 100 eV no H,D (2s) cross sections have been measured because

of the reasons given in section 2.1.

Our experimental thresholds for Ly-a radiation have been col-

lected in table 4, together with those obtained by some other

groups. In the case of HC1 and H20 we have found two clearly

observable onsets in each excitation curve. For NH, and CH« only

one onset could be detected clearly.

It has been noticed that the shapes of the Ly-a curves showed

similarities with the corresponding ones for Balmer emission

[22 - 24].

The oem(2p •+ 1s) 's for the incident electron energy range 100-

2000 eV are collected in table 3. In the case of H2, HD and D2

the 2s cross sections are also presented in that table. In fig. 5

some °em(2p-»-1s) data are shown in the form of Fano plots [25],
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TABLE 4

Measured onsets (e\Q for Ly-o radiation

com-

pound

CH4

NH3

H20

HC1

H2

Observed onset energies (eV)

this work

20.0 + 1

22.0 +_ 1

17.0 + 1

25.0 + 1

17.0 + 1

25.2 +_ 1

-

refs. [5-7.1

21.9

16.1

21.8

16.1 + 0.5

21.5 + 0.8

26.2 + 1.5

ca 40

-

-

ref.MO]

21.9

22.6

15.4

24.0

-

-

ref.C11]

19 + 2

22 + 2

15 + 1

24 + 2

-

-

ref.[123

-

-

-

-

16.1 + 2

27 + 2

*)

14.7

14.6

15.3

14.7

14.7

Calculated minimum required energies for H(n«2) production.

oHCt

HjO

Fig. 5.

Fano -plots of Ly-a. emission

cross sections for 100 - 200G

eV electrons incident on

various molecules.

0.5-

500 COO 2000

.
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For an introduction and interpretation of the Fano plots see
ref. C26] and our previous work [22]. The M and c values
derived from such plots are given in table S, together with pre-
vious results of our group.

5. COMPARISON WITH THE RESULTS OF OTHER GROUPS

5.1. 100 eV

First we compare the results for dissociative excitation lea-
ding to H(2p).

In the case of 100 eV electrons on H2, almost all relevant
groups have normalized their cross section data for Ly-a (2p->1s)
emission to that of Fite and Brackmann [1] (corrected for mole-
cular contributions, see our section 2.2), except in ref. [9].
Therefore the a„_(2p -*• 1s,H9) 's reported in refs. [3,11] and in
the present work are almost the same. De Heer and Carrière [9]
have performed cross section calculations for the H2 Werner bands
to calibrate their optical detection system. Their [9]
ae_(2p •* ls.H,) result is in good agreement with those in refs.
[3,11] and ours. In the case of D, we have normalized our

em
C2p
For CH4 our

1s) data at 100 eV to that of Vroom and de Heer [3].
value is in good agreement with those of Vroom

and de Heer [2] and of McGowan et al. [11]. In all other cases
there are discrepancies between our data and those presented in
refs. [4-7,10,11]. The discrepancies with the results of refs.
[5-7] are probably due to their method of calibration. They have
calibrated their optical detection system only at the position
of the He (584 Ä) line and estimated the quantum yield at 1215 Ä.
McGowan et al. [11] stated that their a 's may be wrong by a
factor of two due to the target density determination in that ex-
periment. The discrepancies between our aQm results and those of
Morgan and Mentall [10] are not well understood because they
have used in principle the same normalization (to ref. [1]) as
we did. However, their ci (2p •*• 1s ;CH,) is even lower than
aem(n= 3 -f2,1 ;CH4) as presented in refs. [2,23], which suggests
that the values of ref. [11] are unreliable. The discrepancy be-
tween our data and that of Vroom and de Heer [4] for H,0 is pro-
bably due to the target gas density determination in their experi-
ment as explained in ref. [22].



TABLE 5

M and <:_„_ values for the parent molecules H,, HD, D, and H,0
em 6xc ¿, ¿t c

th is
work

ref. 3

ref. 8

H2

2p-»- Is

0.0911

0.120

0.118

cexc

3 95 + 0 ' 7 3

•** - 0 . 6 1

1.80

2s-»- 1s

< ,

0.0547

0.0572

cexc

3.90

2.38

HD

2p+ 1s

»L
0.0801

cexc

5.08

2s •* Is

Mem

0.0467

cexc

1.43

D2

2p->- 1s

Mem

0.0534

0.0839

cexc

10.1

3.91

2s-Ms

0.0267

0.0411

cexc

10.0

4.68

H2°
2p-»- 1s

0.120

0.151

cexc

34.7

89.3

CD

I
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In the case of the 2s cross sections our values agree reasona-

bly with those of Vroom and de Heer [3] for H2 and D2• For CH¿

they C2] found a relatively small 2s cross section where we have

found the value zero. The value for the 2s cross section repor-

ted by Cox and Smith [13] in the case of D2 is about 40% lower

than ours. We have no explanation for this difference.

5.2. O - 2000 eV

The measured onset energies for Ly-a (2p-*- 1s) radiation agree

well with those obtained by the other groups in the case of CH4,NH

and H20 (see table 4). However in refs. [6,7] more onsets have

been reported for Ly-a from H20 and NH3 than generally found by

the other groups [10,11] and by us.

The shapes of the Ly-a (2p-*-1s) excitation curves for CH^,

NH,, H2O and H2 agree fairly well with those reported in refs.

[2-6,10,11] for the relevant electron energy ranges (see table 1).

However in the case of NH,, Böse and Sroka [6] found relatively

higher a.'s than we have found for increasing incident electron

energies (45% at 400 eV) . In the case of D2 our c?em's are rela-

tively lower than those of Vroom and de Heer [3] for increasing

electron energies. No data concerning HD have been published

elsewhere.

In the case of the 2s cross sections our excitation curves for

H 2 and D2 have a similar shape as the corresponding ones presented

in refs. [3,13] for the relevant incident electron energies.

6. DISCUSSION

6.1. H,D(2s,2p) excitation

A striking feature of this study is that, for most of the

parent molecules except H2, HD and D2, no H atoms in the 2s state

are produced by dissociative excitation with electrons. In another

study Möhlmann et al. [15] have found that, for electrons on H,,

HC1, H2O, NH, and CH¿, no H(3p) particles are formed. We have no

explanation for this yet.

It is interesting to note that only in those cases (H-?, HD and

D2) in which the minimum required energy to produce H(n=2) is smal-

ler than the ionization potential of the parent molecules, Hf2s)

atoms are produced.
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6.2. H,. HD and D2

The positive slope in the Fano plot found in the case of H2

(see fig. 5), HO and D2 for the formation of H,D(2s,2p] atoms,
indicates that optically allowed excitations in the parent mole-
cule play a role in this dissociative process. This means that
also via photodissociation of these parent molecules,H(n»2) can
be produced. This has indeed been found by several groups, see
for instance refs. [27,28] and the relevant references therein.
Fro« the slope of the linear part in the Bethe plot the M e m

value can be obtained. An extensive discussion and interpreta-
tion of this value in the case of H2 and D2 is given by Vroo«
and de Heer [3] and therefore does not need to be repeated here*

Because our experimentally obtained c e x c values for H2 and
HD «re of the order of unity, the contribution of optically
allowed excitations is important with respect to symmetry for-
bidden excitations. For D2 the c e x c value is larger than for H 2

and HD. So in the case of D2 the symmetry forbidden transitions
may contribute relatively more to the production of D(2s,2p)
than those in H2 and HD to the H,D(2s,2p] formation.

Fron the photodissociation experiments [27,28] it appeared
that H(n»2) particles can be produced both by direct dissocia-
tion and predissociation of bound Rydberg states converging to
the electronic ground state of H2. Misakian and Zorn [14] have
shown that in the case of H(2s) split from H2, besides slow H(2s)
atoas (originating fron the above mentioned bound Rydberg states)
also atoas with a high kinetic energy are produced. These fast
atoas aay originate from the repulsive doubly excited states
with a vertical excitation energy around 29 eV. They [14] give
an extensive discussion of the H2 states which may be involved
in the H(2s) foraation. Möhlmann and de Heer [29, and references
therein] have found that in the case of H(n>3) production two
onsets (ca 18 and 27 eV) are clearly present. These two onsets
are probably due to the same type of excitations as indicated
above. So it appears from their work [14,29] that, besides singly
excited states, the doubly excited states play a role in the
foraation of H,D* atoms.
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6.3. H20

The positive slope in the Fano plot shows that optically

allowed excitations contribute to the formation of H(2p) atoms.

For a discussion of the experimentally obtained M value, see

Vroom and de Heer [4, section IV] who found M to be of the

same order as in the present work. The contribution of optically

allowed excitations to the formation of H(2p) has been confirmed

by photodissociation experiments of H2O into H(n=2) and OH(X n^)

as performed by Beyer and Welge [30], Guyon et al. [31] and

N. Böse et al. [323. In their work water states with excitation

energies between ca 15.3-20 eV [30-32] and around 24 eV [31,32]

are found to be involved in this dissociation process. These

two energy ranges agree with our experimentally observed thres-

holds (see table 4), The excitation curves for Ly-a and Balmer

emissions, obtained in the present work and in ref. [22] respec-

tively for electrons on water, have a similar shape. Therefore

H atoms with n=2 and n > 3 may be produced via the same mechanism

In the case of H(n=3] Beenakker et al. [22] have explained that

the first threshold may be due to excitation to Rydberg states

converging to the third ionization potential of 1^0 followed

by predissociation via a repulsive doubly excited state. The

structure observed in the Ly-a photofluorescence curve between

15.3-20 eV of refs. [31,32] suggests that predissociation of the

same type of Rydberg states takes place here too. Following

Beenakker et al. [22] the second onset at about 25 eV may be due

to direct excitation to a repulsive doubly excited state, disso-
2

ciating into H(n=2) and OH(X ïï-). Neglecting the correlations
between the electrons, simultaneous excitation of two electrons

is a symmetry forbidden transition, and is therefore expected

not to be important in the photodissociation process. This is

consistent with the relatively small Ly-a photofluorescence yield

above 24 eV as found in refs. [31,32],and with the relatively

large c value obtained from our HoO Fano plot (fig. 5) which

indicates that symmetry forbidden excitations contribute signi-

ficantly to the H(n=2) production by electron impact on H,O.
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6.4. NH3

In the case of NH, it is seen that the slope of the Fano plot

(fig. 5) is equal to zero. This means that symmetry forbidden

excitations dominate in the production of H(2p). This is consis-

tent with the fact that Beyer and Welge [30] have found only a

small Ly-a photofluorescence cross section for NH^ in comparison

with those for H2 and ^ 0 . Böse et al. [32] have reported that

the photodissociation of NHg yielding H(n=2) starts already at

the photonenergy of 14.7 eV. However, this onset is not seen in

the electron impact experiment. The domination of symmetry for-

bidden transitions in the production of Ly-a (2p-*1s) radiation

is consistent with Ly-a photofluorescence results as explained

below. In the photofluorescence spectrum there are two photon

energy regions for Ly-a radiation, one starting at 14.7 eV and

the other starting at 21 eV. The Ly-a fluorescence intensities

are weak (small photofluorescence cross sections for Ly-a) .

Because we do not see any radiation between 14.7 and 2J eV for

electron impact it is probable that also above 21 eY j¡ppact ener-

gy no Ly-a radiation due to optically allowed transitions will

be observed by us. The onset at 22 eV in our experiment must then

be mainly due to symmetry forbidden transitions in NH^ which is

consistent with our results from the Fano plot.

Our experimental threshold of 22 eV lies about 7 eV above the

minimum required energy for formation of H(n=2). This may mean

that H(n=2) is produced together with NH2 via excitation of a

strongly repulsive state, or that total dissociation into the

fragments H(n=2) + 2 H(n=1) +N takes place. Wight and Van der

Wiel [33] have found that the formation of H+ fioiii NH3 starts at

about 25 eV which is also 7 eV above the minimum required energy

to produce H+. They [33] explained that the H producties.- pro-

ceeds mainly via the repulsive second excited NH, state. Similar-

ly we may say that the H* fragments are produced via the repul-

sive Rydberg states converging to this second excited NH, state.

However, it is strange that all the relevant Rydberg states,

which dissociate into H* and NH2, are symmetry forbidden with

respect to the NH^ ground state. One then might think that the

symmetry forbidden character of the excitation is due to inter-

mediate doubly excited states instead of singly excited Rydberg

states. We know that in the c;<se of H? doubly excited states
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play an important role in the H formation (see ref. 29) and

that excitation to doubly excited states become more important

for increasing number of electrons in the molecule.

6.5. CH4

As in the case of NH3, also for CH4 a symmetry forbidden exci-

tation character has been found for the Ly-a excitation curve.

Only one onset for Ly-a radiation is seen in fig. 4 at about

20 eV which is about 5 eV higher than the minimum required

energy for this process. Assuming that H(n=2) and H(n^3) parti-

cles are formed via the same mechanism we can follow the explana-

tion which has been given by Beenakker and de Heer [34] in the

case of Balmer radiation from CH4. They [34] suggest that H*

fragments are produced via excitation of repulsive Rydberg states

converging to the second ionization potential (first excited

CH, state) of CH, at 23.1 eV. Since symmetry forbidden excitations

dominate in the Ly-a production process, one might think again

about the importance of the doubly excited states, as in the case

of NH,. Backx and Van der Wiel [35] have found that H ions are

formed via excitation of the first excited (2s.,) state of CH« ,

and also via excitation of an excited CH. state which can be

reached only by a two electron transition at about 30 eV. Rydberg

states converging to this latter (symmetry forbidden) excited CH¿

state may be involved in the H production.

6.6. HC1

Also in this case (see fig. 5) mainly symmetry forbidden exci-

tations in HC1 contribute to the Ly-a formation. Two onsets for

Ly-a radiation are present at about 17 and 25 eV. The first onset

lies about 2.3 eV above the calculated minimum dissociation ener-

gy of HC1 into H(2p) and C1(2P). From the combination H(2p) and

Cl( P) six singlet and six triplet states (with £ + , z~, Ji

and A symmetries) arise. Some of these states may be repulsive.

The appearance of the first onset at about 17 eV may be

explained to be due to:

a) direct excitation above the dissociation limit to the repul-

sive part of bound states electronically correlated with H(2p)

and C1(2P).



b) predissociation of (vibrationally excited) Rydberg states,

converging to the second ionization potential (HC1*, A s+)

of HC1, by the relevant repulsive state.

The second onset at about 25 eV may be due to direct excita-

tion to strongly repulsive (doubly) excited states. The fact

that at least a part of the excited H atoms are produced via

excitation of these latter strongly repulsive (doubly excited)

states has been proved by Ogawa et al. [36] in the case of

H(n=4) by Doppler broadening of the Balmer-ß emission line. They

showed that H(n=4) fragments are produced with translational

energies of 7.3 eV by 300 eV electron impact on HC1.
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PART A3

EXCITATION CROSS SECTIONS FOR 3s, 3p AND 3d SUBLEVELS OF

ATOMIC HYDROGEN SPLIT FROM SIMPLE MOLECULES BY

HIGH-ENERGY ELECTRON IMPACT
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FOM'Inst¡tuut voor Atoom- en Molecuulfysica, }'ruislaan 407, Amsterdam/Wgm., The Netherlands

Received 12 April 1976

Reblivf cross sections for the excitation of the 3s, 3p and 3d sublevéis uf atomic hydrogen were determined in the case
ol dissociative excitation of ll2 , IICI, H2O, NH3 and d\A molecules by impact of 1000 and 2000 eV electrons. For this
purpose Ihe intensity as well as the polarization of the emitted Balmer-a radiation has been measured as a function of an
applied homogeneous electric field. Using the theory ol the Stark leve! mixing for H-atoms, it was derived from these data
th.it uithin the experimental error only the 3s and 3d states of II were excited.

I. Introduction

For some molecules absolute emission cross sec-
tions for Bal me r radiation, H(// = 3 -» n = 2), have
been measured in the case of dissociative excitation
by electrons (I - 3 | . However, little is known about
the emission and excitation cross sections for the 3s,
3pand 3d sublevéis separately.

From a theoretical point of view it is interesting
to know in which ratio the sublevéis are excited. This
can give insight in the dissociation process of the
superexcitcd parent molecule leading to H(« = 3).
Supcrexcited molecules are molecules which have
been excited to neutral electronic states lying above
the first ionization potential [4J. From an experi-
mental point of view the separate excitation cross sec-
tions are also interesting, especially if the excitation
to H(3p) is considered. The state 3p can decay both
to the levels with n = 2,1 = 0 and n= 1, / = 0 accord-
ing to the branching ratio. If the absolute excitation
cross section for H(3p) is known then one has a tool
to calibrate a detector for Ly-0 radiation at 1025.72 Á.

* Afdeling Theoretische Organische Chemie, Universiteit
Leiden, The Netherlands.

* Physics Department, Faculty of Science, Osaka University,
Jipan.

In the case of electron impact on H-> there is only
some information about the excitation of H(3s) from
the measurements of Weaver and Hughes on the life-
time of the excited H(« = 3) atoms [5]. For electrons
on atomic hydrogen extensive experimental studies on
the excitation of the fine-structure sublevéis have been
performed by Mahan et al. [6], using a radiofrequen-
cy/modulation technique. Ankudinov et al. [7] stu-
died the sublevel excitation of H(n = 3) for He+ ions
incident on H2, applying an external homogeneous
electric field leading to Stark mixing of the sublevéis.

It is this latter method which is used in this work
for studying the sublevel excitation cross sections for
1000 and 2000 eV electrons on H2, HC1, H2O, NH3

and CH4. The method is based on the change in in-
tensity and polarization of Ha-radiation if an external
homogeneous electric field is applied.

2. Application of the Stark mixing

The formulas necessary for the determination of
the excitation cross sections o3 s , a 3 p and <J3d from
experiment have been derived by Ankudinov et al.
[7] , applying the theory of Stark mixing in atomic
hydrogen by a strong homogeneous external field.
We shall give a discussion of these formulas. Because

Chemical Physics 18(1976) 145-154
© North-Holland Publishing Company
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we want to know the values for the three o3/'s with
/= 0,1 and 2, three equations are necessary which
contain the o^'s as well as the relevant experimental
parameters.

In deriving the relevant formulas it is assumed that
the excitation cross sections of the n, /, m sublevéis
are independent of the magnetic quantum-number m
under field free conditions. This is equivalent with
the assumption that in this case the populations of
these levels are independent of m, because the life-
times are only a function of n and /. This assumption
is correct because we found no polarization of the
Ha-radiation under field free conditions for all the
molecules investigated in our impact energy range.

The first equation connects simply the total emis-
sion cross section for Balmer-a radiation, a(Ha),
with the separate excitation cross sections and can be
presented by:

°Ha = <»3s + 0 - I l 8 3 ° 3 p + 03d- 0)

This equation is only valid if non-radiative decay and
cascading can be neglected and if the excited H-atom
is in a field free space. The coefficient of a3p is the
branching ratio between the 3p -»2s and the 3p -+ Is
transitions.
. The sublevéis belonging to n = 3 are not degenerate.

The combination of/ with the spin angular momen-
tum s results in five states with ƒ = / ± s in which/' is
the total angular momentum. States with different /
values have different energies due to the fine structure
splitting whereas states with the same / value (for in-
stance / = 0, s = + \ and / = 1, s = - \) exhibit differ-
ent energies according to the Lamb shift. If the ex-
ternal electric field increases from zero, first the levels
with the same; values and next the levels with differ-
ent/values will mix. If the H* atom is placed in a suf-
ficiently strong external electric field, all the n = 3
sublevéis with the same m values are completely mixed,
giving rise to the so-called Stark levels. Besides the
energy of the H(n, I) levels, the transition probabilities
for decay to lower lying states and consequently the
Ha emission intensity as well as the polarization of the
emitted radiation are changed. For an extensive treat-
ment of the hydrogen atom with and without the in-
fluence of external fields see the textbook of Bethe
and Salpeter [8]. Experimentally we measure the ratio
A for the intensities of Ha radiation with and without
a homogeneous external electric field and a factory

which is connected with the degree of polarization of
this radiation when the electric field is present. In
principle the parameters A and g are functions of
o3s, c 3 p and ff3d and together with eq. (1) will pro-
vide the three necessary equations to solve the prob-
lem.

Taking the 2-axis in the direction of the external
homogeneous electric field, A and g are defined by:

A = /(Ha)/7(HO) = (Iz + lx + lyWz +Jx + V ' ( 2 a )

* = /,//*• (2b>
where / and J represent the intensity components of
Ho in the directions given by the index, with and
without the external electric field respectively. In the
case of completely mixed H(/; = 3) sublevéis (strong
electric field, > 475 V/cm), the ¿-component of the
HQ-radiation has an intensity following Schrödingcr
[9] equal to:

/ z =C(729/V 1 1 0 + 2304A/ |O1 + 1682,V2OO). (3)

where Nnin2m 's 'he population of the n = 3 states
written with the parabolic quantum numbers //j and
/ii and with (he magnetic quantum number m. The
factor Cis a constant. The intensity of the corre-
sponding components in the x and r direction are
equal to [9]:

Ix=ly = C(441 JV, 10+1952 Nm +18 yV2(K)+23O4 Nm\
(4)

The total intensity of the Ho radiation in the field-
free space is given by [8]:

JQia) a 0.06292 N3%m + (3 X 0.222
p.")

(5)+ (5X0.64424)/v-3d,n,

where W3/ m is the population of a 3/ magnetic sublev-
el. Because the 3d, \m\ 2 sublevéis do not mix with
other 31m sublevéis, the intensity of the radiation
coming from 3d, M = 2 is independent whether the
electric field is applied or not. We used this fact to
normalize eq. (5) to the eqs. (3) and (4).

This resulted in:

Jx=Jy=Jz = C(75N3%m + SOOA'j + 3840yV3d m ) .
(6)

Generally, the parabolic eigenfunctions ^„t„2m can be
built up from the eigenfunction <t>nlm in po'lar coordi-
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nates 110]. Therefore, the population Nltin m can be
written in terms of o3s, o 3 p and o3 d . As a result A
and g can be expressed, with the aid of eqs. (2)-(6),
as:

0.4825 o3 s + 0.3029 a3p + 0.6852 o3d
(7)

(8)
0.2969 a3s + 0.1577 o3 p + 0.1258 o3d

g = 0.0928 o3s + 0.0726 c 3 p + 0.2797 o ^ '

Finally we can derive from eqs. (I), (7) and (8) the
formulas representing a3//a(HQ). which are given by:

o3jo(\lj= 1.046+ [¿/Of+ 2)1 (-4.270 + 1.180g),

= 2.133 + [/l/te+2))(5.114 + 5.587 g),

w « 0.206 + M/fe +2)](3.665- 1.841 g).

The fractions o3//o(Ha) following from the eqs. (9)
are presented as a function of g and A in fig. I for a
limited range of these parameters. By measuring the
factors A, g and a(HQ). we can calculate the separate
Oj;'s. In the derivation of the formulas the influence
of cascades from higher lying H-levels is neglected. The

^A=066
-AsO62
-AsO.58

-A=058
-A=062
-A=O66

-A=066

-A=0.62

3d

3s

3P

1J3

lig. I. Dependence of the numerical results of the eqs. (9) on

the parameters A and g-

error made by this neglection is small in the case of
dissociative excitation of hydrogen containing mole-
cules because the excitation of H(«) will decrease
rapidly with n [1—3] whereas the decay is favoured
for transitions to H(n = 1 and n = 2) levels according
to the branching ratios. From all the H(/i > 3) states
the level H(H = 4) will have the largest cascade contri-
bution to H(H = 3). For several molecules it is known
that after dissociative excitation by electron impact
the emission cross sections for H(n = 4 -> 2) radiation
are about five times smaller than those of H(n = 3 -+ 2)
[1,3]. Because for H(n = 4) the probability for decay
to n = 3 is smaller than that to n = 2 it is clear that the
cascade contribution to H(« = 3) will be small. We shall
consider this in more detail; among the sublevéis of
» = 4 about 4% of the 4p state will decay into 3s; 42%
of the 4s and 26% of the 4d state decay into 3p. So,
under field free conditions the HQ-radiation is not
much affected by cascade from the 4s, 4p and 4d sub-
levels. The same can be shown in a strong electric
field by a similar explanation. The 3d level can also
obtain cascade contributions from 4f. where the latter
state only decays via the 4f ->• 3d transition. To know
the numerical influence of the cascade from n = 4 to
n = 3 more precisely, the separate excitation cross sec-
tions o4, should be measured. The total contribution
of „ = 4 t 0 n = 3 is given by the Haschen emission cross
section which is not yet known.

One must keep in mind thai generally o3//o(Ha)
^aylan=i because of the branching ratio for decay
from H(3p). Only in the case if o3p = 0, the ratio

/ ( H ) /

3. Experimental procedure and results

The apparatus used in this experiment is basically
the same as that described by Beenakker and de Heer
[11 ]. It is normally used for the measurements of ab-
solute emission cross sections, and after slight modifi-
cations it was suitable for the present experiment.

A schematic diagram of the experimental set-up is
given in fig. 2. A well collimated electron beam passes
through the field free collision chamber. No coaxial
magnetic field is used in this experiment. The photons
are detected by a Leiss monochromator at right angles
to the electron beam. The external field was applied
between the electrodes 1 and 2 in such a way that the



- 80 -

PM

M

G. R. Möklmann et al./Excitation cross sections for Ss, 3p and 3d sublevéis of atomic hydrogen

stabilities, energy shift, secondary excitations and col-
lisions between deflected electrons and the electrodes
in the system. All the test measurements for ft¿
molecular radiation were done under the same geomet-
rical experimenta! conditions as in the measurement
of the Ha-radiation.

For the measurement of g. an ordinary optical
polarizer was used. To obtain proper results on polar-
ization experiments, the polarizing properties of the
entire optical system had to be determined very care-
fully.

Generally if unpolarized light passes an optical set-
up which contains reflecting surfaces tike gratings,
mirrors and filters, the transmitted light will show
some degree of polarization. This degree of polariza-
tion is often wavelength (X) dependent, so that it
must be determined at several different wavelengths
before an interpolation to the desired X can be made.
We obtained a correlation factor B for the measure-
ment ofgby determining the ratio of the photomulti-
plier signals corresponding to I, and lx for unpotonzed
light {I2 = ¡x). This unpolari/ed radiation came from
atoms or. molecules excited by the electron beam undet
the same optical conditions us in the production of the
Ha-radiation. We started with the radiation of excised
He(S) states which are known to be unpolarizcd [8].
In this way we could measure the B factor for certain
discrete wavelengths. Using these data to obtain B at
the Ha-wavelength, inlerpolation would be needed.
However, because of possible deviations from a
smooth wavelength dependence of B, we wanted lo
avoid such an interpolation procedure. Therefore, in
addition to the He(S) radiation, we used molecular
emissions like H2O+(A2A, -> X3B,) [12],
CH(A2A -* X2n, 2nd order) f 13J and
CHji&'B, -• a"1 A,) [14], which extend ail overa
wide wavelength region. All the molecular emissions
were produced by electron impact on H2O and CH4

and we could show that these emissions were unpolar-
ized by comparing the B factors with those obtained
from the He(S) radiations at the corresponding over-
lapping wavelengths. To prove the consistency of this
method the expeuments were carried out over a larger
wavelength region than strictly necessary for the deter-
mination of B at the Ha-wavelength. We found that the
B factor did not show a smooth dependence on X but
that some oscillations occur in some wavelength re-
gions, which lead to errors in B if only an interpolation

Fig. 2. Schematic diagram of the experimental set-up. KG:
electron gun; L: optical lens; P: polarizer; M: monochromator;
PM: photomultiplier; \ and 2; the electrodes between which
the electric field was applied; I": Faraday cup.

midpoint between the plates 1 and 2 was always on
the same (zero) potential. This means that the energy
of the electrons in the midpoint is independent of the
electric field strength. By use of an optical lens and
proper slit widths of the monocluomator about 1 mm
length of the election beam at the midpoint was ob-
served. Perpendicular to the electron beam a region
of 2 cm could be observed. In this configuration a
change in the geometry of the electron beam (due to
a variation of the electric field strength or the electron
energy) cannot influence the light intensity measure-
ment because the relevant interaction region is seen
under all circumstances. Simple geometrical considera-
tions with respect to our electrode system show that to
a good approximation the electric field applied is
parallel to the electron beam in the interaction region.

Test measurements with respect to the influence
of the electric field were carried out for CH(A2A-»X2n)
emission, produced by electron impact on CH4. The
intensity of this emission is principally not influenced
by the electric field. So when our experimental con-
figuration is correct, the CU emission intensity will be
independent of the electric field. This has been con-
firmed experimentally for electric fields (parallel to
the electron beam) up to 800 V/cm, see fig. 3a. In
previous tests where the field has been applied perpen-
dicular to the beam, the intensity of the CH emission
changed for higher field strengths and all other kinds of
experimental difficulties arose, like beam current in-
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i»HO
CH4.e

« CHlOOOeV
• HalOOO eV
• H a 2000 eV ,

Press = 2.7x10"'
Torr
A

400 600 Volt/cm

CH4.e
CH(A—X>
Ha »00eV,
P = 3.6xlO'4

Torr
l = 100|lA

100 300 500 Voll/cm

li¡!. 3. (a) l l oanüC'l l (A 2A - X2ll)cmission intensities as -J. function of the electric field strength, (b) The g factor of the Ha anil
ClltA s A — X211) emissions us u function of the electric field strength.

Fig. 4. The A factor as a function of the pressure.
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is made between discrete lines. The apparatus correc-
tion factor B was not influenced by the application of
electric fields as needed for the determination of the
g factor.

Using the experimentally obtained B value at the
Ho-wavelength we found that Ha-emission under field
free conditions, after electron impact (300-2000 eV)
on hydrogen containing molecules, is unpolarized
within the experimental error (ca. 3%). This experi-
mental result justifies the assumption of zero polariza-
tion of Ha-radiation under field free conditions in the
derivation of the formulas in section 2.

It can be derived from theory [8] that an external
electric field of the order of 500 V/cm or larger is suf-
ficient to cause full mixing of the relevant n = 3 sub-
levels. Therefore we measured the factors A and g
from 0 -700 V/cm and it was found indeed that a
field strength of about 500 V/cm was sufficient to
reach constant values for these parameters. This is
shown in the figs. 3a and 3b when CH4 is used as the
target. For comparison the emission due to the
CH(A2A -• X 2 n) transition is also shown and has
been found to be independent of the field strength as
expected. The factors A and g showed constant values

for electron beam currents in the range 0 - 1 0 0 //A and
therefore 100 fiA was used throughout the experiment.
Also no dependence on the incident electron energy
was found for 1000 and 2000 eV.

The pressure dependence of A is considerable and
an extrapolation to zero pressure is necessary as can be
seen in fig. 4. All the measured compounds have
about the same (to zero pressure extrapolated)/« val-
ue. The reason why the A value changes so much with
the target gas pressure might be partly due to secondary
excitations (leading to H(« - 3)) by the primary pro-
duced ions and electrons which are accelerated in the
applied electric field. This causes a too high value for
7(Ha) which is responsible for a too high A =
I(Ha)IJ(Ha) value. Another reason for the change of
A with increasing pressure can be quenching of the ex-
cited H atoms by the surrounding parent molecules in
the case without an external electric field. The g factor
does not show a strong dependence on the gas pressure
(fig. 5). Further can be seen that the g factors, (in con-
trast to the ,4 factor), differ from one target to another.

The fact that under field free conditions no polar-
ization of the HQ -radiation is found indicates that
H(» = 3) atoms are split in an isotropical distribution

10*/

0B

10

06

i t I

1000 eV

10 »• •

08

10

aa

- H , -

2000eV

lOOOeV

2000eV

1000 eV

-HCI'

2000eV

• • • . • •

1000 eV

2000eV

lOOOeV'

• . . .

Ax 10"Torr

2000eV

2 ¿ x i

• F= 0 Volt/cm
• F=510Volt/cm

IM

Torr

9 =
--*•

l i

Fig. 5. Theg fact.' as a function of (he pressure.
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Table 1
Relative cross sections for Hj/ at

Hn

NH,

rti4

A

0.62
0.81

0.61

0.61

0.62

0.61

±0.03
± yy, a)

± 0.02

±0.02

±0.03

±0.03

g

0.94 ± 0.03
0.74 ± 59? a)

0.78 ± 0.03

0.74 ± 0.03

0.75 ± 0.03

0.71 ±0.03

1000 and 2000 cV

o3s/o(lla)

0.38 ± 0.03
0.24 b)

0.31 ± 0.03

0.29 ± 0.03

0.28 ± 0.03

0.27 t 0.03

"3p/o(Ha)

0.05 ±0.10

-0.06 ± 0.07

-0.08 ± 0.08

-0.04 ± 0.08

-0.09 ±0.10

O3d/o(Ha)

0.61 ±0.03

0.70 ± 0.02

0.72 t 0.03

0.72 ± 0.03

0.74 ± 0.03

O3s/"«=

0.36 ±
0.026 ±

0.31 ±

0.29 ±

3

0.03
1009? a>

0.03

0.03

0.28 ±0.03

0.27 ± 0.03

"31,/on=3

0.05 ± 0.10
0.40 ± 10% a>

0

0

0

0

±0.01

±0.01

±0.04

±0.01

0.59 ± 0.03
0.571 10% a)

0.69 ± 0.02

0.71 ± 0.03

0.72 ± 0.03

0.73 ± 0.03

») A n k u d i n a v e t al . , H c + + l i j , sec rcf. | 7 | . b ) Weaver and H u g h e s , e + l l 2 , s e e ref. [SJ.

from the parent molecule. This may indicate that sev-
eral parent molecular states with different electronic
symmetries contribute to formation of H(w = 3),
otherwise an anisotropic distribution of fragment
species is expected [ 15). In our experiment the
energy of the incident electrons (1000, 2000 eV) is
sufficiently high to allow the excitation of the differ-
ent relevant excited molecular states.

By introducing the A and g values extrapolated to
zero pressure into the relevant formulas we can calcu-
late the separate excitation cross sections for the
hydrogen 3s, 3p and 3d sublevéis for the various par-
ent molecules. The result is shown in table 1. It is in-
teresting to see that the 3p sublevéis are not excited.
The negative values of o 3 p /o (H a ) have no physical
meaning but are caused by the experimental error.
Because we have found that o 3 p = 0 we may write

loylo{\\a) avlan=y
Besides the experiments at 1000 and 2000 eV we

also performed measurements at 300 eV electron im-
pact energy. However, at this lower energy it was im-
possible in the experimental set up to use electric
fields as high as 500 V/cm. At 300 eV impact energy
an electric field of 100 V/cm was applied. As can be
seen from figs. 3a and 3b the A factor shows almost
the saturated value at 100 V/cm but g has not yet
reached saturation. From fig. 1 it can be derived that
the relative excitation cross sections are very sensitive
to A but less sensitive to* . However, comparing^
(and A) values at fields of 100 V/cm both at 300 and
1000 eV impact energy, we came to the conclusion
that 0 W 0 . - 3 is almost the same at both energies in-
dicating that O3,/a„=3 is approximately independent
of the electron impact energy for energies far above

the threshold for formation of H(n = 3). This indepen-
dence of a 3 ; /o n = 3 is partly confirmed by lifetime
measurements which we carried out for the same par-
ent molecules [16). From these lifetime measurements
we could determine the ratio o3s/o(H t t) by extra-
polating the corresponding 3s decay contribution to-
wards the end of the excitation pulse. The ratios
°3s/°n=3 t h u s obtained are in good agreement with
those found in the present work at 300,1000 and
2000 eV.

Introducing the values for the absolute Ha emission
cross sections oem (Ha), one can calculate the absolute
excitation cross sections for H(3s,3d). The oe m(Ha)'s
corresponding with the parent molecules H2 , CH4 and
H2O are given in refs. [1 - 3 , 1 8 ] . The oe m(Ha)'s con-
nected with HCI and NH3 are under study [ 1 7 ] .

Ankudinov et al. [7] have indicated that, by apply-
ing the Stark mixing effect, absolute emission intensi-
ties at the Ly-0 wavelength can be obtained. In our
case, for electrons on H-containing molecules, we
found that in a strong electric field about 40% of the
H(n = 3 -»2) transitions are converted to H(n = 3 -* 1)
transitions. Thus by means of an electric field it is pos-
sible to determine the quantum efficiency of a detec-
tion system for Ly-0 radiation. Such a calibration
must be carried out at a low target gas pressure to
avoid possible contributions from secondary processes.

4. Comparison with previous investigations

Weaver and Hughes also measured the c 3 s M H o )
ratio for electrons (50,75 and 110 eV) incident on H2

by means of a lifetime experiment [5]. Their value for
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o3 s /a(Ha) = 0.24 is about 33% smaller than our value
of 0.36. The pressure taken in their experiment seems
too high (10"1 torr). It is shown elsewhere [16] that
this can influence the a3 s /o(Ha) ratio. An interesting
result of their investigations is that they did not find
a lifetime component of 5.4 ns corresponding to that
of the 3p state.

One of the results of our study is that one should
not expect Ly-/3 radiation after electron impact on
hydrogen containing molecules if the decay process
of H* takes place under perturbation (field) free con-
ditions. This statement is supported to some extent
by the results of the electron impact experiments on
several hydrocarbons and water, as. carried out by
Vroom and de Heer [1] . They measured the upper
limits for the excitation cross section of H(3p) by
analyzing the Ly-0 emission intensities for several par-
ent molecules. They found o 3 p < 2.59 X 10""19 cm2

in the case of CH4 at 50 eV impact energy and for
o(Ha) they gave the value 23.8 X 10~ 1 9 cm2 at the
same energy. Most important in these numbers is the
fact that the excitation cross section to the H(3p)
level is only about 10% of the total excitation to
H(n = 3). This low a 3 p shows some agreement with
our results which have been obtained at higher ener-
gies, however. Vrco:n and de Heer also measured the
excitation cross section for H(3p) in the case of H2O.
Although they found a relatively small excitation
probability to H(3p), the ratio o 3 p/o n = 3 from their
experiment for H2O (about 0.2) is higher than the
value we found (c3p/<Jn=3 »O). We must point out
that the Ly-/? measurements of Vroom and de Heer
were taken at a pressure of 10~ 3 torr, while we have
found recently that the emission intensity of Ha is
not linearly proportional to the target pressure of the
parent molecule. At target pressures even below 10~ 3

torr quenching takes place probably leading to extra
Ly-0 emission. This can be explained in the following
way: the excited H-atom can be influenced by the di-
pole fields of the surrounding parent molecules lead-
ing to a (partial) Stark mixing of the sublevéis. The in-
crease of the A factor with increasing pressure may
also be explained by this effect. One can now under-
stand that, although the H(3p) state is initially not
populated, the Stark quenching effect can cause the
occurrence of Ly-0 radiation which consequently
leads to a decrease of HQ intensity. Such a non-
linearity in the Ha intensity has been observed in this

work and by Khayrallah [18] , who performed electron
impact experiments on H2. Also the presence of a
static magnetic field Bz can give rise to Stark mixing
of the H(n, Q sublevéis due to ihe occurrence of the
Lorentz electric field £„ = -vxBz seen by moving H
atoms in the Bz field. Freund et al. [19] have shown
by Ha line broadening experiments that by dissociative
excitation of H2 with electrons, H* atoms with a velo-
city of about 3.6 X 104 m/s can be produced. These
atoms experience a motional electric (Lorentz) field
of about 10 V/cm in a magnetic field of 300 Gauss.
In fig. 3a can be seen .that in the region around
10 V/cm the Ha-emission intensity decreases rapidly
due to the level mixing mechanism. From the above
mentioned arguments can be derived that intensities
of Ha radiation should be measured at low pressures
and beam currents, in the absence of electric and mag-
netic fields.

The experimental results of Ankudinov et al. [7]
are also shown in table 1. However, their data were ob-
tained by He* ions ( 1 0 - 3 0 keV) incident on H 2 in-
stead of electron impact. The experimental results of
Ankudinov et al. do not agree with our results except

for O3d/c„=3- ^ y f'nd f o r C3s/°n=3 a v a ' u e c ' o s e t 0

zero where we found 0.36. The different results ob-
tained by Ankudinov et al. and in the present work
might be due to the different projectile used for the
excitation. Also the experimental circumstances under
which they measured a 3 i /a n = 3 might have influenced
their final results. The pressure taken in their experi-
ment was as high as 10" 3 torr. We showed that the A
factor is strongly dependent on the target gas pressure.
It can be seen in fig. 1 that an increase of A from 0.6
to 0.8 causes almost an inversion of the o 3 s / o 3 p ratio.

Preliminary experimental results of khayrallah [20]
show agreement with our value for o 3 p = 0 in the case
of electrons on H2. He found that the H(3p) state is
not produced above 10% of the total excitation to
H(n = 3).

5. Discussion of the cy results

The.question is why the 3p sublevel in H(n = 3) is
not excited in the dissociative excitation process. If
we assume that the excitation of each sublevel is
proportional to its statistical weight (2/ + 1 fold degen-
eracy) then o3slon^ = 0.11, a^la,,^ --- 0.33 and
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Ojdl°n*3 * ° 5 6 - Our experimental results do not
agree with these values. This means that the excitation
of the 11 • 3 sublevéis is controlled by a more compli-
cated mechanism than simply according tö the statisti-
cal weight. To understand the mechanism of such
dissociation process, a detailed knowledge of potential
surfaces of the parent molecules is indispensable.

However, little is known about those states of the
parent molecule which can dissociate into H(n * 3)
and other fragments after electron impact. Generally,
several states contribute to the formation of H(» - 3)
as can be seen from the o(H0) curves just above the
threshold which often show several onsets [1,2,19,20).
Further the relevant states of the parent molecule lie
above the first ionization potential. This means that
those states arc in a region where the density of elec-
tronic states is very high. This, together with the fact
that the H-atoni can have a considerable amount of
kinetic energy during the dissociation makes it almost
impossible to construct udiabatic correlation diagrams
between the parent molecule and its fragments. During
the dissociation process, crossings and transitions be-
tween several electronic states cannot be excluded,
making the exact dissociation trajectory hard to follow.

An important point is, that the absence of the exci-
tation of the 3p level is seen for different types of par-
ent molecules. We used diatomic as well as five
atomic molecules in our experiment. The relevant elec-
tronic levels thus have different symmetries and also
the residual fragments after H(M = 3) has been split
off, are of different species. Whatever initial molecule
is taken or which fragment is left behind, no difference
is found in the excitation of the 3p subleve]. It is
hard to believe that principally none of the parent
molecules taken in this experiment has adiabatic elec-
tronic correlations with H(3p). This might indicate
that the dissociation processes leading to H(n = 3)
should not be treated in an adiabatic (static) way but
that a dynamical model including nuclear movements
should be chosen. Such a diabatic dissociation mecha-
nism should be responsible then for the fact that states
which are adiabatically correlated with H(3p) lose
this particular correlation. A mechanism which excludes
preferentially the formation of H(3p) is not yet known
but the states leading adiabatically or diabatically to
H(3p) might be more sensitive to autoionization or
predissociation into other fragments.

The simplest parent molecule that we have taken in

this experiment is H2. For this molecule it is known
that several excited states can contribute to the
H(n • 3) formation. These H2 states are (predissoci-
ated) neutral high Rydberg states and doubly-
excited states as explained in the refs. [18,19,21].
From adiabatic correlations between H(ls) and H(3p),
and molecular H2 states, states with 1 > 32*. 1-3S„,
1>3ng and 1>3nu symmetries result. Such states can
be populated by either direct excitation or by predis-
sociation of other H2 states. Therefore the exclusion
of the formation of H(3p) is not yet understood.
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PART B1

THE ROTATIONAL EXCITATION AND POPULATION DISTRIBUTION OF
OH(A2E+) PRODUCED BY ELECTRON IMPACT ON WATER

G.R. MÖHLMANN*, C.I.M. BEENAKKER** and F.J. DE HEER
FOMInstituut voor Atoom- en Molecuul fysica. Kruislaan 407, Amsterdam/Wgm., Vie Netherlands

Received 13 November 1975

The rota.ional excitation and population distributions in OH(A2£+, v' = 0) have been determined by analyzing the
OH(A22+ -» X2n¡) emission spectrum. The spectrum results from the impact of mono-energetic electrons (0-1000 eV) on
water vapour. It is shown that these rotational distributions of the OH(A2E+) state depend on the electron impact energy
and have contributions from singlet and triplet states of water. The contribution from each dissociative state of water can
be described by a Boltzmann distribution, both in the case of rotational excitation and population.

Three distribution parameters ("temperatures") for rotational excitation are obtained, namely 13800 K and 2900 K for
the singlet contributions and 4000 K for the triplet contribution. The corresponding distribution parameters for the rotational
population are 30000, 3300, and 4800 K, respectively. The results are discussed in view of recent theoretical calculations on
water energy levels.

1. Introduction

One of the products formed after dissociative exci-
tation of water is the OH fragment excited in the
A 2 I + state [1,2J. This fragment shows its presence
by the A2E+ -»X2n¡ emission spectrum (3064 A
system) in which the v' = 0 -»• u" = 0 vibrational transi-
tion is by far the strongest.

The present article describes an analysis of the
intensity distribution of the rotational emission lines
in the A22+ , v' = 0 -* X2n¡, v" = 0 band. From this
the rotational population N^< as well as the rotational
excitation cross section distribution oexcjy is obtained
for OH(A2Z+, v' = 0) after electron impact on H2O.

The rotational population distribution of OH(A22+)
has been studied before by means of electron impact
[3,4J, photoabsorption [5J, gas discharges [6J.
flames [7| and afterglows [8,9]. Because in these ex-
periments the pressure was taken sufficiently low, the
rotational distribution differed from that of a thermal

* Department of Theoretical Organic Chemistry, Leyden
University, The Netherlands.

•* Present address: Philips Research Laboratories, Eindhoven.
The Netherlands.

equilibrium distribution corresponding to the tempera-
ture of the surroundings. It was found (except in the
case of photoabsorption [5]) that the rotational distri-
bution could be described by a Boltzmann distribution
(or a superposition of such distributions) with distribu-
tion parameter(s) T.

The distribution parameter T in the above mentioned
experiments and obtained in this experiment does not
correspond to any real temperature because the ex-
perimental circumstances and the types of processes
that are studied cannot give rise to a thermal equilibrium
distribution. This means that Boltzmann distributions
and the distribution parameters Tare used for the
description of the emission spectrum only, without
the physical interpretation that is usually given for the
parameter T.

It will be shown that if the rotational population
can be described by a Boltzmann distribution this will
also be the case for the rotational excitation distribu-
tion albeit with a different value for the parameter T.

In the present work the OH(A22+) radicals have
been produced by using an electron beam, which is
well defined in energy (energy spread about 1 eV).
The energy of the electrons can be varied between 0

Chemical Physics 13(1976)375 385
£> North-Holland Publishing Company
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and 1000 eV. The water vapour pressure has been
kept sufficiently low such that rotational relaxation
processes were relatively unimportant (ca. 2 X IO~^
Torr).

The intensity distribution in the OH(A22+, v' =
0 -> X2II¡, v" = 0) emission band is analysed by a com-
bination of two methods. In the first method the in-
tensities of the well resolved lines together with the
intensity relations for rotational transitions are used.
In the second method the intensities of all possible
rotational transitions are calculated by a computer
and next convoluted to a spectrum, taking into account
the opticil performance of the fnonochromator. By
varying the distribution parameters 7* the best fit with
the experimental spectrum is obtained. This method
introduces the possibility to take into account also
fjiose rotational lines contributing to the spectrum,
which are not fully resolved by the monochromator«-

It will be shown that the rotational distribution
depends on the electron impact energy, a phenomenon
which has not been observed before [3]. This is in-
terpreted as being due to the fact that several states
of water, each giving a different rotational distribu-
tion, are involved in the formation of OH(A22+).

At last the suggestion that several states of water
contribute to the formation of OH(A22+), is com-
pared with the results of photofluorescence measure-
ments [10J and with theoretical calculations [11,12].

2. Experimental

The apparatus used has been described by Beenakker
and De Heer [I3J. It consists of a vacuum chamber
and of a collision chamber connected to each other
by a differential pumping hole. An electron gun is
mounted in the vacuum chamber and produces an ele-
tron beam (energy 0-1000 eV) which is directed by
a coaxial magnetic field and goes through the dif-
ferential pumping hole into the collision chamber.
There, the electrons are trapped by a Faraday cage
used for the beam current (0-1 mA) measurement.
The vacuum chamber is connected to an oil diffusion
pump with a cooled baffle. A differential pumping
system is used. The vapour, introduced into the colli-
sion chamber via a variable leak, flows through the
differential pumping hoie into the vacuum chamber,
where it is pumped away. The pressure of the target

gas is measured by an MKS Baratron capacitance
manometer (pressure head 77H—1).

The photons emitted are analysed by a Leiss mono-
chromator at 90° to the electron beam direction. The
reciprocal linear dispersion of the monochromator is
15 A/mm at the exit slit. The smallest slitwidths used
in our experiments correspond to 0.28 Á fwhm. The
photons are detected by a cooled photomultiplier
(EMI type 6256 S) behind the exit slit and then
counted (SSR photon counter). The quantum yield
of the optical equipment is determined in the usual
way be means of a tungsten standard lamp [14] and
appears to be constant in the relevant wavelength
region. The emission spectrum is scanned by moving
the grating automatically in variable small steps, which
are made after integration of a certain amount of
charge arriving at the Faraday cage.

This step mechanism can also be used to vary the
electron impact energy when measuring the energy
dependence of the intensity of a spectral line.

3. Dependence of the rotational line intensities on
the impact energy

3.1. Introduction

This study on the rotational distribution has been
started with the measurement of the emission cross
section (aem) of the 0H(A2S+ - X2n¡) band system
at 3064 Á as a function of the electron impact energy
£"ej (see Beenakker et al. [1 ] , section 5).

Using the Bethe approximation [ÍS] the emission
cross sections at high impact energies are given by:

where A is a constant related to the optical oscillator
strength(s) for transitions to molecular state(s) leading
to OH(A2S+) and cem is a constant dependent on the
properties of the excited state(s) involved. The positive
slope of the straight part at the high energy side of
the Fano plot [16] and the relatively small value of
cem (=0.39) [1] give evidence that excitation to op-
tically allowed states with respect to the ground state
of H2O contributes significantly to the formation of
OH(A22+). However,'such a high energy behaviour
does not exclude possible small contributions of sym-
metry forbidden excitation processes in this energy range.
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Beenakker et al. [I ] have already suggested that
the steep rise of the cross section and the maximum
near threshold may be due to an electron-exchange
process. Such a process would lead to triplet states
«f H2O, dissociating into OH(A2Z+). Because the
cross sections for electron-exchange processes decrease
rapidly with increasing impact energy, their contribu-
tions to the formation of OH(A22+) in the high im-
pact energy range can be neglected.

3.2. Low electron impact energies (0 100 eV)

The rotational distribution in the OH(A22+) state
is controlled by the radial and angular behaviour of the
relevant H 2 0 potential energy surfaces and by the
positions and the momenta of the nuclei just after
the excitation (the starting conditions on the repul-
sive energy surface). Dissociative states with different
radial and angular potential energy behaviour will
then produce different rotational distributions. If the
excitation of these dissociative excited states behaves
differently with respect to the electron impact energy,
a change in the rotational distribution, i.e., in the
rotational line intensities of the OH(A22+ , v' =
0 -» X 2 nj , v" = 0) emission spectrum, will be observed
when the electron impact energy is varied.

i.Ch
intensity (arbitrary units)

In fig. 1 the emission spectra of the OH(3064 Á)
bandsystem are shown at two different electron impact
energies being 14 eV and 100 eV. Both spectra were
taken at the same water vapour pressure and optical
resolution of the monochromator. The spectrum at
14 eV was taken because at this energy the aem of the
OH(A2£+ -»• X2rij) band system shows a maximum
(see ref. [1 ] , fig. 3), possibly due to the presence of
a dissociative triplet state of water leading to OH(A22+).
An impact energy of 100 eV has been chosen because
at this energy the contribution of possibly present
triplet states can be neglected due to the fast decrease
of the cross sections for electron exchange processes
with increasing energy [17,18]. In fig. 3 it is seen that
at 14 eV the absolute emission intensity at shorter
wavelengths, corresponding to transitions of lower
rotational states, is larger than at 100 eV. The absolute
emission intensity at longer wavelength (higher rotational
transitions) is almost the same for both impact ener-
gies. So at low impact energy the lower rotational
states of 0H(A2Z+) contain an extra contribution.

To investigate the nature of the contributing excited
water states, we measured the energy dependence
(0-100 eV) of aem for lines involving transitions
from low and high rotational states N' of 0H(A 2 S + ) .
For this measurement the transitions Pj (N' = 27) and

X2n.) 3064ÄSystem

I I 100 eV

M 14 «V

0.5-

3050 3I00
X(A)

3300

I if,. I. Contours of the OH(A2£* - X'llj) emission spectra at 14 eV and 100eV impact energy.
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Fig. 2. i i.i. ¡1:5 Jept/iuiiTice.'i tO(>,', :f the emission cross
sections .u transition* trun; rotational upper Uveis with
JV' = 2 and \ - 27 f01 v' - 0.

'On
O,„E,| {arbitrary unas)

OH(A2I*v=0—XJn,,V'r0)

n N=27

05-

0 -
so !00 500 1000

E,,(«V)

fig. 3 i Jiio pi'.j! -it fh¿ emission cross sections of transtrioiu
from roi^iional upper k-vels with N' = 2 and A'' = 27.

Qj (A'' - . : )weic ¡aken (see t i ^ 2) Fui r ÍJV? = 2 7 ) ,

aem SII.IÄI j maximum at about four times the thres-
hold energy. Such a maximum at higher energy indicates
that optically allowed and/or symmetry forbidden
transitions are involved in the formation of high
rotational states of OH(A2S+). For transitions from
N' = 2 oau shows a quite different behaviour. The
steep rise just after the threshold and the steep de-
crease behind the maximum indicate that a triplet
state of water is t-xcited. However, in the case of a
pure singlet triplet excitation, the decrease of aem

;¡ftei tin- maximum with increasing impact energy
would be ("aster ¡ Í /,i8J ih.m found in this experiment.
Therefi.ri-, the lev,.! with A ' == 2 may also have con-
tributions from optically allowed and symmetry for-
bidden states ot water. This will be discussed in the
next se.tion.

:• /ƒ«,</; kr<r:»i iihfhi {lOU-!(>Ot) eVi

flic L-ir.ission ei. .", sectuiiii at high ¡inpakt

t . " O I I ( A 2 I + . t / .') . V ' ) w i i ! i V - 2 d n d A ' 'l"i

¿\>: s h u w n in fig. 3 in liic f¡)rii¡ oi J h a n d p i n t 1101-

ir, ili/ed tu unity al 1U00 eV. 'flu1 positive slope in ¡lie

f-jnn pint tor iransiiums :üising Irom these rotational

states ¡ndii'jic.s that opik.iiiy ulluwed transitions in

H , 0 le.i.110 O I H A 2 ! ' , wiiíi \ ' 1 and V ~ y>. It

follows tnim fig. 3 that the excited singlet statefs)of

watei Lontnbutinii i.> ;V' - 2 andN' = 27 have a similar
energy dependence between 100 and 1000 eV. The low
value of cem (aboui 0.39), obtained from the Fano plot
implies that symmetry forbidden transitions are less
probable in the form ition of 0H(A 2 S + ) with N'=2
and ,V - 27.

3.4. Further analysis at low electron impact energies
(0-lOOeV)

From \i:i.lioü 3 _ it follows that at low impact
energie 'he rotation,ii state with .V = 2 may also
have J c(i¡itributiori from excited triplet state(s) of
v.'&ter. This :•> not ihe case for the state with A/' = 27
The iinglei biateis) ..t' HjO contributing to N' = 2 <ind
A'' - 11 ul OH(A-1¿') have the same energy dependence
above 100 .V (set: M._uon 3.3). In the analysis we as-
sume thai tin, is alsi. the case below that energy.

Theo.nlribuiioit ol the H-,0 triplet states to the
rotational OM state with '••' - 2 can now be evaluated
in the following wa;, in fig 4 vie have fitted the low
energy (0 100 eV) - \ n i .irvc f01 N' = 27 to that fot
A '̂ = 2 at I Of) eV at whi..h energy singlet-triplet ex-
citation can be neglei.ii*:'. nfiei having subtracted
Ihe filled A' 27 fron thi A' •-- 2 curve, the remaining
represents Ihc ¡nplet i.\Ji.itiot( mi .. •; ion loN'- 2
We indeed sec th.jt 1. n. •• l«.n (da^..d curve in
tig. 4) which i.s typical h . i singlet triplet transition.
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Fig. 4. Deconvolved energy dependence of the emission cross
section of transitions from rotational upper levels with N' = 2.

4. Rotational distribution analysis

4.1. Rotational structure of the OH emission band

The bandsystem at 3064 Á belongs to a 3 2 + - 2rij
electronic transition. For a detailed description of the
rotational structure of a 2 2 + - 2n¿ electronic transi-
tion see the textbook of Herzberg [19] . The selection
rules for the total angular momentum J are A/ = - 1 ,
0, +1 giving rise to P, Q and R branches respectively.
Those rotational states which belong to the Hund's
coupling case (b) have a selection rule for N, the total
angular momentum without spin, similar to the selec-
tion rule for / .

In the Hund's case (b) each rotational state with
quantum number N is split into two by coupling of
N with the spin angular momentum S = jr leading to
two possible values of/namely J = N + j and / =
N - \. Transitions with AJ = AN = +1,0, - 1 form
the six rotational main branches in the vibrational
band, Pj, P2, ß , , Q2, Rj and R2. In Hund's case (a)
the spin and the electronic motion are both coupled
to the line joining the nuclei. Here TV is no more a
good quantum number. In this case only the selection
rules AJ~ - 1 , 0 , +1 apply. Since the ground state of
OH is intermediate between Hund's coupling cases (a)
and (b), the selection rules for N are not strictly
obeyed and in addition to the six main branches with

AJ = AN six weaker satellite branches with AJ i= AN
occur.

4.2. Intensity relations

For the intensity / of an emission line, due to a
transition between an electronic upper state n' with
vibrational and rotational quantum numbers v' and
N' and an electronic lower state n" with quantum
numbers v" and N", we can write [19];

'n'v'N\n"v"N" ~"n'v'N'/*n'v'N',n"v"N" > (*)

in which / i s the intensity in photons per second,TV
the number of molecules in the initial state and A the
Einstein transition probability for spontaneous emission.
Taking into account the effect of rotation vibration
interaction (variation of the electronic transition pro-
bability as a function of N', N", v' and v") as shown
by Anketell and Learner [20], one can write:

In this expression h represents the Planck constant, v
the frequency of the emitted radiation and gN. is the
degree of degeneracy of the initial state and is equal to
IN' + 1. Further, SN-N» is the linestrength of the
rotational transition, and the effect of rotation-vibra-
tion interaction is included in the term Tn>u-N-n»o»N»
which here represents the rotation dependent vibronic
transition probability. Considering one vibrational
transition only (v = 0 •* v" = 0 in our case) the in-
tensities of the rotational emission lines are given by:

If/'N" a^N' VN'N"^N'N" TN'N"ISN' • (3)

This equation gives the relation between the popula-
tion A^- and the intensity Iff^--

In order to relate the intensities with excitation
cross sections we make use of the relation:

»excJV (4)

which is valid under steady slate conditions and if
predissociation in N' is absent. It follows then that:

(5)

Together with eq. (3) we now obtain:
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V A " ' a aexc.NlVN'N"SN1N" TN'N"ISN'N" S
(6)

Hence from the intensities and known values of v,
S. T. g and ZA, both the rotational population distri-
bution A^y' and the rotational excitation distribution
ae\cJV' c a n be obtained. It is clear that only the un-
predissociated levels AT' < 24 can be used in this type
of analysis in the case of OH(A22+ , v' = 0,N").

4.2.1. Rotational population distribution
It has been shown before [3,4] that the rotational

population distribution of OH(A22+) after electron
impact on H2O is well characterized by a Boltzmann
distribution. We therefore put:

exp(-£ jV./*7'pop.). (7)

where k is the Boltzmann constant, Tpop the distribu-
tion parameter and E^ the rotational energy of the
state with quantum number N1. To a good approxima-
tion this latter energy equals hcBN'(N' + 1) in which
c is the velocity of light and B the rotational constant
of the OH radical in the A 2 2 + state.

The numerical values of TN<N» for the OH(A22+ ,
v' = 0 ->• X2rij, v" = 0) transitions as given by Anketell
and Learner [20] can be well fitted with the function:

1)1 . (8)
with

aN'N"
= —7A X 10~4 for the branches

P1(yV')andP2(A r '+l),
=• -8 .0 X 10~4 for the branches

Ql(AO -andQ2(Ar'+l),
= -8 .5 X IO-4 for the branches

Then we find from eqs. (3), (7) and (8):

¡ N ' N " a ^ ' " " W "

Xexp

4.2.2. Rotational excitation distribution
With the aid of the numerical values of TN-N» [20],

i>VW" andS/vTV' (the values for these latter two
parameters are taken from Dieke and Crosswhite [21 ] )
we calculated ^N« /lyv'.V" anc* fiftec* ' f ' n ^ e form:

jr r + 1 ) i ' ( 1 0 )

in which the parameter ß has the value -9 .5 X 10~4 .
Eq. (4) suggests that the dependence of the excitation
cross sections on A'1 can also be described by a Boltzmann
distribution, so we put:

- ~ JV(N' + 1)) . (11)
KI exc. /

Combining the eqs. (6), (10) and (11) yields

X exp | ( % v r - ß - W + I)} • (12)

4.3. Method of graphical plotting

Eqs. (9) and (12) show that a plot o N
"jvw") versus Af'(Af' + 1) yields a straight line with
a slope equal to

. (13)

In the case that NN- and oexcjy are characterized by
a superposition of Boltzmann distributions with dif-
ferent Tpop (or 7*exc), the plot will yield a line which
is a superposition of straight lines.

For the method of graphical plotting only well
resolved lines of the spectrum can be used. The spec-
trum was taken at an optical resolution of 0.28 Á. The
positions of the well resolved lines were determined
with the aid of the tables given by Dieke and Crosswhite
[21].

We started with the emission spectrum obtained at
100 eV impact energy, at which energy predominantly
singlet states of H2O are excited (see section 3.3). The
intensities of the well resolved lines in the P1.P2.Q1>
Q2 , Ri and R2 branches were plotted in the above
mentioned way. The observed curves can be described
by a superposition of three straight lines, see fig. 5. After
deconvolution of the superposition three values for
r e x c and Tpop are obtained from the slopes of the
separate straight lines, and are presented in table 1.
The two lower values for both Tcxc and Tpop are
less accurate because with the present optical resolu-
tion they are determined from a relatively small num-
ber of really well resolved lines.

The 14 eV spectrum could not be analysed by the
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500 600

Fig. 5. Plot of \n{lN'N"ISN'N" vfaN") versus N\N' + 1) for
OH(A2Z+, v = 0 - X 2 n i ; u" = 0).

Table 1
Distribution parameters 7 e x i . . and 7"pop_ of the contributing
rotational distribution (K)

rexc.l
Texc.2
7"exc.3
^exc.

Tpop.l
7pop.2
rpop.3
rpop.

Graphical
plotting

13800+ 1400
3050 ± 500

-
500 ± 200

30000 ± 3000
3450 i 500

500 ± 200

Spectrum
simulation

-
2900 ± 500
4000 ± 500

S00 ± 200

-
3300 ± 500
4800 ±500

500 i 200

graphical plotting method. Additional values of the
distribution parameter due to triplet contributions
made euch a plot too complicated to deconvolute.
The analysis of this spectrum is described in the next
section.

4.4. Method of spectrum simulation

The method of analyzing the rotational distribution
by spectrum simulation has been applied by Baas and
Beenakker [22] in the analysis of the CH (4314 A)
band system formed after electron impact on C2H2

[24]. In the case of Cl 1 the spectrum is built-up from
three vibrational transitions. The rotational distribu-
tion in each of them is described by one distribution
parameter T. In the case of OH(A22+ - X2n¡) we
consider only the 0—0 vibrational transition. However,
this transition is described by several values of T (see
previous section).

The OH(A22+ , v' = 0 - X2 n¡, v" = 0) spectrum can
be simulated by calculating the intensities of all rota-
tional transitions by the relation:

(14)

in which C¡ can be equal to the left or right side of
eq. (13) and y¡ is a weight factor if several distributions
with different 7"exc, (or 7p o p , ) contribute to the total
spectrum. The calculated intensities can be convoluted
into a spectrum by scanning a window, determined by
the intensities of the lines and the optical resolution of
the monochromator through the calculated line spec-
trum. The line strength formula given by Kovács [23]
and the term values given by Dieke and Crosswhile [21]
are used.

In principle values of 7', and 7, can be obtained by
varying these parameters on the computer til! the best
fit with the experimental spectrum is obtained. How-
ever for practical reasons, we preferred to perform the
simulation of the spectrum by a combination of con-
volution and deconvolution.

The value for the first parameter T¡ was taken
equal to that of 7^ obtained by the graphical plotting
method because this value had the higher accuracy.
The analysis of the experimental 100 eV spectrum
then proceeded as follows: The simulated spectrum
with r e x c j = 13800 K was fitted to the experimental
spectrum by taking the intensities of the calculated
and the experimental rotational transition lines Pt

(N' = 23) equal. It was assumed that the upper state
N' = 23 is excited by one distribution (with Texc j )
only. Then this simulated spectrum was subtracted
and the residue spectrum was simulated by another
calculated spectrum [see eq. (12)] with a second
distribution parameter Texc 2 . Thus it was found that
7"exc 2 = 2900 ± 500 K. After subtraction of the
2900 K spectrum from the residue still some lines
were left. These lines-could be described by a distribu-
tion with Texc = 500 ± 200 K. The lower va'ues of
the distribution parameter obtained by this method
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agree rather well with the values derived in the proceed-
ing section. Also some lines were found belonging to
the weak 1-1 vibrational transition which we did not
consider.

The experimental spectrum at 14 eV impact energy
has contributions from both singlet and triplet states.
To investigate the values of the distribution parameters
belonging to the triplet contribution we first had to
eliminate the singlet contribution. This was done by
normalizing the intensities of the 100 eV and 14 eV
impact energy spectra at the high rotational transition
line P2 (N' = 27) which has no triplet contribution
(see section 3.2). Next the 100 eV singlet spectrum
was subtracted from the 14 eV spectrum. The pure
triplet contribution was then obtained. By varying
the distribution parameter Texc 3 the best fit between
the simulated and experimental spectrum was found
for Texc3 = 4000 + 500 K. A few lines were left after
subtracting the simulated 4000 K spectrum from the *
triplet spectrum and as before, these lines could be
described by a 500 + 200 K distribution.

It was found, both at 100 eV and 14 eV impact
energy, that the lines which had a contribution from
the Texc = 500 ± 200 K distribution showed an in-
tensity which increased slightly more than linear
with the beam current. We concluded from this that
this distribution is caused by secondary processes
for instance excitation of OH(X2FIj) formed after
dissociative excitation of H2O. This process may
be possible because it is known that after photo-
dissociation of H2O with 1236 Á photons, the cross
section for the formation of 0H(X2n¡) fragments is
about 50 times larger than that of 0H(A 2 £ + ) frag-
ments [25]. The rotational distribution parameter
for OH(X2n¡) in this particular experiment corre-
sponds with room temperature.

If the spectrum simulation is performed with the
aid of formula (9) then the corresponding values for
the r p o p will be found. The values for Tpop can how-
ever be calculated using formula (13) and the here-
above obtained values for Texc. The calculated values
for 7pop, are then TpupA = 30000 ± 3000 K and
Tpop 2 = 3300 ± 500 K for the singlet contributions
and fpop 3 - 4800 ± 500 K for the triplet contribu-
tion. The 7 ^ = 500 ± 200 K distribution is not
turlher considered because this is probably due to
secondary processes The values for 7*exc obtained by
the speciium simulation method, and trie correspond-

ing calculated values of Tpop will be used throughout
this article.

4.5. Comparison with other experiments

The O H ( A 2 2 \ v' = 0 -> X 2 ^ , v" = 0) spectrum
has been analysed before only by the method of
graphical plotting. Our high value of 13800 ± 1400 K
for Texcl is in good agreement with the value of 14000 K
obtained by Horie et al. [3] in a similar experiment.
Horani [4] determined 7 ^ and found a value of
19600 K. Applying eq. (13) will change his value of
19600 K into 11600 K for the corresponding T^.
The high parameter values found both by Horie et al.
and Horani are consistent with our results.

Horie et al. [3] and Horani [4] found only one
additional value for T, namely T^ = 1000 K (cal-
culated from fig. 9 of ref. [3]) or 7 ^ = 590 K
respectively, instead of the two additional values
in our case. We checked the reliability of our two
lower rvalues by a method of spectrum simulation,
suitable to include also the blended rotational lines in
the analyses, and found a good agreement between
the two methods.

4.6. Cross sections

From the present data it is possible to calculate the
separate emission cross sections a'em corresponding to
each contributing Boltzmann distribution, formed by
primary dissociation processes. To obtain a'em of the
singlet contributions at 100 eV, the'separately con-
voluted calculated spectra Sj and S2 [calculated with
eq. (9) or eq. (12)J were used. The wavelengths Xt and
A2 at which the calculated spectra Sj and S2 show their
maximum emission intensity, were determined. These
emission maxima of S¡ and S2 (at Aj and X2) were
then put equal. Next the ratio of the total emission
intensities of Sj and S2 were determined by integra-
tion of the intensities over the relevant wavelength
regions. The predissociation that occurs for levels
with N' > 24 was taken into account. From the de-
convoluted experimental spectra the ratio of the in-
tensities at X[ and X2 were obtained and multiplied
with the integrated intensities of S¡ and S2 respectively,
leading to the relative emission cross sections. Using
the value of u . m for the whole 3064 Á band system
(46 4 X 1 0 '^cm 2 at 100 eV) obtained by Beenakker
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Table 2
Absolute and relative emission cross sections o'em of the separate contributing distributionsa)

rexc. (K

13800
2900
4000

) rpop. (K)

30000
3300
4800

100 eV

oémdO"19 cm2)

41.5 ±1.5
4.9 ±1.5
0

oern(%)

89.5 ± 3.2
10.5 ± 3.2
0

14 eV

aem(10-'
9cm2)

41.5 ± 1.5
4.9 ± 1.5
68.2 ± 1.5

36.2
4.3
59.5

:%)

±1.3
± 1.3
±1.3

a> The errors in a e m are connected with the uncertainties in the distribution parameters only. Besides, all absolute data may contain
an error of 20% due to the determination of the absolute value of a e m of the OH( A2 £+ - X2n¡) band (see ref. 11 ]).

et al. [1] the separate emission cross sections can be
calculated and are presented in table 2.

In the same way the o e m for the triplet contribu-
tion at 14 eV can be calculated. At 14 eV impact
energy, after deconvolution of the experimental spec-
trum, the total emission of the separate triplet contri-
bution is 1.47 times the total emission of the separate
singlet contribution. Fig. 4 shows that o'^ of the
singlet part at 14 eV impact energy is almost the same
as at 100 eV. This means that at 14 eV the aém of the
triplet contribution is 68.2 X ]0~ 1 9 cm2 and that of
the singlet part 46.4 X 10" 1 9 cm2 (see table 2).

The contribution of the 71
pop_ = 500 K distribution

tu the total emission intensity of OH(A22+)at 100 eV
impact energy, a water pressure of 2.2 X 10" 5 Torr
and a beam current of 600 ßA was about 4%. Ai 14 eV
impact energy, a water pressure of 1.8 X 10 ? Torr
and a beam current of 80 /xA the contribution of the
500 K distribution to the total emission energy was
about 2%.

If radiation is the only decay channel for the ex-
cited OH particle, the excitation cross sections for the
separate distributions aexc are proportional to their
a'em. For N' > 24 predissociation occurs in
OH(A2S+). This means that not all excited OH mole-
cules with ,V' > 24 show their presence by radiation.
The distribution corresponding with 7'CXL i = 2900 K
has a relatively negligible amount of molecules in the
rotational states with A" > 24. However, the 7CXCil =
13800 K distribution has an appreciable amount of
molecules in the states with N' > 24. In this case it is
assumed thai the rotational excitations to the pre-
dissociated states are still described by a Boltzmann
distribution corresponding to 7"exc = 13800 K. Then
one calculates that about 25% of the 7"exc j = 13800 K
distribution decays by predissociation. This leads to a

a' value for the Texc , = 13800 K distribution of
EAU SAt. 1

(51.9 ± 1.6) X 10 - 1 9 cm 2 a t 100 eV. The Texc3 =
4000 K distribution at 14 eV has no appreciable
amounts of molecules in the states with N' > 24, so

i this case.

5. Discussion

In the preceding sections it has been shown that, in
a primary process, electron impact excitation of singlet
states of water can give rise to a rotational distribution
of 0H(A2 2 + , v = 0) molecules which is characterized
by a superposition of two Boltzmann distributions with
distribution parameters T¡ and 7'->. The Tj distribution
is often called the ••abnumial" rotational distribution.

In a recent paper Tsurubuchi [26] summarized
evidence lui the role of the B1 Aj state of water in the
formation of "abnoimal" OH. Flouquet and Horsley
[27] performed an ab inilio study on the potential
energy surface of this state. In (he Franck—Condon
region their calculations show a fairly flat behaviour
in the direction of increasing OH bond length, while a
steep decrease is calculated in the direction of the
equilibrium bond angle at 180". This means that during
the dissociation into OH(A22+) and H via the B1 A1

state strong molecular bending vibrations occur in-
creasing the separate oibital angular momenta of the
hydrogen atoms with respect to the center of mass. The
orbital angular momentum obtained by the departing
H-atom with respeci to the H—O-H center of mass is
equal and opposite to the rotational angular momentum
of the left 0 H ( A 2 i / ) fragment. In this way fast rotating
OH molecules may be produced. Chapuisat et al. [28]
have started classical trajectory calculations to study
the dynamics of the photodissociation of H2OÍB1 Aj)
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into OH(A2Z+) and H(2S). Their results indicate that
the B1 A] state may produce fast rotating OH(A2Z+)
molecules.

The "normal" distribution has only been found in
the case of excitation by electron impact. Flouquet
and Horsley [27] suggest that this distribution arises
from a triplet state of water. However, because the
"normal" distribution is also obtained at high electron
impact energies, at which singlet-triplet transitions
have a low probability, we do not follow this view. The
absence of the "normal" distribution (mainly low
rotational states) in the photofluorescence measure-
ments of Carrington [5] indicates that it can only be
formed upon excitation above 10.2 eV. Because of
the large range of excitation energies in the electron
impact experiments two mechanisms producing normal
OH can be considered.

The first mechanism involves the formation of
"normal" OH and ground state H atoms. For reasons
of symmetry these fragments correlate with one state
of water only, viz. the B1 Aj state [26]. This means
that the B1 Aj state produces OH(A22+) via two
channels, one yielding "abnormal" OH (see above),
the other yielding "normal" OH. The latter channel
could be direct dissociation in the direction of in-
creasing bond length upon excitation of the B1 Aj
state above 10.2 eV (direct or via predissociation of the
nearby lying C1 Bj state [29]). Because this mechanisn
does not involve strong molecular bending vibrations
slowly rotating OH(A22+) is produced. Beyer and
Welge [10] found two close lying peaks around 10 eV
in a photofluorescence measurement of OH(A22+)
from H2O, supporting this mechanism.

As a second possible mechanism for the formation
of the "normal" distribution we consider the simul-
taneous formation of OH(A22+) and excited hydrogen
atoms. For reasons of energy such a process could only
occur at energies above 19.4 eV. Because the emission
cross section of the "abnormal" distribution is much
higher than that of the "normal" one (see table 2) it is
difficult to get experimental evidence for this process
from the 0H(A 2 £ + - X2rij) threshold measurements
[1 ] . However, two onsets for Lyman and Balmer radia-
tion of the H atom have been found [1,30]. One of
them might be due to the process considered here.

The rotational population originating from the
triplet state shown a single maximum (see section 4.4).
Following Tsurubuchi [26] this triplet state probably

is the 1 bj— 3pbj -̂ Aj state. Vertical excitation energies
have been calculated at 9.70 eV [12], 9.85 eV [31]
and 9.65 eV [11 ] . These values are close to the experi-
mental threshold of 9.2 eV [1] for OH(A2S+) emission.
Trajmar et al. [32] and Chutjian et al. [33] experi-
mentally found a triplet state at 9.81 eV. Buenker and
Peyerimhoff [11] calculated that excited states arising
from the promotion of a b t electron show a rather
shallow angular potential behaviour in the Franck—
Condon region. This means that the parameter T con-
nected with the rotational distribution coming from
the 3Aj state should be much lower than that of the
"abnormal" distribution arising from the B1 Al state.
This is found indeed (see table 1).
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Note added in proof

Recently N. Böse, H. Hertz, W. Sroka, R. Zietz,
J. Harms, H. Oertel and H. Schenk (see Verhandlungen
der Deutschen Physikalischen Geselschaft, Frühjahrs-
tagung Hannover 1976) measured the photofluorescence
of OH(A2£+) split from H2O using synchrotron-radia-
tion of 9-13 eV. Besides the B^A] state, clear evidence
was present that also the C, D, § and F states play a role
in the OH(A22+) formation. The latter four states are
probably predissociated by the B1 A¡ state.
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PART B2

EMISSION CROSS SECTIONS OF Ha AND CH(A2A -*• X 2 n)
RADIATIONS FOR ELECTRON IMPACT ON HYDROCARBONS
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Absolute emission cross sections for Ha and CH(A*A - X*n) radiations have been determined for electrons (0-2000 eV)
incident on hydrocarbons. The hydrocarbons consisted of alienes from CH4 up to CsH l s , the cyclic aliphatic compounds
C'3H6, C5H10 and C 6 H u , and the unsaturated compounds C2H3and CjH«. The experimental results show that the emis-
sion cross sections for Ha as well as for CH(A A -»XJ IT) radiations decrease remarkably with increasing number of atoms
in the parent molecule.

I. Introduction

The aim of this study is to obtain information about
the emission cross sections, a e m , of Ha and CH(A2A -•
X2I1) radiations for electron impact on hydrocarbons.
Especially, the dependence of o e m on some molecular
properties, such as the number of atoms and the ar-
rangement of atoms in the molecules, has been investi-
gated. Values for aem of H and CH(A2A -» X 2 n) radi-
ations have been published for electrons incident on
the smaller hydrocarbons (up to butane) and for ben-
zene ( 1 - 7 ) . The results in refs. [ 1 -7 ] show that the
aem 's for H(« '-*•«") are roughly independent of the
parent hydrocarbon molecule except for benzene. In
the case of CH(A2 A -»X2F1) radiation the results in
refs. ( 5 - 8 ] show that the ffem's are not independent
of the parent molecule, but that aem decreases with
increasing number of atoms in the molecule. In the
present work we have extended the measurements of
ffem f o r H o a n d C H ( A * A "* x 2 n > f a d i a t i o n s t 0 l a r 8 e r

em o
hydrocarbons to see the dependence of <tm over a
wider range of number of atoms in the parent molecule.
An abstract of the present work is given in ref. [8] .

Recently unpublished results came to our knowl-
edge concerning radiation from excited fragments for

* Department of Theoretical Organic Chemiitry, University of
Leyden, The Netherlands.

electrons on alkanes up to heptane [9]. A comparison
between our experimental results and those of refs.
[1—7,9] is made in the present work.

2. Experimental

The apparatus used for the aem measurements has
been described in some detail by Beenakker and de Heer
[10]. It basically consists of a vacuum chamber in which
an electron gun is mounted, connected with a collision
chamber via a differential pumping hole through which
the electron beam is directed. For the measurements in
the electron energy range 0 -100 eV a coaxial magnetic
field of about 50 gauss has been used to confine the
electron beam. In the energy range 100-2000 eV no
magnetic field was used to avoid contributions of pro-
cesses due to secondary electrons. The electron beam
current has been kept below 50 /JA. The pressures of
the target gases never exceeded 3 X 10~4 torr and
were measured by means of a capacitance manometer
(MKS Baratron). The emitted radiation was observed
at 90° to the electron beam by means of a Leiss mono-
chromator. For the detection of HQ radiation a
RCA 31034 A photomultiplier, and for the CH(A2A •*
X2II) radiation an EMI 6256 A photomultiplier were
used. The multiplier output pulses were discriminated,
amplified and fed into a pulse counter (SSR model

Chemical Physics 19 (1977) 233-240
© North-Holland Publishing Company
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1110 Digital Synchronous Computer). The energy
spread in the electron beam is about 1 eV. The cali-
bration of the energy scale at low energies has been
performed by measuring the onsets for the emissions
of the second positive band of N2 (11.0 eV for the
vibrational level v' = 0), the first negative band of Nj
(18.75 eV for v' = 0) and the 43S -* 23P transition in
helium (23.6 eV). The sensitivity of our optical equip-
ment at the relevant wavelengths has been determined
by comparing the signal of emission for Ha and
CH(A2A -»X 2 n) radiations in the case of electrons
on CH4 with the emission cross sections given by
Beenakker and de Heer [3]. Therefore, the uncertain-
ties in oem are comparable with those quoted in ref. [3]
namely about 20% for H and about 12% for CH(A2 A

2

3. Results

3.1. Emission cross sections for 100 eV incident
electrons

Table 1 shows the absolute and relative oem's for
Ha and CH(A-> X) radiation for 100 eV electrons inci-
dent on various parent molecules. From our results it
is seen that for both types of emission the oem's are
larger for the smaller aliphatic hydrocarbons.

In table 1 we have also presented the experimental
results obtained by other groups in a relative and, if
available, in an absolute way. Not all the other groups
measured om for HaorCH(A-»X)at 100 eV impact
energy. Because the experimental results in refs. [1,3,
6,91 show that the ratio aem(Ly-a): c e m (H a ) : aem(H f l):
oe m(HT), etc., is roughly the same for all hydrocar-
bons, we sometimes compared our relative ffem(Ha)
values with relative ffem's for Ly-a, H., etc., of other
groups. In the case that the oem's have not been re-
ported at 100 eV but at other energies [6,9], we have
calculated the corresponding values at 100 eV using
our energy dependent om measurements (see section
3.3).

in the case of Ha radiation there is reasonable agree-
ment, absolute and relative, with the o e m results of
Vroom and de Heer [1] and Beenakker and de Heer
[3] for the smaller hydrocarbons. Good agreement
exists between our (relative) aem's and those of Oertl
[9] over a wider range of hydrocarbons up to C?H1 6 .

Other groups [4,6] found higher (relative) oen) for the
heavier hydrocarbons than Oerll [9] and we have meas-
ured. This discrepancy might be caused by the method
used for the determination of the gas pressure. Because
the heavier hydrocarbons are easier condensable than
the smaller ones, a McLeod gauge (see refs. [4,6]) is
less suitable for the measurement of the target density
than a capacitance manometer (used in Ihe present
work and in refs. [2,3,9|). The fact thai Vroom and
de Heer [1 ] have found a higher o e m for Ha radiation
in the case of benzene than Beenakker and de Heer
[7] may also be explained in this way (see ref. [7]).

In the case of CH(A -• X) radiation there is reason-
able agreement, absolute and relative, with the other
groups [2,6,9] for the smaller hydrocarbons, except
for the C2H2 result of ref. [3] (see table 1, column
"ref. [2] ")• For the larger hydrocarbons too, again
good agreement exists between our work and that of
Oertl [9]. The relative aem's obtained by Koval et al.
[6] for the larger parent molecules, fur instance pro-
pane or butane, show higher values than those meas-
ured by Oertl [9] and by us, similar as in the case of
H radiation. Consequently the absolute acm for the
heavier hydrocarbons as determined by Koval' el al. [6]
are larger than measured by us. The probable reason
has been indicated above as being due to the target
density determination.

3.2. aem for 0-100 eV incident electrons

In figs. 1 and 2 the excitation functions arc presented
for Ha and CH(A -» X) radiations in the electron energy
range 0 -100 eV. The corresponding c e m values are
given in table 2.

The measured appearance potentials for Ha emission
range from about 15 eV to 25 eV. These thresholds
thus lie all above the first ionization potential of the
parent molecules but below the energy where together
with H(n = 3) ionized products can be formed. There-
fore the parent molecular stales yielding H(n = 3) are
neutral states lying energetically in the ¡onizauon con-
tinuum; they are called superexcited states [11,12]. In
the casjs of n-butane and cyclopentane the thresholds
for Ha radiation could not be well determined due to
the slow increase of the cross section at the threshold.
For some compounds like propane, n- and cyclo-hexane
and octane a second onset in the energy range 3 0 - 3 5 eV
can be seen. In this energy range it is energetically poi-



Table 1
Absolute (units of 10"" cm 2 ) and relative o e m ' s for Ha and CH(A -»X) radiation for 100 eV electrons incident on hydrocarbons

Compound

CH«

C¿rU
CjH,
cyclc-CsHj
CjH,

cydc-C5H,0

n-C5Hi2
neo-C$Hl3

C«H6

n-C*H,4
n-C7H,6

n-C8HiS

Ho radiation

Present
work

abs.

31.2
28.4
28.1
25.0
20.9
17.8
13.1
7.8
8.1
7.5

8.4
6.2

4.1

reL

1
0.91
0.90
0.80
0.67
0.57
0.42
0.25
0.26
0.24

0.27
0.20

0.13

Ref. HI

abs.

28.8

27.2
21.8

45.1

rel

1

0.94
0.76

1.57

Ref. 131

abs.

31.2
29.8
31.2
28.6

16.8 e>

rel.

1
0.96
1
0.92

0.54 e>

Ref. (61 a ) b )

reL

1
0.91
1.28
1.04
1.05'
1.18
0.8S

Ref. (91 c ) d )

rel.

1

0.81

0.62
0.46^

0.38

0.34
0.27

Ref. [4]a-'>

rel.

1

(0.84)
1.24 (0.76)
0.8 (0.82)

CHÍA -» X) radiation

Present
work

abs.

17.0
35.7
11.9
6.1

10.9
5.3
3.4
1.0
2.4
4.8

1.4
2.0

1.4

rel.

1
2.10
0.70
0.36
0.64
0.31
0.20
0.06
0.14
0.28

0.08
0.12

0.08

Ref. (21

abs.

17.0
46.6 í )
14.6

6.8 e>

reL

1
2.74
0.86

0.4 e>

Ref.

abs.

19.0
37.0
12.0
10.0
12.0
15.0
11.0

161")

reL

1
1.95
0.63
0.53
0.63
0.79
0.58

Ref. [91 d>n>

reL

1

0.3

0.22
0.25 0

0.16

0.14
0.11

O

I

•) No absolute Oem(Ha) measured; values refer to Hp radiation.
W Calculated for 100 eV electrons using original data at 4 keV and our extrapolated energy dependences of " e m .
O No absolute o e m(Ha) measured; values refer to the average of Ly-a and Hy data.
d) Calculated for 100 eV electrons using original data at 120 eV and our energy dependences of oem.
4 Value taken from ref. [ 7 ] .
0 Value refers to iso-butane.
g) Value taken from ref. [3] .
h) No absolute oem(CH(A - X)) measured.
<) The numbers in parentheses refer to J. Kurepa (private communication).
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Fig. 1. Energy dependences of the Ha emission cross sections
below 100 eV electron impact energy.

Fig. 2. Energy dependences of the CH(A2& -> X a n ) emission
cross sections below 100 eV electron impact energy.

sible that together with H(n = 3) ionized products are
formed.

The thresholds for CH(A -» X) emission range from
about 13 eV to 18 eV. So, also in this case superexcited
states of the parent molecules play a role in the disso-
ciative excitation process. For methane, ethane, acety-
lene,»-and cyclo-hexane and octane additional onsets
at higher incident electron energies are clearly observed.

The absence of observable additional onsets in the
excitation curve for Ho and CH(A -»X) radiation of
some parent molecules does not mean that additional
production channels at higher energies can be excluded.

3.3. oem for 100-2000 eV incident electrons

The aem's for Ho and CH(A -* X) radiation in this
energy range are given in table 2.

For sufficiently high incident electron energies
Bethe [13],see also Inokuti [14], has given the rela-

tion between the excitation cross sections, and conse-
quently the 0c m's, of an optically allowed transition
and the incident electron energy, namely:

(1)

in which aQ is the first Bohr orbit radius,/? the Rydberg
energy, Ed the incident electron energy, M1 is related
to the optical oscillator strength for excitation to the
relevant (dissociating) states and c e m is a constant de-
pendent on the properties of these states. Eq. (I) shows
that a ploi of o ^ EJ^a^R versus In EA (this is a so-
called Fano plot [15]) yields a straight line with a slope
Mem w h i c h i s Pos i t've for optically allowed transitions.
For symmetry forbidden and electron exchange transi-
tions the slopes in the Fano plots will be zero [13] and
negative [16] respectively.

In figs. 3 and 4 the oem's for Ha and CH(A -• X)
radiation have been presented in the form of Fano
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Tiihlc 2
Absolute ocm't (in units of 10"" cm') for Ha and CH(A -• X) radiations for 20-2000 eV incident elections

20 40 60 80 100 ISO 200 300 500 1000 1300 1700 2000

cu«

CjIU

0,11.

cyclo-CjIlj

OH.

«•C4H10

cyclu-Csllio

• C . H . .

nco-CsH|j

cyc .o^H, ,

»< 6 H, 4

Ha
OKA - X)

Ha
CH(A-X)

»a
CH(A-X)

CH(A-X)

OKA - X)

Ha

»a
CIKA - X)

CIKA - X)

Ha
CH(A -«X)

Ha
CH(A-X)

Ha
CH(A-X)

Ha
CH(A - X)

CH(A-X)

0
5.5

0
24.6

0
1.1

0
1.1

1.5
2.6

1.9
0

0
0.1

0.1

0.6
0.3

0.3
0.5

0.2
~0

0.3
0.1

0.1
0.2

16.7
16.7

13.2
35.8

7.5
8.0

11.6
4.1

8.2
10.1

7.3
3.7

4.7
1.0

3.9
0.4

4.1
1.1

3.5
2.3

1.4
0.2

1.7
0.4

1.0
0.4

26.7
17.2

23.3
38.4

18.1
11.7

19.6
5.7

14.9
11.9

14.0
5.4

8.9
2.4

5.9
0.7

6.1
1.9

5.8
3.5

5.2
0.8

4.1
1.1 '

2.6
1.0

30.1
17.1

26.8
37.8

25.1
12.1

24.1
6.2

18.7
11.5

16.2
5.6

11.5
3.0

7.1
0.9

7.5
2.3

6.7
4.3

6.7
1.2

5.5
1.6

3.6
1.3

31.2
17.0

28.4
35.8

28.1
11.9

25.0
6.1

20.9
10.9

17.8
5.3

13.1
3.4

7.8
1.0

8.1
2.4

7.5
4.8

8.1
1.4

6.2
2.0

4.1
1.4

28.4
13.7

24.8
30.8

24.8
10.5

22.2
5.0

19.1
8.6

18.1
4.8

13.4
3.1

8.3
1.1

8.7
2.1

7.6
4.3

8.4
1.4

6.8
1.9

4.4
1.4

22.1
11.2

19.8
25.9

20.2
8.4

18.6
4.1

15.5
7.1

14.4
4.1

11.6
2.4

7.4
0.9

7.7
1.8

6.3
3.6

7.4
1.2

6.4
1.8

4.1
1.2

15.0
8.1

14.0
19.7

13.3
6.0

12.1
2.8

10.6
5.!

9.3
2.8,

7.4
1.7

5.2
0.6

5.3
1.2

4.7
2.4

5.2
0.8

4.4
1.2

3.0
0.8

8.8
5.2

8.3
13.8

7.8
3.9

7.0
1.7

6.1
3.1

5.3
1.6

4.2
0.9

3.0
0.4

2.9
0.7

2.6
1.4

2.8
0.S

2.3
0.7

1.6
0.5

4.4
2.9

4.0
8.1

3.8
2.1

3.4
0.8

2.9
1.5

2.5
0.7

1.9
0.4

1.3
0.2

1.3
0.4

1.2
0.7

1.2
0.2

1.1
0.3

0.8
0.2

3.3
2.3

3.0
6.7

2.9
1.7

2.6
0.6

2.2
1.2

1.9
0.S

1.4
0.3

1.0
0.1

1.0
0.3

0.9
0.6

0.9
0.2

0.8
0.2

0.6
0.2

2.6
1.8

2.3
5.4

2.2
1.3

2.0
0.5

1.7
0.9

1.4
0.4

1.0
0.3

0.7
0.1

0.7
0.2

0.7
0.4

0.7
0.1

0.6
0.2

0.4
0.1

2.1
1.6

1.9
4.8

1.8
1.2

1.7
0.4

1.4
0.7

1.2
0.3

0.9
0.2

0.6
0.1

0.6
0.2

0.6
0.4

0.6
0.1

0.5
0.2

0.3
0.1

plots. In the case of H„ emission it is seen from the
zero slopes in fig. 3 that excitations to symmetry for-
bidden states in the parent molecules dominate in the
production of H(« = 3). The slightly negative slope
seen for some molecules does not indicate that elec-
tron exchange processes also play a role but that the
asymptotic high energy behaviour is probably not yet
reached in our energy interval. If electron exchange
processes contribute significantly to the formation of
H(fl = 3) the excitation curves would have shown a
peaked contribution near threshold which is not seen
in the case of hydrocarbons. The result that mainly
symmetry forbidden excitations contribute to the

H(n = 3) production is in agreement with the previous
results of Vroom and de Heer [1] and Beenakker and
de Heer [3]. Other groups [2,4-6] who measured the
formation of H(« = 4) found also the symmetry for-
bidden behaviour for this case.

For CH(A -* X) radiation only the smaller parent
molecules CH4, CjH2 and CjH4 show clearly that
optically allowed excitations contribute to the forma-
tion of this excited fragment. We have calculated the
values foiM^ and cm (see refs. [13,14]) and the re-
sults are shown in table 3, together with the results of
refs. [2,3]. The M^ values decrease for increasing
number of atoms in the molecule. Relatively small er-
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rors in M1 can cause large uncertainties in cem especi-
ally for terger cem values as is seen in table 3. !f c is
close to I then optically allowed transitions dominate
in the formation of CH(A2A) (1 2 | ; this is the case for
C2H,. \fc> 1 then the contribution of symmetry for-
bidden transitions h also important. In general, the higher
the c value, the higher is the relative contribution of
symmetry forbidden transitions. From our results in
table 3 is derived that for laiger parent molecules Ihe
symmetry forbidden iransitions become relaiively more
important. In fig. 4 is seen that for C2H6 and larger hy-
drocarbons the slope Af^ is already equal to ¿ero (and
c s; oo) which indicates that symmetry forbidden
transitions now dominate in the formation of CH(A A).
The above mentioned results suggest that in the case
of photofluorescence only for CH4, C'2H2 and C2H4

the CH(A •* X) emission will be observed. In the cases
of CH4 and C2H2 the CH(A-> X) radiation is indeed
observed in photodissociation experiments [17].

CtH,0
cyclO-C6H,¡(«)

lío 500 1000 2000

Fig. 3. Emission crciso sections for Ha radiation presented in
the form of Faiio plots.

007-,

006-

005-

004-

003-

002-

001

f 1 , i , i i i , , , i • tycio-C5H,0

» J 500 1000 2000
E.,(eV)

Fig. A. r mission cross sections for CH(A2A -» X1!!) radiation
presented in the form of Fano plots.

4. Discussion

What can be the reason thai the a 's for H and
em a

CH(A -* X) radiation decrease so remarkably with in-
creasing numbers of atoms in the parent molecule?

Generally the cross section for transferring a cer-
tain amount of energy from an incident projectile to
a molecule (hereafter just called excitation cross sec-
tion) will increase with increasing number of valence
electrons in the molecule (see for instance Thomson
[18] andGryEinski [19]). This means that going from
CH4 to CgHjg the total cross section for inelastic pro-
cesses must increase strongly. This has been confirmed

Table 3
-Wem ando e m values for CH4, C2I14

cem

This work Kefs. [2,3] This work Kiis. [2.3] '

4 9 IS!,20CH4 0.B7 i 0.1 0.94 t 0.1 14 „
CjH4 0.56 í 0.06 0.82 i 0.03 35! | |
C2H2 3.88 i 0.3 4.9 i 0.2 1.2S4Í

a> Errors refer to the standard deviation in the slope of the 1-ano
plot OJI!\

W Üriois calvulaltd using the uncertainties in,W|m of refs. |2,3 | .
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experimentally by ionization and photoabsorption
measurements. In the cuse of hydrocarbons Schram
et al. ¡20] measured the absolute gross ionization cross
sections for incident electrons (0 .6-12 keV). They
found approximately a linear dependence of the ioni-
zation cross sections on the number of valence elec-
trons in the parent molecules, showing an increasing
excitation cross section fur larger molecules. Schoen
[2! ] measured the photoabsorption cross sections for
several hydrocarbons in the photon energy range 9 -
25 eV and showed that the absorption is stronger for
the larger hydrocarbons.

We have seen in section 3.2 that superexcited states
play an important role in the formation of H(n = 3)
and CH(AJ A). What is the relation between the excita-
tion cross sections for such states and the number of
valence electrons in the parent molecule. From Schoen's
work [21 ] it can be derived that, for photon energies
in the range from the ionization potential (IP) till 25 eV,
the fraction of the states with excitation energy E decay-
ing into non-ionized products, called ijp ¡ , is roughly
constant for the hydrocarbons considered (C2Hfi -*
CjH, 2 ) . This means that the excitation cross section
for superexcited states which do not autoionize in-
creases for larger molecules. In the case of electron im-
pact on hydrocarbons Ehrhardt and Linder {22] have
shown that for 70 eV incident electrons, in the energy
loss range from the IP until 30 eV, ?}n ¡ is even larger
in the case of heptane than for methane.

From the above mentioned results it is derived that
the excitation cross section of the molecule increases
with increasing molecular size. Therefore the decreas-
ing Ogro's, as observed in the present work, cannot be
explained by the excitation characteristics of the par-
ent molecules. This leads to the conclusion that the
possibilities for decay of the relevant states must change
drastically with the molecular she. The decay channels
for the relevant superexcited non-ionizing or excited
ionic states are radiation, dissociation and internal con-
version. Because we deal with states which are coupled
to the ionization continuum, and therefore can auto-
ionize in roughly 10"1 4s, we can neglect the probabil-
ity for radiative decay (T > 10" l o s ) . So for the relevant
states we are left with the decay channels dissociation
and internal conversion. One of these channels, namely
the internal conversion of electronic energy into vibra-
tional energy, strongly depends on the density of vibra-
iional states at the energy of the excited electronic state

[23] . This vibrational state density increases rapidly
with increasing number of atoms in the molecule. So,
going from CH4 to CgH,8 the probability for internal
conversion increases strongly and this means that the
direct or (pre-)dirsociation of the relevant states into
the observed excited fragments becomes less impor-
tant.

The vibrationally highly excited states resulting
from the conversion of the electronic energy are of
course not stable too, but will immediately dissociate.
However the vibrationally hot molecule is in a lower
excited electronic state than before the internal con-
version, and this lower electronic state correlates with
lower (including ground) states of the fragments. There-
fore we expect that the relevant states will yield increas-
ing amounts of H and CH fragments in their ground
states for increasing numbers of atoms in the parent
molecules. The fact that the increasing internal con-
version is responsible for the decreasing ocm's is sup-
ported in the case of Ha radiation by comparing the
ff^j's of the normal and the corresponding cyclo com-
pounds. The cyclo compounds have the higher oem*s
although the number of H atoms is two less than in the
normal compound. However the number of vibrational
modes that can be carried out in the cyclo compound
is much more restricted than in the corresponding nor-
mal compound and consequently the vibrational level
density in the energy range of the relevant electronic
states if also less. So one might conclude that for the
cyclo compounds the probability for internal conver-
sion is less than in the normal compounds, resulting in
higher a's for excited fragments.

In the case of CH(A -+ X) radiation this "cyclo ef-
fect" is only seen in the case of propane. A complica-
tion arises in the case of CH(A2.i) formation because
in a cyclo compound always iwo i rmu) C-C bonds
must be broken which is not the case in C\c ¡incur com-
pound.

S. Conclusion

The result of this study is that for larger molecules
the probability for the formation of excited fragments
decreases. This can be explained as being due to the con-
version of electronic energy into vibrational energy which
results in the formation of ground state fragments at the
cost of the excited fragments.
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LIFETIMES OF THE VIBRONIC X 2A, STATES OF H,S+
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Lifetimes have been measured for the £ and II vibronic A 2Ai slates of HjS+ by studying the decay curves of the A JA,
(0, u j , 0) - X 2Bi (0, v'i, 0) emission bands. The vibionic A 2\, states are produced via r-. „ ". molecules by
ISO eV electrons. The E sublevéis 1 < u'i < 7 and the II sublevéis 3 < u¡ < 6 have bef j.^dered. Preoissociation occurs
in the X sublevéis for uj > 7 an'd in the II sublevéis for V'I > 6. The obtained radiative lifetimes for the non-predissociated
£ and n sublevéis are around 4.2(±0.4) X 10"* s and 5.6(i0.5) X 10"6 s respectively. Tor the predissociated £(0, 7,0) and
11(0,6,0) levels the corresponding lifetimes are 2 3(±0.3) X 10"* s and 1,6(«0.3) X 10"* s respectively. ZM rate constant
for collisional deactivation (quenching) of the vibronic A 'AJ states by H2S molecules was found to equal 2.3(i0.3) X 10"*
cm s mol"1 s~'.

1. Introduction

One of the products formed after excitation of H2S
by electrons is the H2S+ molecular ion in the A 2 A|
state. The emission spectrum in the wavelength region
4000-6000 A, due to A 2 A, -*X 2 Bj transitions was
first observed by Horani et al. [!] . Transitions from
excited bending modes in the A 2Aj state to the X2Bj
ground state bending mode dominate in emission. An
extensive study of the vibronic A 2Aj and X 2B) states
has been made by Dixon et al. [2] by means of photo-
electron and optical spectra, while Duxbury el al. |3]
performed a rotational analysis of the A 2 A | -*• 5i 2B1

emission band. Both slates. A 2Aj and X 2 B j , corre-
late with the orbitally degenerate 2 n u state in the lin-
ear geometry of the H2S+ molecule with A = ±1 (A is
the projection of the electronic angular momentum on
the interni"*lear axis). A combines with the vibrational

angular momentum /(/ = u2,i>2-2 0) to give the
total angular momentum without spin in the direction
of the molecular axis, K = A + / (4]. In the bent mole-
cule, the A 2Ai and the 5i 2B t states exhibit different
energies due to the "Renner-Teller effect" (vibronic
interaction between orbitally degenerate states [5]).

We note that transitions between these states are possi-
ble. States with A' = 0 (arising from the combination
of A = ± 1 with / = +1) are called £ sublevéis and states
with K = 1,2,... give rise to II, A,.. . substates. Radia-
tion from A 2Ä! 2 states up to u2 = 7 and from
X 2A] n states up to u2 = 6 can be observed in the
emission spectrum. Besides £ and Tl levels, A, 4> and
T states have been determined in the X 2Aj state [3].

In this work we have found that the emission inten-
sity of the X 2A] •• X 2B] transition is not linear with
the H2S gas pressure, but that a quenching takes place
even at pressures below 10~2 torr. This pronounced
non-linearity of the emission intensity at such low
pressures indicates a large cross section for collisional
deactivation of the X 2Aj state by H2S molecules and/
or a long radiative lifetime of this state. We report life-
time measurements for several vibronic X ^ states
and present values for the radiative and predissociative
lifetimes and for the quenching rate constant. For the
identification of the observed transitions we used the
data of Dixon et al. |2] and Duxbury et al. [3].

2. Experimental

'Afdeling Theoretische Organische Chemie, Universiteit
Leiden, Leyden, The Netherlands.

The apparatus, basically described by Becnakker
and de Meer [6], has been used for the lifetime
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measurements after some electronic modification as
indicated further on. A collision chamber, in which
H2S is introduced via a variable leak, is connected
with a vacuum chamber by a differential pumping
hole. In the vacuum chamber, which is connected to
an oil diffusion pump, an electron gun is mui'iiied
producing an electron beam (150 eV) through the dif-
ferential pumping hole into the collision chamber.
The electron beam was chopped with a frequency of
SO kHz by modulating the potential on the first elec-
trode (grid) of the gun with respect to the (rhenium)
filament. The pulse width was varied between SO and
500 ns. The cut-off lime of the electron beam was less
than 50 ns which was short compared with the life-
times of the studied excited states. The electron beam
current in the on-period was about 100/uA. The pho-
tons, due to the transition from the upper state, were
selected at right angles to the electron beam by a Leiss
monochromator (reciprocal linear dispersion 15 A/mm
at the exit slit) and fed into a photomultiplier (EMI
6256 S). The widths of the entrance and exit slits of
the monochromator were determined by the required
optical resolution to select the relevant emission bands.

The decay curve was obtained by the delayed coin-
cidence technique which is a single photon detection
method. A pulse generator (Ferisol P201 No. 121)
produced a pulse of electrons through the collision
chamber and started simultaneously a time to ampli-
tude convenor (TAC, Elscint N-l), which was stopped

0 5-

ns(lin**rly *»tr«pout«i)

>t 5 10
P(10 Torr)

Fig. 1. Transition probabilities of H2S+ , A 2Aj £(0, 7, 0) as a
function of H2S pressure and electron pulse width.

by the firsf photon observed after excitation. The
pulse from ihe TAC, whose amplitude is a measure
for the time between excitation and decay, was analyz-
ed by a pulse height analyser (Northern NS 600) and
stored in the corresponding channel, ^v repetition (50
kHz) of this single photon detection an exponential
decay curve developed and the lifetime of the excited
state was determined from the semi-logarithmic dis-
play. The lifetimes were measured as a function of the
H2S gas pressure in the 10"3- 10~2 torr region. For
the pressure measurements, a capacitance manometer
(MKS Baratron. pressure head 77H-1) has been used.
From a plot of the inverse measured lifetimes versus
the pressure, the radiative lifetime at zero pressure
could be determined. The error in the lifetime values
is estimated to be less than 10%.

3. Results and discussion

The measured lifetimes r of the bending vibrational
2 states of H2S+ depend on the H2S gas pressure

and the pulse width of the electron beam as can be
seen in fig. 1, in which the total transition probabili-
ties A (ot (= 1 IT) for decay of the 2 ( 0 , 7 , 0 ) state are
shown. The A values were determined from the experi-
mentally obtained decay curves which could all be de-
scribed by a single exponential function.

The increase of the total transition probability .4,0 ,
with increasing H2S pressure points in the direction of
a collisional deactivation of the A 2Aj £(0, 7,0) state
by H2S molecules. The increase ofy4tot with increas-
ing pulse width shows that also deactivation of the ex-
cited H2S+ molecule is caused by products of H2S
formed after electron impact.

The pressure dependence as well as the pulse width
dependence of Atot sho.v the same behaviour for all
studied bending vibrational A 2Aj states.

It is seen from fig. I that extrapolation to zero pres-
sure yields the same value for the transition probabili-
ty for all pulse widths used. The value at zero pressure
gives the radiative transition probability Aíit¡ and the
radiative lifetime Trad of the Ä" 2Aj S (0 ,7 ,0 ) state
which is presented in table 1 together with the radia-
tive lifetimes of the other upper states.

From the slopes of the curves in fig. 1 the rate con-
stant for collisional deactivation A„ of the X 2Aj state
by H2S (transition probability for collisional quenching)
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Table 1
Measured lifetimes of the A * A i

A2A| states

£(0,7.0)
£(0.6.0)
11(0.6,0)
£(0.5,0)
n(0,S,0)
£(0,4,0)
n(0,4.0)
£(0,3,0)
11(0,3.0)
£(0.2.0)
£(0,1,0)

Olli MICA

vibronic stat«

T X 10* (1)

2.3 10.3
3.8 i 0.3
1.6 i 0.3
4.3 t 0.4
5.4 i 0.5
4.01 0.4
5.7 i 0.J
4.1 ± 0.4
5.6 t 0.5
4.3 i 0.6
4.01 0.6

can be calculated using the relation:

+V'[H2S). (I)

in which Apt is the rate constant for deactivation by
products, i a factor proportional to the pulse width,
and [H2S] the pressure of the H2S gas. By extrapo-
lating the pulse width to zero [vanishing of the most
right term in eq. (])) the factor A^ can be determined
(see tig. 1). The value o(Aq is found to be the same
for ail bending vibrational £ and 11 sublevéis and
equals 2.3(+0.3) X 10~9 cm3 mol"1 s ! The rate
constant A^ can be put equal to [7]:

A^a^c, (2)

in which oeff is the effective quenching cross section
for deactivation of H2S+ (X 2A t ) by H2S molecules,
and c is the average relative molecular speed. If the
average velocity corresponding to room temperature
is taken, the value for oeff will become equal to 375
(±40) A2 .

With increasing pulse width (the pulse frequency
and the beam current in the on-period were kept con-
stant), the total emission intensity after a fixed obser-
vation time as well as the lifetime decrease. Probably
another decay channel becomes available which may
be due to interaction between (dissociation) products
of H2S and H2S+ (X 2A,). The nature of this pulse
width dependent lifetime behaviour was not further
investigated.

The levels £(0,7,0) and 11(0,6,0) show a sudden
increase in decay rate, indicating thai an additional de-
cay channel is present for these states. This additional
decay channel is probably a predissociation by the *A2

UCSLI-rriiKS IS November 197S

state, which is correlated with the ground state pro-
ducts H2(X >£jt) and S4(4SU). Uvidence for this pre-
dissoobtion mechanism is given by photoeleclron ex-
periments | 2 | . These experiments have shown that vi-
bronic X ̂ A| states with bending vibrational quanta
up to v'" 11 can be populated while no radiative emis-
sion from £ states with v' > 7 and ÍI slates with 1/ > 6
hus been observed. Further, the fact that Dibeler and
Listón [8J found the appearance potential for S* it
mass 32 from H2S to be at 13.40 eV (corresponding
to the X -A 1 n<0,6,0) state) strongly suggests that
the 4A2 state is the predissuciating level. Dixon et al.
[21 have pointed out that the predissociation may be
a third order interaction of the 4A2 stale with the
X 2A| state via the X 2 B t state. For such a third order
mechanism a strong interaction between the X2A]
and the X 2B| state is needed which is most probable
for states with K > 0 through the Renner-Teller ef-
fect. This means that n substates (with K = I) must
show a stronger predissociation than the correspond-
ing £ state (with K = 0). Indeed we see that the 17(0,
6,0) state shows already a strong predissociation
whereas the 2(0,6,0) state seems to be unperturbed.
In the level with v' = 7, emission from the n state is
not seen anymore whereas that of the £ state now
shows the influence of the predissociation.

Therefore, our experimental results support the
third order interaction hypothesis leading to spin for-
bidden predissociation, namely the stronger predisso-
ciation of the il levels compared with that of the cor-
responding £ levels.

If the radiative lifetimes of the £(0,7,0) and
17(0,6,0) states are taken as 4.2 and 5.6 jus respective-
ly, we can estimate the transition probability for pre-
dissociation for these levels. For the £(0, 7,0) state
this value is 2.4 X 10s s~', for the 11(0,6,0) state a
value of 4.1 X 10s s"1 is calculated.
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The radiative lifetimes Tra(j of the CO* (A 2n¡, v' = 0-9) states have been determined using theCO*(A2rii, o'-*
2E*, U") "comet tail" emission. TheCO*(A2rij, u') states were populated by 100 cV electrons incident on CO. The

lifetimes have been obtained by means of the delayed coincidence technique. The TT3¿ values range from 3.82 (±0.2) X 10"*
s for v' = Oto 2.11(± 0.1) X 10"* s for v' = 9 and lead to the conclusion that the electronic transition moment for the CO*
(A 2n¡ -» X 2£*) system is independent of v'. In the present article attention has been paid lo the influence of positive space
charge on the apparent lifetimes.

1. Introduction

Using the intensity measurements of Robinson and
Nicholls [1] concerning the CO+ (A2n i ,w'-»'X2Z+ ,
v") "cornel tail" emission band, several investigators
[1—4] concluded that the electronic transition mo-
ment Re for this system varies considerably as a func-
tion of v' or the internuclear distance 7, (r-centroid).
However, similar intensity measurements obtained by
Aarts and de Heer [5] and by Holland and Maier [6}
indicated a much smaller variation of Re with F. In
this article we consider the C-0 distances 1.05 Á <
F< 1.19 A only. The lifetime measurements carried
out by Holland and Maier [6] provided further evi-
dence that Rc remains constant. A brief compilation
of the previous data hes been given by Maier and
Holiand [7]. Lifetime measurements have also been
performed by Bennet and Dalby [8], Fink and Welge
(9], Desesquelles et al. [10] and Anderson et al. [11].
We have compared the r i a d values obtained in the
present work with those obtained in reís [6-11]. Ex-
cellent agreement exists between our results; s;d those
in refs. [6,10,12], The disagreement with some other
groups will be discussed. Our measurements Support
the view of Maier and Holland [7] and that of Aarts

* Departmeni of Theoretical Organic Chemistry, Leyden
Uni^uU), Leyden, The Netherlands.

and de Heer [5] that Re for the comet tail system does
not vary considerably with o' or 7.

in this work we again discuss the experimental dif-
ficulties which arise in the measurement of r r a d for
relatively long living (several fis) excited ionic states, due
to the build up of a positive space charge in the ob-
servation region. The influence of such a space charge
on the apparent lifetime has been recognized by us
before in the case of H2O+ (A 2 A t ) which radiative
lifetime was found to be equal to 10(±l) X 10~6 s
[12].

2. Experimental

The apparatus used is basically the same as that
described in ref. [13], with some electronic modifica-
tions as mentioned in refs. [12,14]. Unless stated ex-
plicitly the experiments have been carried out with-
out a magnetic (fl) field. In some cases a fl-field hat
been used to see the influence on the experimental
results. The optical resolution of the monochromator
was taken equal to 7.S A fwhm which was sufficient
to separate the A 2 n 1 / 2 , v' -* X 2V, v" and A 2 n 3 / 2 ,
o' -* X 2 2 + , v" emissions. Further this optical resolu-
tion was sufficient to reduce the influence of contami-
nating radiation from other vibrational transitions. The
target gas pressures ranged from 5 X 10~s - 1 X 10~2 ton.
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The decay curves have been obtained by means of
the delayed coincidence method as described in ref.
[14]. The repetition frequency was 14.4 kHz, the pulse-
width 50 -5500 ns and the current during the pulse
0-lOOfiA. The shape of the exciting electron pulse
was (almost) rectangular with a cut off time less than
20 ns.

3. Theory

The lifetime r of an excited state is the inverse of
the total transition probability Atot for decay of that
state. If radiation is the only decay channel then:

T=T, rad rad • 0)

where 2-/A,al¡ has been summed over ail radiative de-
cay channels. The Einstein transition probability for
spontaneous emission from an electronic upper state
n with vibrational and rotational quantum numbers
v' and/' to a lower lying electronic state n" with v"
and/" is given by [15J:

AnA = (64.V/3W,.)R2
n.„»R2

u.v..Rfr . (2)
In eq. (2), v is the frequency of the emitted radiation,
h the Planck constant, d¡ the degeneracy of the upper
state andÄ 2 . »,/ï2.u., and A?.. . the electronic, vibra-
tional (Franck-Condon factor) and rotational (line
strength) transition probabilities respectively. If we do
not consider the rotational transitions separately but
deal with electronic vibra >nal transitions only, we
can combine eqs. (1) and (2) together with the sum
rule for rotational transitions:

O)

resulting in the radiative lifetime r r a d of the upper

In the case of CO* (A 2CI¡, o') there is only one
lower electronic state (X 2Z+), therefore eq. (4) re-
duces to:

Trad

in which R* is connected now with the comet tail sys-
tem. Because each CO* (A 2 n ¡ , v') state has a different
equilibrium distance r c 0 , the question is whether/?2

is (independent of v'. By measuring the CO* (A 2 n ¡ , v')
lifetimes, calculating/?2.^, and substituting relevant
numbers for v*y the dependence o f « 2 on u' can be
found. We rewrite eq. (5) for each u' separate into the
approximation:

(6)

The values f o r / i 2
v , have been given by Krupenie [16],

the vu.u« values are derived from table HI of ref. [6]
and rrad is measured in this work.

4. Experimental procedure

4.1. The cornet tail spectrum

The CO+ (A 2 n ¡ , v' -+ X 2 2 \ o") emission bands
produced by 100 eV on CO showed the same features
as the spectra reported in refs. [5,6]. Transitions from
v' = 0 - 9 to v" = 0,1 dominate in emission, for v' =
0 - 3 also transitions to v" = 2 ,3 could be detected. A
spectral scanning performed with an optical resolution
of 1.5 A fwhm showed that an optical resolution of
7.5 A fwhm was sufficient to avoid contaminating ra-
diation from other vibrational transitions in the life-
time measurements.

4.2. Evaluation ofrrad

The measured lifetime of an excited ionic state M*
is the inverse of A ,ot and can be expressed in:

(7)
Here, .4 q is the rate constant for deactivation of M*
by collisions with M, and [M] is the density of M. The
third term on the right side of eq. (7) is connected with
the electrostatic repulsion of the excited ion by the
positive space charge in the collision chamber (due to
ionization of the target gas at 100 eV energy) similar
as described in nf. [12] in the case of H2O+ (A 2 A , ) .
The factor ¿([M]) depends on the g « pressure, f(q)
on the properties (such as pulsewidlh or current) of
the exciting electron pulte and Atep on parameters
such as the effective (repulsion) cross section and the
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'7 co'n'n.v =2)

5 10
p (10 Torr)

Fig. 1. Pressure and beam current dependence of the total
transitions probability for decay of the CO*(A 2 n 3 / 2 , « ' - 2)
state.

\

A—~ - ' ' . co'(»'n. y.l—l't'y .0)
' 50 «0 • CO'(B'r.y.0-»'I>.0)

(11»)

Fig. 2. Pressure and beam current dependence of the emission
intensities of CO+(A 2 I I 3 / 2 , v' = 2 - X 2 £*, u" = 0) and
CO*(B 2 £*, u' = 0 - X 2 £* , u" = 0).

geometry of the observation region.
In fig. 1 we have plotted A tot versus the CO pres-

sure. It is seen that Atot does not increase linearly with
the CO pressure, similar as in the case of H2O+ (A ' Aj)
[12], indicating that the teimA¡cpf(q)(M)'K not pro-
portional to [M]. However, it is clear from eq. (7) and
from fig. 1 that r rad can be obtained by measuring at
very low gas pressures, [M] -* 0.

Besides the influence of the pressure, it is also shown
in fig. 1 that A tot depends strongly on the properties
of the exciting electron pulse. Tor longer pulsewidths
(pw) or higher currents (i) in the puhc,Atot increases.
Möhlniann et al. [12] have explained this dependence
of Atot on [M] and i or pw as being due to repulsion
of the excited ion by the positive space charge built
up in the electron beam by ionization of the target gas.
A calculation of the repulsion effect is also given in
ref. [12]. Janssen [17] has found a similar dependence
of Atot on the CO pressure using a different apparatus
from ours.

The radiative lifetimes given in the present work
for the CO+ (A 2ri¡, u') stales have been derived by
extrapolation of the A tot values towards zero pressure
in the range 0 < p < 1 X 10~3 toir.

4.3. Intensity of the comet tail radiation

The repulsion of excited long living (jt/s) ions out of
the observation region not only leads to a shortening
of the apparent lifetime hut also to lower emission in-

tensities than expected. In fig. 2 is shown that the in-
tensity of the comet tail system increases less than
linear with the pressure and the beam current. For
comparison we also have shown the dependence of the
CO+ (B ->• X) emission intensity on p and i, and it is
seen that in this case a linearity exists. This is due to
the short lifetime of CO+ (B :' 2+), 51 ns, which makes
it possible that the ion always radiates before it is re-
pelled out of the viewing region.

Similar intensity effects as described here for the
comet tail system have been found by Aarts and de
Heer [5], and by Möhlmann et al. [12] in the case of
H O ( A 2 A )

4.4. Influence of a magnetic field

In the case where a coaxial magnetic (B) field of
350 G has been used we found that the comet tail in-
tensity remained linear with the gas pressure for pres-
sures below 2 X JO"3 torr, with a beam current of
100 liA. For j pressure of 2 X 10"3 torr also a lineari-
ty was obtained between the intensity and the beam
current for / < 200 /M. The apparent lifetimes showed
an increase when the B field was applied similar as de-
scribed in ref. [12].

4.5. Conclusion about the experimental procedure

The effects of the pressure, beam current and mag-
netic field on the appaient lifetimes and the intensi-
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ties connected with the comet tail system are similar
as those found in ref. [ 12] in the case of H2O+ (A 2A
However, the measurements in the case of the comet
tail band are much easier to perform than those of
H2O+ (A 2 A , ) because of the larger intensities of the
comet tail system. The above mentioned effects sup-
port the exii ^nce of the space charge effect discussed
before for H 2 O + ( A 2 A , ) [12].

5. Measured radiative lifetimes of CO+(A 2 n j , u' = 0 - 9 )

The radiative lifetimes, obtained following the pro-
cedure given in section 4.2, are presented in table 1.
For (A 2 n ¡ , v' = 0-8) transitions to v" = 0, and for
v' = I - 9 (also) transitions to v" = 1 have been used
for the measurements. For rrad(u' = 1 - 8 ) no signifi-
cant difference was found whether transitions to v" =
0 or v" = 1 had been taken. Also no difference in Trad

could be detected if the upper states were 2 n 1 / 2 or

In table 1 we have also presented the results of
some other groups. As is seen there exists good agree-
ment between our work and that of refs. [6,10]. For
instance Trad (v' = 4) obtained in our work agrees
within 3% with that of ref. [6] and within 4% with
that of ref. [10]. The experimental technique used in
the latter two references consisted of intensity meas-
urements of CO+ (A 2 i l j -* X 2 Z + ) radiation emitted
along an accelerated and excited CO+ beam. With this '
technique the influences of collisional quenching and
electrostatic repulsion on the measured lifetime can be
neglected.

Holland and Maier [6,7] have calculated the rela-
tive rrad's for the states with v' = 0 - 8 (assuming that
Re remains constant) and normalized these values to
their measured ones. These calculated rrad's are pres-
ented in table 1 and they agree all very well with our
measured rrad's in the range u' = 0 - 8 .

The agreement with the results obtained by other
groups [8,9,11 ] is rather poor. The values for Trad re-
ported in refs. [8,9] differ in an absolute sense from
ours, however relative with respect to o' they show
the same decreasing tendency as we obtained and ref.
[6]. The question why the absolute lifetime values in
refs. [8,9] are shorter than those found by us and in
refs. [6,10] is not easy to answer without, a precise
knowledge of their experimental circumstances. In both
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cases [8,9] large exciting electron currents have been
used (*S mA) in combination with CO target gas pres-
sures ranging from (0.2 - 6) X 10~3 torr [8] and (0.2 -
15) X lO-3 torr (9J. We have no detailed information
about the sizes of the observation regions in the ex-
periments of refs. [8,9] but the pressure dependences
of Atl3t show some unexplained features which throw
some doubt on the reliability of their results. The dif-
ferences found for T(V') if transitions to different v"
were used [8,9] is not found by us. This is probably
due to the better spectral isolation of the relevant emis-
sions in our case. The experimental results obtained in
ref. [11] do not show any dependence of Trad on 0', a
phenomenon which has not been observed by any
other group. .

6. The electronic transition moment

Using the i"rad's fr°m ol>r work, the Franck-Condon
factors given by Krupenie [16], the vu,o„ values de-
rive J from table III in ref. [6] *, and eq. (6) from sec-
tion 3 of the present work, we calculated the R^ values
for each v'. The result was that Re is almost indepen-
dent on v' which is in good agreement with the results
of refs. [6,7]. In table 2 the values Re(v')IR~c are shown,
where Re = 2*,_0Äe(i/)/9.
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Relative Äc(u') values for u' = 0 - 8
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1.00
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0.99
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LIFETIMES OF THE VIBRATIONAL HBr+(A22+) AND DBr+(A22+) STATES
AND EMISSION CROSS SECTIONS FOR THE CORRESPONDING (A2Z+ , v' •* X2n¡,v") TRANSITIONS
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Using the delayed coincidence technique, lifetimes have been measured for the HBr*(A2E+, v' -0 ,1) and the
DBr*(A2£*,u'= 0,1,2) states. The excited states studied were produced by electron impact (100 cV) on HBr and DBr.
Our experimental values for the radiative lifetimes for both HBr* and DBr*(A2£*,i/= 0) are 4.4(± 0.4) X 10"6s. Emission
cross sections have been measured for the HBr*(A2S*, u'= 0,1 -»X2n,-P v"= 0,1,2) and DBr+(A2 2*, v' = 0,1,2-* X2n(-,
v"= 0,1,2) transitions after electron impact (0-2000 eV) on HBr and DBr. Our experimental total emission cross sections
for the HBr* and DBr*(A2£+-> X 2n,) radiations are 22.5 X 10"18 cm2 and 30.8 X If)"18 cm2 respectively for lOOeV in-
cident electrons.

1. Introduction

Operating a discharge tube filled with HBr gas, the
strong emission band in the ultra-violet due to the
HBr+(A2Z+-> X2n,) transition is readily observed.
This emission spectrum has been analysed by Norling
[1] and by Barrow and Caunt [2]. Emission from the
same electronic transition in DBr+ has been reported
by Marsigny et al. [3] and by Haugh and Bayes [4].

Photoelectron spectra of HBr and DBr [5-8] show
that in the case of HBr+(A22+) vibrations] levels up
to u'= 7 and in the case of DBr+ (A2 2 + ) up to v- 9
can be excited. However, in emission only transitions
from HBr+(A2S+, v'=0,1) and DBr+(A2Z+, i/= 0,1,
2) are seen. The sudden break off in the vibronic emis-
sion spectrum [1-4] and the broadening of the corre-
sponding photoelectron peaks [6-8] is related with
predissociation of the A 2 2 + state. An extensive study
of the predissociation phenomenon in the case of
DBr+(A22+) has been carried out by Mathieu et al.
[9] by means of mass spectrometry. They studied the
formation of Br+ ions from DBr by electron impact.
It could be shown that bothNnonomolecular (spon-
taneous) and collision induced predissociations in

• Afdeling Theoretische Organische Chemie, Universiteit
Leiden, Ley den, The Netherlands.

Chemical Physics 17(1976) 147-154'
C North-Holland Publishing Company

DBr+ lead to the Br+ fragment. In the monomolecular
case'both fast-rate decaying as well as long living DBr+

ions played a role.
In this article we use the expression "long living"

which corresponds with the expression "metastable"
in mass spectrometry, and mean by this a state with a
lifetime of the order of microseconds.

We consider the description given in ref. [9]
about the dissociative ionization processes which ap-
pear to be important for understanding our optical ex-
periments and summarize briefly the relevant elec-
tronic molecular states and their approximate ener-
gies given in that paper.

(a) The region 15.5-17 cV:
(a. 1) monomolecular (spontaneous) fast-rate decay

(predissociation) of the DBr+(A2Z+) state by the 4FI
state, and direct excitation to some repulsive DBr+

states;
(a.2)collision induced decay of rovibronic A 2 2 4

states which do not exhibit spontaneous predissocia-
tion via the 4 n state.

(b) The region above 17 eV:
(b.l) monomolecular fast-rate decay, probably ex-

citation to repulsive states of DBr+;
(b.2) monomolecular decay of a long living un-

known electronic stale of DBr^;
(b.3) collision induced decay -• i long living un-

known electronic PBr+ states.
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From the results of rof. [9] it can be seen that the
excited electronic states of DBr+ (ami t/rnscqiicntly
HBr+) can undergo vaiious types of predissociation.
This means that the optical emission spectra from
these excited slates may show the influences of these
predissociations. Haugh and Bayes [4] studied the flu-
orescence from HBr+(A2£+)and DBr+(A2Z+)both
after excitation of HBr(DBr) by 2500 eV Ar+ ions and
in a gas discharge. They showed that the sudden drop
in intensity of some rotational lines in the A 2 2 + ->
X-n, emission spectrum could be explained by a pre-
dissociation by the 41I state.

In the present work we study the emission spectra
which appear after bombardment of HBr and DBr by
electrons. Especially the HBr+ and DBr+(A2S+->
X2n,) emission spectra were considered and absolute
emission cross sections were determined for several
vibrational transitions. To obtain information about
the importance of collision-induced predissociation
processes, the emission spectra were taken at several
target gas pressures. We also measured the lifetimes of
the vibrational A 2 S + states to estimate the values for
the rate constants for predissociation. Further we
searched for emission from the unknown long living
state of HBr+(DBr+) at about 17eV above the ground
state of HBr(DBr) as mentioned in (b.2). The absolute
emission cross sections for the HBr+, DBr+(A2£+ ,u '
->• X2Il;-,u") transitions have been measured in the
energy range 0-2000 eV.

2. Experimental

The apparatus used for the scanning of the emis-
sion spectra and the determination of the absolute
emission cross sections is basically the same as that
described by Beenakker and de Heer [10]. The life-
time measurements have been carried out with the
same set up as described by Möhlmann and de Heer
[11] and by Möhlmann et al. [12].

The HBr gas was supplied by Matheson Gas Pro-
ducts and was introduced via a buffer vessel and a
variable leak into the system. The DBr gas was sup-
plied by VLB Technische Gase-Werke, Berlin, in a
one liter glass bulb and was introduced in the same
way as HBr. We have found that experiments with
HBr(DBr)gas must be carried out with great care with
respect to the introduction of impurities in the colli-

sion chamber. These impurities can be produced by
reactions of HBr(DBr) with materials and/or com-
pounds of/;n the buffer vessel preceding the variable
leak, such as O-rings and adsorbed gases or vapouu
(H2O) on the walls. The best method to get rid of the
produced impurities is to allow chemical reactions
with HBr(DBr) in the buffer vessel for some time fol-
lowed by an evacuation of this system. After this pro-
cedure had been repeated several times no impurities
could be detected in the emission spectra.

Unless stated explicitly all the emission spectra
were taken at a gas pressure of IO"3torr and an elec-
tron beam current of 600¡xA at lOOeV. The
emission cross section measurements in the range
100-2000 eV have been performed at a pressure of
10~3 torr and a beam current of 100¿iA. Below 100
eV beam currents of 50ÍÍA were used. In those cases
where the emission intensities were not linear with
the gas pressure or with the electron beam current an
extrapolation towards zero pressure or current has
been made. For the emission cross section measure-
ments above 100 eV no beam collimating coaxial
magnetic field has been used to avoid possible contri-
butions from secondary processes.

3. Results and discussion

3.1. Introduction

We scanned the emission spectrum produced by
lOOeV electrons incident on HBr and DBr in the
wavelength region from 1850-10000 A. Together
with the pronounced A22+ , i / -> X2II(-, ^''emission,
radiation can be seen from the various levels in the hy-
drogen atom corresponding with the Balmer series
and from various excited levels in Br atoms and Br+

ions. The emissions from the excited H and Br atoms
and from the excited Br+ ions in the wavelength re-
gion 1800-10000 Á will be discussed elsewhere [13J.
The experimental results concerning the HBr+ and
DBr+(A 22+ -* X 2 n, ) emissions will be presented in
more detail below. The optical resolution used for the
spectral scanning was equal to 1.5 Á fwhm.
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3.2. Emission intensities for ¡00 e V electrons

3.2.1. The HBr*(A2^, v'-^X2^, v") emissions
Although the photoelectron spectra [5-8] indi-

cate that vibrational levels up to v'= 7 can be excited
in the A-2+ state, no emission could be detected
from states with v' > 2 after electron impact on HBr.
Only the emissions corresponding with the vibrational
transitions 0 -0 ,0 -1 ,0 -2 , 1-0, 1-1 and 1-2 are
seen. The absence of the emissions from v' > 2 can be
explained by predissociation of the A22+ by the 4I1
state as shown in ref. [4]. To indicate the importance
of collision-induced predissociation with respect to
the monomolecular fast-rate predissociation, as stud-
ied in ref. [9], we scanned the A22+ •* X2n, emission
spectrum at a pressure of 10"^ torr. No trace of emis-
sions from v' > 2 could be observed at this low pres-
sure. In section 4.3 calculations will show that the
monomolecular fast-rate predissociation dominates in
the production of Br+ from HBr+(A22+) in the ener-
gy range 15-17eV. In section 4.3 we shall also esti-
mate the upper limit for the contribution of the col-
lision-induced predissociation.

We have found that the emission intensities in-
creased less than linear with the gas pressure and with
the electron beam current. This non-linearity is prob-
ably due to a space charge effect of the type discussed
extensively by Möhlmanri et al. [12]. So pressure as
well as beam current dependent measurements have
been performed to obtain the emission cross sections
which correspond to the extrapolated values to zero
pressure and zero current. Due to the large spin split-
ting of 2653 cm"1 in the ground state of the HBr+

ion, every vibrational emission band is split into two
sub-bands corresponding with 2 2 + -* 2 n j / 2 and 2 2 +

"* 2^3/2- The ' ) a n ( ' feature is thus a progression of
doublets. The values for the emission cross sections
oem for the different vibrational transitions are given
in table 1 for lOOeV incident electrons. The aem 's
are given separately for each spin doublet component
of the lower 2I1 jy2,3/2 states. In table 1 can be seen
that the emission intensities of the 2 2 + -* 2 n 3 / 2 sub-
bands are about 30% larger than those of the 2 2 + -+
2ïlj/2 components. This difference in emission in-
tensity is determined by the relevant branching ratio.

We can write for the branching ratio and conse-
quently for the intensity ratio of tiie emissions from
2 2 ^ 2 2 + 2 ^ 2

R \i2, 0)

where A 3/2 1/2 a r e the transition probabilities for
radiative decay, ^1/2,3/2 m e average radiation frequen-
cies of the relevant vibrational transitions and R the
transition moment. The factor/?2 can be represented
by a product of three terms [14]:

R2=R¡R2R2, (2)

in which R2 is proportional to the electronic transi-
tion probability,/?2 proportional to the vibrational
transition probability (Franck-Condon factor)and
R2 proportional to the rotational transition probabil-
ity (line strength). We take the properties of the po-
tentials (except the absolute energies) of the states
2 and 2ri|/2 equal. Then we can put R2

 3/2 =* Rl d R l Rl *R l\J2< *v,3/2 = R

ducingeq. (1) to:
a n d R l

q
2 2 + - 2n 3 / 2 , ), and 2 2 + 2 H 1 / 2 , (o^2), [14J:

As an example we calculated the intensity ratio for
the transitions HBr+(A22+, v'= 1 -»X2n3 / 2 , v"= 0)
and HBr+ (A22+, 1/= 1 -»• X2FI,/2, v"= 0). Taking for
P3/2 the value 30562 cm"1 and for v^2 the value
27917cm"1 [1], the result becomes 1.31, indicating
that the observed intensity differencs can be explain-
ed by the difference in radiation frequencies.

In table 1 can be seen that the total emission in-
tensity coming from the A2£+ , v'= 1 state is about
1.85 times that coming from the A22+ , 11'=0 state.
This intensity ratio is the same as that found for the
excitation of the A22+ , v'= 0 and 1 states in the pho-
toelectron experiments [8]. With this result we as-
sume that also the higher vibrational levels are excited
relatively to the same extent both for electron impact
and for photon impact (Hel, 584 Ä). This assumption
is not quite correct because of the difference of the
excitation energies needed for the different vibra-
tional levels which results in a deviation from the
Franck-Condon distribution in the photoexcitation
case. This deviation is the strongest if the incident
photon energy is close to the threshold for formation
of the (excited) ion. However, we can estimate the
total excitation cross section, Og°'c, for the HBr+(A22*)
state (including excitations to the predissociated vibra-
tional levels)/or electrons incident on HBr using the
photoelectron data. For this purpose, the total area
under the HBr+(A22+, v') photoelectron peaks is in-
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Tat'.-
Ab«- • ..¡-.ission cross sections at 100 eV impact energy, corresponding wavelengths, cross section ratios and relative band
oiif .igihi, /»„.„.. Franck-Condon factors for HBr* and DBr* (A22+, v' -» X 2 n / , v") emissions

0 - 0
0-1
0-2
1-0
1-1
1-2
2 -0
2-1

"em
„tot
"exc

HBr+(A2£+,u'-X2n1/2,3/2."")

a),c)

J_ M 2n b) 2 n /2n b) ¡n /2I1 b) 2ri b)
n3/2 nl/2+3/2 n3/2/ »1/2 n 3' ï ' "l/,2 "l/2

2.0
1.4
0.12
5.3
0.9
0.07

2.5
1.8
0.17
7.0
1.1
0.1

4.5
3.2
0.29

12.3
2.0
0.17

.22

1.25
1.28

1.32
1.22

1.34
1.37
1.40
1.31
1.35
1.40

Bandhcad

2 n I / 2
b )

3770
4136
4550
3582
3914
4300

(A)

2"ï/2b )

3420
3720
4064
3272
3545
3845

Pv'v"

This
work

1.00
0.94
0.10
t.oo
0.23
0.03

FC

Ref.
[18]

1.00
1.70
1.32
1.00
0.26
0.13

Relative o . m errors are about 5%, absolute n _ errors are about 12%.
o ein cm

* Relative o . m errors are about 5%, absolute n _ errors are about 12%.
i»\ o ein cm 2 4- 2

n 1 / 2 and n 3 / 2 refer to the spin doublet component which is involved in the £ -» Il(- transition.
c) Italicized numbers are calculated values,
rï) Absolute error 20%, partly due to the uncertainties in the background subtraction in the photoelectron spectra.

tegrated and compared with the area under the peak
with v'=0 (or v'~ 1) for which aem is known. This re-
sults in a value for aí°* « 66 X 10"18 cm2 which is
about 3 times higher than the value for o¿^ (for 100
eV incident electrons).

3.2.2. The DBr+(A2Z\ v' -* A^FI,-, v") emissions
This emission spectrum shows the same trend as

the corresponding HBr+ spectrum. In the photoelec-
tron spectrum we see that vibrational states of
DBr+(A22+) can be excited up to v'= 9 [8]. Broaden-
ing in the vibrational photoelectronie peaks from v' =
6—9 indicate the presence of a predissociating state.
The highest vibrational state that can be observed in
emission is the u'= 2 state, indicating that the v'= 3
state is already predissociated. A spectral scanning at
low pressure (10~5 torr) did not change the features
of the DBr+(A 22+ , v' -»• X2n,-, v") band system. This
leads to the conclusion that spontaneous prciissocia-
tion of the A 2 S + , v' > 3 states by the 4IT state is the
dominating decay channel at this pressure. The values
for the absolute emission cross section at lOOeV im-
pact energy are presented in table 1. These values are
d' ived in the same way as in the case of HBr+, namely

by extrapolation to zero pressure and beam current.
It can be seen in table 1 that also for DBr+ emissions
the sub-bands corresponding with the 2 2 + -* 2 n 3 / 2

transitions have the higher (ca. 30%) intensities.
The total emission intensities coming from the

D B r + ( A 2 2 \ v'=0,1. and 2) states showed the same
ratios as that found for the excitation of the corre-
sponding vibrational levels in the photoelectron ex-
periment [8]. In the same way as done in the case of
HBr+ we can estimate the total excitation cross sec-
tions for the DBr+ (A 22+ , v') states (including excita-
tions to the predissociated v' levels). The value is
shown in table 1.

3.2.3. Other molecular emissions
Mathieu et al. [9] showed that there may be a long

living DBr+ state with an excitation energy of about
17eV with respect to DBr(X'Z+). The lifetime of
this DBr+ state (see ref. [9]) indicates that besides
predissociation into D + Br+ a radiative transition to
a lower lying DBr+ state may be possible. If we con-
sider transitions to the DBr+ states A 2 2 + and X2n,-
the wavelengths of the corresponding emissions
should be around 7500 A and 2300 Ä respectively. In
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DBr*(A2£"1

*em*'O' 8

2 n, / 2
b >

0.8
0.7
0.41
3.8
1.4
0.1
5.8
0.3

•,u'-x2n1/2j3/2,

cm2 a) 'c>

2n3 ,2
b>

1
0.95
0.57
4.9
1.87
0.14
7.7
0.4

v")

2 I l , / 2 + 3 / 2
b

1.8
1.65
0.98
8.7
3.27
0.24

13.5
0.7

31.5

-90®

a),c)

) 2 l i 3 / 2 / 2 n 1 / 2

1.28

1.29

1.33

» 2n3 / 2 /2n I / 2
b>

1.33
1.35
1.38
1.31
1.34
1.36
1.30
1.32

Bandhead

2 n I / 2
b >

3748
4000
4287
3619
3853
4119
3499
3713

2n 3 / 2
b>

3409
3616
3849
3301
3495
3713
3202
3383

FC

This
work

1.00
1.09
0.77
1.00
0.45
0.04
1.00
0.06

our emission spectra no indications are present for
radiation from such transitions. Around 2300 A no
molecular emission^ ^re seen both in the case of DBr+

and HBr+. Around 7500 Á a weak band system seems
to be present. With the optical resolution we used
(2.7 Ä fwhm) we cannot prove that it is indeed a
band system, it may also be a composition of close
lying atomic emission lines. We measured the appear-
ance potential of this band-like emission and found
that this was lower than the appearance potential of
DBr+(A22+ , v- 0). This means that we can exclude
the possibility that the emission around 7500Ä is due
to the presence of an unknown state at 17 eV.

3.3. Emission intensities for 0-2000 eV electrons

3.3.1. 100-2000 eV
In table 2 the emission cross sections for HBr+,

DBr+(A 22+ , v' -*• X 2 n , , v") radiation are presented
relative to the maximum value at 80 eV incident elec-
tron energy. For sufficiently high electron impact
energies the relation between the excitation cross sec-
tions (proportional io the emission cross sections)
and the impact energy has been given by Bethe [15].
For an introduction and application of the relevant
formulae see ref. [16]. In the case of HBr+,
DBr+(A22+ , v' -*• X 2 n / ( v") emissions we have plotted

versus In Eel (resulting in a so-called

Fano plot [17]), see fig. 1, where £"e) is the incident
electron energy, a0 the first Bohr radius and/? the
Rydberg energy. Both for HBr+ and the DBr+ emis-
sions the Fano plots in fig. 1 show positive slopes in-
dicating that optically allowed transitions in HBr and
DBr contribute to the formation of the relevant ex-
cited ions. The slopes M2

m (which are related to the
optical oscillator strength of the excitation process
[16]) have the values 0.70 (±0.1) and 0.53 (+0.05)
for DBr+ and HBr+ emissions respectively. One must
keep in mind that these values for Ai2

m correspond
only with transitions to states in the parent molecule
leading to HBr+, DBr+ (A 22+ , u') levels which are not
predissociated. To estimate A/2XC for the total produc-
tion of HBr+, DBr+(A22+) we make use of the rela-
tion:

The values for a^c and o e m can be found in table 1,
yieldingM2

XC values for HBr+, DBr+(A2Z+)
which become 2.1 ±0.3 and 1.5 ±0.2 respectively.

From the point of intersection of the extrapolated
straight line in fig. 1 and the In £ e ] axis the value for
the quantity cem can be determined. The derivation
and interpretation of c e m is also explained in ref. [16].
Both extrapolated straight lines in fig. 1 cut the In £"e)

axis in the same point and tae value for r e m can be
calculated as 0.31. This value is close to one, indicat-



- 122 -

O'.R. Möhlmaim. h'.J. de llcer/l.ifetimes of the vibrattonalUBr*(A7-^*) and PBr*(A2Z+) states

Table 2
Re b live emission cross sections lor IIBr+, DBrf(A2i;+,
Ü' — X2nt-, u"). The absolute values for lOOeV incident
ekectrons arc presented in table 1

£el(eV)

10
20
30
40
50
60
70
80
90
100
150
200

"em <«»

0
0.44
0.86
0.93
0.97
0.98
0.99
1
0.99
0.98
0.96
0.89

¿cl(cV)

_
250
300
400
500
600
800
1000
1200
1500
1700
2000

"em

-
0.83
0.76
0.66
0.58
0.52
0.43
0.37
0.32
0.28
0.26
0.23

(rel)

ing that mainly optically allowed transitions in HBr
and DBr play a role in the formation of excited HBr+

and DBr+ ions.

3.3.2. 0-100eV
In fig. 2 the excitation curve of HBr+(A2S+ ,

i/= 1 -> X 2 n 3 / 2 , v"= 0) emission is shown in the ener-
gy range below 100 eV. For the other vibrational
transitions in HBr+, DBr+(A2Z+ , t/-> X2n,-, v") the
excitation curves behave in the same way as presented
in fig. 2, besides a slight change in the threshold ener-
gies for different v'. It can be seen that only one sharp
onset is observable in the excitation curve. This sharp
onset corresponds with the energetically lowest pos-
sibility for formation of the exciied HBr+ (DBr+) ion.
From 50-100 eV impact energy the emission cross
sections have almost constant values with a shallow
maximum at about 80 eV.

4. Lifetimes and transition probabilities

4.1. Lifetimes ofthe HBr*fA2X+, u'= 0,1) states

We found that the apparent lifetimes of the A 2 Z + ,
v'= 0,1 states depend strongly on ihe gas pressure and
the electron beam current. Such strong pressure and
beam current effects have also been found in the life-
time measurements of other excited ionic products
such as H 2 O + (A 2 A,) and H2S+ (A2A{), and have

3 -

2 -

i -

«WE«

06f'(A'i:'.vi0,l.2«'X?n,,v=0.1.2)
HBr-(A7r>=O.l-»X2n,yiO,),20.1.2)«

20 50 roo 500 WOO 2000

Fig. 1. Fano plot of the HBr+, DBT*(A2Z*. V" -* X 2n ; , u")
emission cross sections below 2000 eV incident electron energy.

been explained in refs. [11 j and [12]. Following the
same procedure for the determination of the radiative
lifetime as in these references we found for HBr+(A2S+,
i /=0 and 1) the values 4.5 (±0.4) X 10"6s and
4.0 (±0.4) X 10"6 s respectively. We cannot calculate
the cross section for deactivation of the A 2 S + state
by collisions with HBr molecules because we do not
know (he relative average velocity of the HBr+(A2£+)
particles. This velocity can be increased by electro-
static repulsion due to the space charge present and
can lead to incorrect quenching rate values (see ref.
[12]).

The different radiative lifetimes for v'= Oand 1, as
found in this experiment, are probably not due to the
influence of the predissociation on the v'= 1 level.

F:ig. 2. F.xcitution curve lor the HBr*(As i:+.i/= I) state be-
low 100 i'V incident electmn energy.
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The emission intensity coming from the predissociated
rotational levels in i>'= 1 isveiy small with respect to
that of the non-predissociated rotational levels in i>'= 1,
as in our experiment at 300 K a rotational distribu-
tion exists in which the predissociated rotational levels
are (almost) not populated. If the excitation is per-
fonned at higher temperatures or with Ar+ ions, the
higher (predissociated) rotational levels can be popu-
lated (see ref. [4]) thus adding a short livinc compo-
nent to the emission intensify, if a low optical resolu-
tion is applied.

If the difference in the lifetimes of u'=0 and 1 is
not due to a predissociation effect, the difference
should be caused by a change in the total radiative
transition probability A For the calculation of the
intensity ratio in section 3.2.1 we had to compare on-
ly the transition probabilities of two decay channels,
2 S + -»• 2 I l i n and 2 2 + -» 2 n 3 y 2 . of the same upper
state. For the comparison of the A 2 2 + , u ' lifetime
values T(= \¡Á) we have to take every decay channel
into account. We can write for the total radiative de-
cay probability of an A2S+ ,¡7 state to all the X 2 n, .
v" states [14].•

(4)

in which Cis a constant. £",/„•• the mean frequency of
the vibrational transition, R is the electronic transí-
tion moment and /?„•„» ' s t n e f ranek—Condon factor.
The factor vv,v., is known from spectroscopie studies
[1]. The /?„•„•' values have been taken from Haugh et
a!. [18]. If Re does not vary as a function of v' and v'
then the relative intensities of the vibrational transi-
tions are linear proportional to t ^ , , /?„.„». However,
if we calculate the relative band strength factors

Vu"> f r o m t l l c relation:RlRvv
(5)

using the experimentally ofoiaiiu'd " c i n s, then we see
that these relative factura ML- noi inu-ar proportional
to the calculated Franck fondón factors (see column
9 and 10 of table 1), indicating that Rc depends on v'
and v". This /?e variation is considered in more detail by
Möhlmann and de Heer [19] by analyzing the experi-
mental data of the preseiu work. Their conclusion
that RQ changes rapidly with i>' and v" is in agreement
with the findings of Hdugh et .il f 18]. Using the R'UII.
v.ilucs of rcf [18] and the O.PL*, ¡mentLilly obtained

R,,(v'v") fro.n rets. [18,19] we derive for the ratio of

One r.. i»1 kei;p in mind that in eq. (6) the two spin
cotiipi'iK ifs. for each i>" must bo taker: into accoi.rií
separuiely, because of the difference in f'(A2S+,u
-»X2H1/2,u")andi>(A22+,i;'->X2n3/2,u"). We
find •

W i / r ' > = °i)0('± ° 0 5 ) '*r;1(i ('''= °>-
which i5, in good agreement with ou' experimental
fesu:>:

4.2 i Aft rimes of the Dfír+ (A ' I + , v' = 0,1,2) Hates

Tlii.1 ¡.idiative lifetimes for these Jiate have been O"-
tained in the same way as those of the IIBr+(A2£+ , i ¡
slates, namely by performing pressure and beam cu.
rent dependent measuremen!s. The T..1(J values for the
vibrational states with </ = 0. i ¿nú '.' are 4.5 (±0.4)
X 10~6

 Ä, 4.0(±0.4) X t0"6 sand 3.6(±0.4) X l O ^ s
respectively. Also in the case of DBr+(A2£+) . the dif-
ferences in lifetimes of the i '= 0.1 and 2 slates are
mainly ¿.iused by the different radiation probabilities
and not hv predissociatioii effect.; as discussed before.
Calculations show that in a íoiational distribution cor-
responding with 7 = 300 K. the predissociated rota-
tionai ieveis [4'| are hardly populated. This means thai
no short lhmg states contribute to the light emission
intensih.

4.3. Transat- >>i probabilities fur the various decay
ctiMim /?: > / llHf* (A 21+, ¡/ - 2}

üiie ot tl»- decay channels for the ¡>'= 2 state is
radiative dac^y. From the ijdintive liteiime values
Trad of u'-OaiiiJ 1 respectively v-c can calculate Tra(1,
with the aid of furmula (6). for v'= 2 which equals
3.6(i0.4) X 10 h s . This corresponds to a transition
probdbili"i> A , d - 2 8 i±0 .3)X10 s s - I .Thenextde-
tjy possibility is, .i ;.r of predis^ociation by the 4FT
state. This predisM'jiation can take place via a mono-
T:<;lL".ul3r or J hiinoli-< ul.n reaction [4,9]. Another
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decay mode for the v'= 2 state is the energy transfer
via collisions with HBr molecules. The sum of the
probabilities for nonradiative decay will compete with
that for radiative decay.

From the HBr + (A 2 2\ t / -» X2n,-,u") emission
spectrum we can estimate the ratio of the probabili-
ties for radiative and non-radiative decay. Assuming
that the areas under the peaks in the photoelectron
spectrum of HBr are proportional to the excitation
cross sections of the corresponding states, we can see
that the v'= 2 state is about 1.5 times more excited
than u'=l. However, no trace of emission from the
v- 2 state can be observed even at a pressure of 10"5

torr where bimolecular (quenching or predissociation)
processes are expected to be less important. Consider-
ing the lower limit for the detection of the i»'= 2
radiation we may say that the emission intensity from
v'=2 is at least a factor 103 smaller than that from
v'= 1. This provides a lower limit of the probability
for non-radiative decay of the v'= 2 state, namely
^non-rad ^ 4 X 108 s"1. Which part of this ¿ n o n . w d .
is due to the monomolecular and which part is due to
the bimolecular decay modes? We can estimate the
transition probabilities of the bimolecular decay
channel from simple gas kinetic calculations. We as-
sume that the average relative velocity c of the
HBr + (A 2 2\ i /=2) and HBr molecules has the high
value of 105 cms"1, due to the space charge effects.
Further, we take the molecular diameters d equal to
5 Á. According to the formula [20]:

in which A'q is the rate constant for collisions bet'.veen
HBr+(A22+ , u'= 2) and HBr molecules, and ocff

(=nd2) is the effective cross section for this process,
the value for fcq becomes 8X10"10 cm^mor 's" 1 .
At a pressure of 10"5 torr and assuming that the sum
of the efficiencies for predissociation and encrgv
transfer is one, the transition probability r"or biinoic-
cular non-radiative processes-4^™."^ becomes
2X 102 s~'. If we compare this value with that oí
/ l n o n . r a d then one can see that less than one p.p.ni.
of HBr + (A 2 £\ i/= 2) follows the bimolecular decay
mode at this pressure. For the rotational states in
u'= 1 which cannot undergo spontaneous predissocia-
tion but can undergo collision induced piedissucia
tion, the bimolecular decay rate constant has to com-
pete with that for radiative decay. At a pressure of

10~5 torr less then 1 %o will decay via the bimolecular
channel. Our conclusion is that the bimolecular decay
channel has a minor influence on the emission spectra
of HBr+, DBr+(A22+, o'-* X2n,, o") at a pressure of
10"5 torr.
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The dependence of the electronic transition moment on the internuclear separation (r-centroid = ?„•„»)
r the first negative, CO+(B2£*-X2E*), and the third positive, CO(b32*- a*n), systems by analyzing tl

,..) has been studied
for the first negative, COT(B2£T-XzE'r), and the third positive, CO(b52T- a Jn), systems by analyzing the emission inten-
sities of the corresponding electronic-vibrational transitions. The emission spectra have been produced by electron impact
on CO.

For the first negative system our experimental electronic transition moment decreases by about a factor of 1.5 for in-
creasing rvt • in the range 1.07-1.34 A; in the case of the third positive system a strong increase has been found in the
ru-v- range from 1.07-1.17 A.

For the ionizing CO(X' £+, 0) -* CO*(B2 £+, u') transition we found a slow increase for the electronic transition matrix
elements with increasing v'.

Further we show that in the case of the CO*(B - X) system, lifetime measurements of the B2 £+, u' levels are not suitable
for the determination of the electronic transition moment dependence.

1. Introduction

In the present work we describe intensity measure-
ments of two band systems, i.e., the first negative
band in CO+(B22+ -X 2 2 + ) and the third positive
band in CO(b32+-a3n). The emissions have been
produced by electrons incident on CO. By analyzing
the relative vibrational emission intensities we have
derived the dependence of the electronic transition
moment Re on the internuclear separation r of the
atoms in the molecule. In general it is important to
know this Re(r) dependence because it can be used in
calculations concerning molecular densities in the at-
mosphere and in flames, etc.

Previous intensity studies and Re(r) determinations
concerning the CO+(B-X) system have been perform-
ed by Aarts and de Heer [1 ] in the case of electron
impact on CO. In the present study of this system the
region of internuclear separation (r-centroid) has been .
extended. The CO+(B-X) band system has also been

* Department of Theoretical Organic Chemistry, Leydcn
University, Leytlen, The Netherlands.

investigated by Poulizac et al. [2] for protons on CO
and by Judge and Lee [3] in the case of photons on
CO. No good agreement of the intensity measurements
[1-3], and consequently the Re(r) determination
[13]. was obtained by the different groups.

For the CO(b-a) system only one intensity meas-
urement has come to our knowledge, namely that per-
formed by Robinson and Nicholls [4].

2. Relation between Rt(r) and the emission intensity

The measured emission intensity /„•„. of an elec-
tronic- vibrational transition between the vibra t i anal
upper and lower states v' and v" respectively is given
by [5]:

ƒ„.„.- =KNu.vl.u..Rl qv.v... (1)

Here, the intensity / t V . is expressed in photons/s; if
the emission intensity is given in units of power than
the radiation frequency factor irj.^.. must be replaced
by »*•„••• FurtherK is a constant dependent on the
units used and the geometrical conditions in the ex-

Chemical Physics 21 (1977) 119-125
© North-Holland Publishing Company
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periment. Nu, is the population of the electronic-
vibrational upper state v', Re is the electronic transi-
tion moment and <7uV. the Franck-Condon factor
which is the square of the vibrational overlap integral.

The quantity ?,/„», called the r-centroid, is defined
by Fräser [6] ;ru V . can be considered as a weighted
value of the internuclear separation r for the electron-
ic-vibrational transition v'v" and is expressed as:

o ' o
<¡¡v- and <j/u„ are the vibrational wavefunctions in the
electronic upper and lower states respectively. The
numerical value of the r-centroid is generally not the
same for different v'v" combinations, so the corre-
sponding electronic—vibrational transitions have dif-
ferent expectation values for the internuclear distance.
If Re is independent on r then the intensity distribu-
tion in a v" progression is only determined by the fre-
quencies and the Franck-Condon factors.

The (in)dependence of Re on r can be investigated
by plotting:

as a function of the r-centroid. When v' is constant
the relative Re values are given by

The quantity Iu,u„ is derived from !he experiment.
The frequencies of the emitted radiation are known
from spectroscopie studies (compiled by Krupenie [7]).
In the case of an electronic-vibrational transition the
frequency corresponding with the band head is often
taken as an average frequency üuV. for the emission
band. The Franck-Condon factors are obtained by
calculating the overlap integrals of the relevant vibra-
tional wavefunctions in the upper and lower electronic
states. Finally the relative Re dependences for the dif-
ferent v" progressions must be fitted to each other.

The accuracy of the obtained /?e(r) dependence is
related to the accuracies of /„.„.., eu V . and ?„•„-.. The
uncertainty in / u V . is discussed in section 3.

The factor vuV. is often known very precise. How-
ever for the Franck-Condon factors Zare [8] and Zare
et al. [9] have pointed out that these are rather sensi-
tive to the form of the applied potential functions. It
is expected that Rydberg-Klein-Rees (RKK) poten-
tials, derived numerically from spectroscopie data,

lead to better FC factors than Morse potentials which
are analytical expressions based on spectroscopie con-
stants. Zare et al. [9] have shown that for certain bands
in N2 the RKR Franck-Condon factors for transitions
with 0.1 >(?„•„'' 5*0.01 can differ as much as 40% from
those obtained using Morse potentials.

For CO+(B —X) we have used in the case of the
qvV, and r-centroid values of Jain and Sahni (RKR)
[10] and of Nicholls (Morse) [11 ]. For CO(b-a) we
have used those values calculated by Ortenberg
(Morse) [12].

3. Experimental

The apparatus used in this experiment is the same
as that described by Beenakker and de Heer [13]. It
basically consists of a vacuum chamber connected
with the collision (observation) region via a differen-
tial pumping hole. An electron gun is mounted in the
vacuum chamber and the electron beam is directed
through the differential pumping hole into the obser-
vation region. The emitted radiation is observed per-
pendicular to the electron beam by a monochromator-
photomultiplier combination.

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 intensity of the
radiation emitted by the tungsten ribbon has been
measured as a function of ribbon temperature and
wavelength by De Vos [14]. The calibration procedure
with this standard has been described in refs. [IS,16].
Below 3000 Ä this standard cannot be used because
of the sharp decrease of the emission by the hot tung-
sten filament towards lower wavelength and the rela-
tive increase of scattered light. In the wavelength re-
gion 1850 -3000 A the relative yield as a function of
wavelength was determined by means of a deuterium
lamp (calibrated against a "secondary standard"
deuterium lamp [17,18] in the region 1850-2700 A)
and a quartz-iodine lamp with a coiled-coil tungsten
filament [19] (2500-4400 A). The relative curves
were fitted to the tungsten curve. The accuracy of the
relative vibrational emission intensities is estimated to
be about 10% for both band systems.

In the electron beam experiment the CO gas is in-
troduced into the observation region via a variable
leak. The pressure of the target gas was 10~3torr.The
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Table 1
Experimental and theoretical data concerning the CO*(B* £*, o' -»X* £*, u") band system

u'-u" Rel.»)*)Band-d> ?„•„» ?„•„„
Vu" head (A)

Rel.Äe»)>)J) Rel

e) 0 e) g) h> h) e) h)
0 - 0
0-1
0-2
0-3
0-4
¡o
1-0
1-1
1-2
1-3
1-4
1-5
1-6
I,

1.000
0.474
0.111
0.017
0.002
1.604$
0.320
0.043
0.168
0.096
0.022
0.004
0.0004
0.653 $

2-0 (0.033)
2-1 0.061
2-2 (0.004)

0.018
0.027
0.012

(0.003)
0.0003
0.158 c)

3-5 (0.004)
3-6 (0.004)
I» 0.036$

2-3
2-4
2-5
2-6
2-7
h

2189.8
2299.6
2419.6
2550.3
2693.9

2112.4
2214.5
2325.2
2445.8
2577.7
2722.3
2888.2

2042.3
2137.8
22404
2352.5
2474.2
2607.2
2752.9
2913.2

2504.6
2638.8

0.538
O.33S
0.102
0.0205
0.0031

0.315
0.0648
0.319
0.212
0.0702
0.0155
0.0025

0.109
0.273
0.0110
0.160
0.255
0.138
0.0433
0.0095

0.208
0.194

0.5315
0.3394
0.1039
0.0214
0.0034

0.3125
0.0565
0.3180
0.2170
0.0749
0.0175
0.0031

0.UI2
0.2578
0.0176
0.1464
0.2550
0.1471
0.0501
0.0120

0.1927
0.2009

1.1447
1,1953
1.2431
1.2876
1.3287

1.1059
1.1534
1.2049
1.2517
1.2954
1.3361
1.3746

1.0671
1.1184
1.1784
1.2142
1.2607
1.3036
1.3438
1.3816

1.2700
1.3121

1.144
1.194
1.244
1.287
1.326

1.106
1.155
1.204
1.251
1.294
1.333
1.370

1.069
1.121
1.171
1.213
1.261
1.303
1.340
1.377

1.268
1.308

1.0000
0.5377
0.1405
0.0241
0.0031

0.6522
0.1165
0.4953
0.2828
0.0820
0.0150
0.0020

0.2479
0.5454
0.0191
0.2400
0.3286
0.1520
0.0405
0.0075

1.0000 1.000
0.5514 0.882
0.1450 0.790
0.0255 0.706
0.0034 0.56

0.6550 1.000
0.1028 0.752
0.4998 0.691
0.2930 0.692
0.0864 0.547
0.0171 0.50
0.0025 0.4Í

0.2579
0.5214
0.0309
0.2222
0.3326
0.1640
0.0474
0.0096

(1.000)
0.842

(1.576)
0.S6S
0.619
0.594

(0.557)
0.35

1.000 1.000 1.000 1.00
0.860 0.939 0.927 0.92
0.766 0.889 0.875 0.87
0.667 0.840 0.816 0.81
0.56 0.75 0.75 0.75

1.000 1.000 1.000 1.06
0.856 0.867 0.925 0.98
0.688 0.831 0.829 0.91
0.671 0.832 0.819 0.86
0.521 0.739 0.722 0.81
0.50 0.71 0.71 0.75
0.41 0.64 0.64 0.68

(1.000) (1.000X1.000)1.13
0.910 0.916 0.953 1.03

(1.006) (1.254)11.002)0.95
0.629 0.751 0.792 0.90
0.630 0.785 0.793 0.85
0.568 Ó.775 0.753 0.80

(0.492) (0.746) (0.700) 0.74
0.35 0.59 0.59 0.67

0.2584 0.2423 (1.00) (1.00) (1.00) (1.00) 0.84
0.2061 0.2160 (1.25) (1.12) (1.12) (1.06) 0.79

*) Numbers given in parentheses are less accurate.b) Italicized numbers are calculated values. c ) Value refers to approximated total
intensity /„., including also not observed but calculated intensities. **) Taken from the compilation of Krupenie [71.e) Calculat-
ed by Iain and Sahni (RKR) [10|. ° Calculated by Nicholls (Morse) 1111. «> </„•„•• values used ref. {10 | . n ) $„•„•• values used ref.
111).'^ Values for the u'-0 transitions have been put equal to 1.000. <•) Italicized numbers are (extrapolated) values derived
with the aid of fig. 1 . k > Smoothed values derived with the aid of fig. 1; Ae(roo) has been set equal to 1.00.

15jR#(arh units) C 0 * ( B ' Z * - X 1 I * )

ID-

OS-

1000 1.100 1200 1300 1400

Fig. 1. The electronic transition moment of the CO*(B2 £*
X2 £*) system as a function of the intemuclear separation
(r-centroid).

energy of the incident electrons was 100 eV for the
scanning of the CO+(B-X) emission and about 15 eV
for that of the CO(b-a)bands;the corresponding
electron beam currents were 500 u A.

4. Results and discussion

4.1. C

Our experimental relative /„.„..'s are presented in
table 1. In the same table the R\ and Rt values, deriv-
ed from eq. (3b), are included together with some
other relevant quantities.

A comparison of the RKR and the Morse FC fac-
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tors shows that there exists only an appreciable differ-
ence ( > 10%) in the cases of the small FC factors of
the 1 - 1 , 2 - 2 and 2 - 6 transitions. For the larger FC
factors the differences, obtained by the application of
the two methods, are almost negligibly small.

Our relative /? e ( fu V . ) dependences show that, for
the v" progressions with v' = 0, 1, and 2, Re decreases
significantly for increasing fu.u„ values. In fig. 1 we
have fitted the relative Re (?„.„..) dependences to each
other and it is seen that in the range 1.075 < r u V . (Á)
< 1.340 the Re value changes by a factor of about 1.5.
The same data are presented in the last column of
table 1.

Aarts and de Heer [1 ] reported a lowering of 38%
for RJ, if r u V , increases from 1.11-1.29 Á. We found
in the same r u V . range a decrease of about 42% which
is in good agreement with their results. The relative
intensities presented by Poulizac et al. [2] differ ap-
preciably from both Aarts and de Heer's [1 ] and our
values. Judge and Lee [3] have found Re to be inde-
pendent on rv,v» in the range 1.11—1.29 A.

4.2. Lifetimes of the CO+(B2Z+, v'j states

In this section we consider the relation between
the variation of Re (fu.u..) and the relative radiative
lifetimes of the different v' levels.

The radiative lifetime Trad of a CO+(B2£+,i>')
state is the inverse of the total radiative decay prob-
ability Aiai. The B 2 2 + state can decay into A2n¡ or
the X 2 £ + state. The branching ratio for the B - A and
B - X transitions is about 0.06 [1 ] ; therefore the tran-
sition probability from the B state is dominated by
that of the B—X transition.

We write for rrad (due to the B—X transition prob-
ability):

' r a d ( « > =

In eq. (4) the smoothed Re values (see last column of
table 1, and fig. 1) have been used. The thus calculated
relative B 2 2 + , v' lifetimes are presented in table 2 to-
gether with the measured values of different groups
[20-25]. The calculated increase of Trad for increas-
ing v' has been found experimentally only by refs. [20,
21 ]. In the last column of table 2 we also show the cal-
culated relative xrad's using a constant Re value for all
vibrational transitions. It is surprising (and interesting)
to see that for the B 2 E + , v' lifetimes, it (almost) does
not matter whether a strongly varying or a constant
•Re(ruV.) is taken for the rrad calculations. So, it ap-
pears that the relative lifetimes are not very sensitive
for changes in Re(rv-V..). The reason for this insensitiv-
ity of rrad for the Re variation is based on the fact
that rrad is the inverse of the total transition probabil-
ity Ajad. The value for AliA is determined by summing
(see eq. (4)) i ^ v . / ? 2 < / „ v ) <7uV. over a wide range of
v" and consequently r-centroid values. So, for the
B 2 2 + ,v ' states, an average Re value is obtained for the
B - X transition, which appears to be (about) the same
for v' = 0 , 1 , 2 ,3 . As a consequence it is clear that it is
not or hardly possible to obtain a unique Re(ru-U")
dependence from lifetime measurements. The same
conclusion has been recently reached by Wu and
Shemansky [26] who considered the N2 Meinel sys-
tem.

4.3. Excitation of the CO+(B2'Z+, v') states

The CO+(B22+ ,u') states are excited via the ion-
izing collision process:

Table 2
Calculated and measured relative lifetimes of CO*(B2 £*, u')

v'

0
1
2
3

This
. worka>

1.00
1.03
1.08
1.11

Ref. [201

1.00
1.08 1 0.02
1.11 10.02

Ref. [21]

1.00
1.20 ±0.02

Ref. [22]

1.00
1.02 ±0.03

Ref. [231

1.00
1.00 ±0.10

Ref. [24]

1.00
1.00 i 0.03
0.98 ± 0.03

Ref. 125]

1.00
1.02 ±0.07
0.98 ± 0.07

This
woikb>

1.00
1.04
1.08
1.12

a ' Calculated with varying Re (see table 1 and fig. 1). b ) Calculated with constant Re.
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e + CO(X'S+,0)-«-e+CO+(B22*,ü') + e, (5)

where O is standing for the vibrational ground state of
COpC1 2+ ) ; at room temperature more than 99% of
CO(Xl ï + ) is in this lowest vibrational state.

The total emission intensity /„., due to thr B - X
transition, from a CO*(B2Z*,u') state is presented by:

and is proportional to the excitation cross section
°exc o f t n a t v' ' - d t e - T h e neglection of the small
CO+(B2S+, v' -*• A2 IIj, u") emission intensities in com-
parison with the CO+(B2 Z V - > X2 2 V ' ) intensi-
ties will hardly influence the relative o ^ c values. In
analogy with photoabsorption, according to the Born-
Oppenheimer approximation (see refs. [5,27]), we as-
sume that the excitation of a CO+(B2 2 + , u') state is
given by:

o^,. = CR2
S(U',0)qu.o <* /„., (7)

in which Cis a constant;qu,0 is the Franck-Condon
factor for the excitation process and Ä,(u',O) is an ef-
fective electronic scattering matrix element for ioniza-
tion including all excitation energies in the continuum
leading to CO+(B22*,i/). In the case of photoabsorp-
tion, RI(V',0)in eq.(7)is replaced by Ä2(i/,O)(see ref.
[5]).

Electron impact experiments [1,28,29] have indi-
cated that for a wide range of incident electron veloc-
ities ( £ 3 X 108 cms-J, ;> 25 eV electrons) the rela-
tive values of lv. or o ^ as a function of v' are inde-
pendent of this velocity. This means that the relative
dependence of /?2(u', 0) on v' does not change as a func-
tion of the incident electron velocity in this range.

By taking our experimental /„., values at 100 eV
and dividing them by qv^ (see eq. (7)) we can see
whether R~{v',0) varies as a function of v' or the
r-centroid. The factor is constant for the excitation
to different v'. The total intensity /„. is calculated ac-
cording to eq. (6), adding the intensities of the experi-
mentally observed and not observed or blended vibra-
tional transitions. These latter intensities were calcu-
lated by means of eq. (1) together with the experimen-
tally obtained /ie(?„.„.,) values (see last column of
table 1, and fig. 1). The thus calculated /v.'s are pres-
ented in column 2 of table 1. The qu.o values have
been computed by Wacks [30], Halmann and Laulight

/
2-(oibunits)

ctf(B2rv)_co<x'r,o)

Fig. 2. The electronic transition matrix element of the ionizing
CO(X' £*, 0) -CO*(B* £*, v') transition as a function of u'.

[31 ] and Nicholls [32] using Morse potentials. The re-
sults of Wacks have been taken although there is no re-
levant significant difference in the values obtained by
the different authors.

The relative /?, (t/,0) values, derived by application
of eq. (7), are shown in fig. 2; the value corresponding
with the 0 - 0 transition has been put equal to 1. It is
seen that the value of the matrix element increases
slowly for higher v' values. The point corresponding
with v' = 3 is less accurate than the others because the
FC factor of the 0 -+ 3 transition is very small and
therefore less accurate. Further, the factor ƒ„, for
v' = 3 contains many calculated contributions which
also increases the uncertainty of the value of this
point. Our results are confirmed by those of Aarts
and de Heer [1 ] for v' = 0 and 1.

The possibility that the B 2 2 + , v' states are not only
populated via direct excitation from the neutral
ground state, but also via cascade, is small because no
higher lying CO* states are known which can decay
into CO+(B22+).

Judge and Lee [3] have determined the Re(v, 0)
behaviour for v' = 0 and 1 in the case of photo-absorp-
tion. They calculated the reKive Re values using the
relation:

Äeiy,O)«(Ar„./<7,,o>1/2- (8)

However, one must note that the meaning of the sym-
bol Nv, in eq. (8) as defined by the authors of ref. [3],
is different from that for Nu. in our eq. (1) and in the
equation similar to our eq. (1) in ref. [3], The quanti-
ty Nu, in eq. (8) is proportional to the total number
of CO+(B22+ , v') particles produced by an ionizing
light pulse and is therefore proportional to the photo-
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ionization cross section of that state (see ref. [3]). In
our eq.(l),Nv, is the actual number of particles in
the CO+(B22+ , v') state, a quantity which is propor-
tional to the ionization cross section as well as to the
the C O + ( B 2 S V ) state.

Judge and Lee [3] found no difference in Re for
v' = 0 and 1 respectively.

4.4.

Our measured relative emission intensities /„•„••for
the CO(b3 S+ , v = 0 -* a3n, v" = 0 - 5) transitions are
shown in table 3. In the same table other relevant
quantities of eq. (3) are given togethei with the ob-
tained R%(f „.„..) a n d Re&vw) v a l l l e s- N o R K R Po t e n-
tial FC factors are available for this system because of
the lack of information of the upper (b3 £ f ) stale.
This b3 2 + state is subject to perturbations (see
Krupenie [7]) causing the (almost) absence of emis-
sion from the v' > 1 states. Therefore, only one v"
progression with v' = 0 is available for the Äe(r,,v.)
analysis.

In fig. 3 Re has been plotted against ? u V . and ¡I is
seen that Re increases strongly with increasing fu.v,. in
the range 1.08 -1.15 A. A similar dependence of Re

on fu,v„ has only been reported in the case of the
N2(A32u -* X>£g) Vegard-Kaplan bands (see Zare
e t a l . p i ) .

Robinson and Nicholls [4] have also performed in-
tensity measurements on the third positive band sys-
tem and their results are included in fig. 3. A good
agreement exists between our results and those of
Robinson and Nicholls [4].

15- R. C0<bT_a3n)
(orb units)

0.5- o this work
D re< *

1000 1100 1200

I ig. 3. The electronic transition moment of the CO(b3£*-
a3n) system as a function of the inteinucleai lepaiation
(/•-centroid).

4.5. Variation ofRe with ruV,

For both investigated band systems a considerable
variation of Re as a function of the r-centroid has
been obtained. What can be said about such varia-
tions? Zare et al. [9] have discussed this point and
have summarized several possibilities. They concluded
that the largest /f e(ru V . ) variation can be expected
for the weaker transitions. So for "allowed" electric
dipole transitions, with 106 <Aaá(s"1)< 109, the
variation in R\ should not exceed a factor of two over
the range of r-centroids corresponding to significant
band intensities [9]. Fo weaker transitions larger
changes would be possible.

Our results in the rase of CO+(B - X) show that R\

Table 3
Experimental and theoretical data concerning the CO(b3i:+-a3Il) band system

v'-v"

0 - 0
0-1
0-2
0 - 3
0 - 4
0 - 5

Rel. a>
lv'v"

1.00
1.22
0.87
0.38
0.18

(0.15)

Band-b>
head (A)

2829
2973
3130
3301
3488
3694

0 ,.c>
T>U tl

0.05810
0.13468
0.17897
0.17905
0.14996
0.11112

W' c )

1.149
1.131
1.115
1.100
1.086
1.072

Rel.
Iv'v" "l'v"

1.000
1.997
2.274
1.940
1.377
0.8S9

Rel. Ä* a>

1.00
0.61
0.38
0.20
0.13

(0.17)

Rel.Äe
a>

1.00
0.78
0.62
0.44
0.36

(0.42)

' ) Number given in parentheses is less accurate. b ' Taken from Krupenie [7]. c ' Taken from Robinson and Nicholls | 4 | .
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changes by a factor of about 2.3 in the r-centroid
range 1.07-1.34 A. The transition probability for the
B-X transition is about 2 X 107 s~' and can thus be
considered as a strongly allowed transition. The transi-
tion probability for the CO(b-a) transition is about
1.7 X107 s~' [33] and thus has about the same optical
oscillator strength as the CO+(B-X) transition. There-
fore according to Zare et al. [91 a similar magnitude
for the change in Re(fvV.) would be expected for
both transitions. However, in fig. 3 is seen that R%
varies about a factor 30 over 0.07 A. This is not con-
sistent with their "allowed transition" model. We
must point out here that in the Re variation analysis
of CO(b-a) Morse potential FC factors have been
used. It is however questionable (Zare et al. [9])
whether these FC factors are accurate enough. Further
Zare [34] has indicated that their model is only a
guide for what might be expected in the case of an un-
perturbed system. The CO(b32+) state is subjected to
strong perturbation by the f3 S+ state [7 ] as well as to
predissociation and these facts may contribute to the
strongly varying Äe(ruV,) behaviour.
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EMISSION CROSS SECTIONS OF HCI+ ( A 2 2 + , u' -> X 2 n p v") FOR
ELECTRONS ON HCI AND LIFETIMES OF THE HCI+ ( A 2 2 + , u') STATES
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Emission cross sections have been measured for the HCI*(A2£*, u' = 0-6 — X2í}¡,v" = 0, -5 , . . . ) transitions in the case of
electrons (0-2000 eV) incident on HCI- At 100 eV impact energy our experimental total emission cross section for the
A 2 2 * - X 2 n ¡ system equals (7.2 ± 1.4) X 1 0 " " c m 2 .

An analysis of the intensity ratios of the v'-v" transitions showed that the electronic transition moment for A 2 £ * - X 2 n ¡
decreases strongly for increasing internuclear separation (r-centroid). The electronic scattering matrix elements for the reac-
tion HC1*(A22*) <-HCl(X' £*) vary rather slightly as a function of the r-centroid.

Applying the delayed coincidence technique, we have obtained the radiative lifetimes of the HCI* (A22*, v' = 0 -6 ) states,
using the A £*, v' - * X 2 n ¡ , v" intensity decay curves produced by 100 eV electrons on HCI. The lifetimes vary from (2.S8
± 0.2) X lO^s for v' = 0, to (1.85 ± 0.2) X 10"*s for v' = 6; their relative values agree reasonably with calculated relative life-
times using our experimental electronic transition moments.

1. Introduction

The HCI+ (A 2 2 + , v' -> X 2n¡, v") emission bands
have first been recognized by Brice and Jenkins [1 ]
in 1929 by operating a low pressure discharge in pure
hydrogen chloride. The band system has been further
analyzed by Kulp [2], Norling [3), Marsigny and
Ferran [4], Sheasly and Mathews [5] and by Saenger
etal. [6].

According to Molecular Orbital (MO) theory the
electronic ground state of HO has the configuration
[7]

Z(3sa)2(3po)2(3P7r)4,1S+,

where Z refers to the Cl closed shells. The MO theory
suggests that the (3pn) orbitals mainly have atomic
(non-bonding) character, whereas the (3pff)2 orbital
contributes to the HCI bond. Ionization of a 3p;r orbi-
tal electron results in the HCI+ (X2n¡) state; the re-
moval of a 3po electron yields HC1+ (A22+) .

* Department of Theoretical Organic Chemistry, Leyden
University, Leyden, The Netherlands.

* J.K. Institute, University of Allahabad, India.

Studies on the vibrational excitation of the A 2 2 + ,u '
states have been performed by Haugh and Bayes [8] in
the case of Ar+ ions on HCI. and by Haugh [9] for He+

ions on HCI. Haugh et al. [10] studied the A 2 2 + , v'
•* X rij, u" emission spectrum, produced both by ion
impact and by a microwave discharge in HCI, to ob-
tain the dependence of the electronic transition mo-
ment Re on the internuctear separation (r-centroid [11]).
They found a decrease of Re for increasing values of
the r-centroid.

The photoelectron spectrum of HCI, reported by
Lempkaet al. [12], Turner [13] and Weiss et al. [14],
shows that the vibrational levels of HC1+ (A22+) can
be excited up to v' = 8. Lempka et al. [12] suggested
that the levels with v' > 5 may be predissociated be-
cause of the sudden drop in intensity of the relevant
peaks in the photoelectron spectrum. This sudden
drop has not been reported in refs. [13,14].

In the present work we have produced the HC1+

(A -» X) emission spectrum by electron impact on
HCI. We have measured the absolute emission cross
sections a ^ for the vibrational transitions appear-
ing in the electron energy range below 2000 eV. Us-
ing these OJJJJ1 's we have derived the dependence of

Chemical Physics 21 (1977) 127-134
ö North-Holland Publishing Company
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R% on the r-csntroid. We have also investigated the
electronic transition characteristics for the ionizing
HC1+ (A22+) <- HCI(X' 2) excitation. Further we
have measured the lifetimes of the A22+ , u' = 0-6
states and compared the relative values as a function
of u' with calculated ones using known spectroscopie
data and our experimental /?2 dependence.

Similar work, with respect to o%£ and lifetime
measurements, has been performed previously by us
in the case of the HBr+, DBt+ (A22+, v' - X2\l., v")
systems [15].

the sharp decrease of the emission by the hot tungsten
.filament towards lower wavelength and the relative in-
crease of scattered light. In the wavelength region
1850-3000 Á the relative yield as a function of wave-
length was determined by means of a deuterium lamp
(calibrated against a "secondary standard" deuterium
lamp [23,24] in the region 1850-2700 A) and a quartz-
iodine lamp with a coiled-coil tungsten filament [25]
(2500-4400 A). The relative curves were fitted to the
tungsten curve. The uncertainty of the absolute emis-
sion intensities is estimated to about 20%, that of the
relative intensities is about 10%.

2. Experimental

The apparatus used for the scanning of the emission
spectra and the determination of the absolute o™ 's
is basically the same as that described by Beenakker
and de Heer [16]. The lifetime measurements have
been carried out with the same set up as described by
Möhlmann and de Heer [17] and by Möhlmann et al.
[18].

The HO gas was supplied by Matheson Gas Products
and was used without further purification.

The emission spectrum has been taken at a HC1 pres-
sure of 1 X 10~3 torr, an electron beam current of
500 fiA at 100 eV, and with an optical resolution of
l.SAfwhm.

We have found that the HC1+ (A2Z+ - X2n¡) emis-
sion intensity increased less than linear with the HC1
target gas pressure and with the electron beam cur-
rent. This phenomenon has been recognized previously
by us in the case of other excited ionic species [19]
and is probably due to a positive space charge effect
of the type discussed extensively by Möhlmann et al.
[18]. Therefore pressure (1O~5-1O~3 torr) as well as
beam current (l-100fiA) dependent measurements
have been performed to obtain the o™ 's for the
HQ+ (A •* X) system corresponding to the extrapola-
ted values at zero pressure or at zero current.

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 intensity of the
radiation emitted by the tungsten ribbon has been
measured as a function of ribbon temperature and
wavelength by De Vos [20]. The calibration procedure
with this standard has been described in refs. [21,22].
Below 3000 A this standard cannot be used because of

3. Results and discussion

3.1. Emission spectrum for 100 eV electrons on HCl

We have scanned the emission spectrum in the wave-
length region from 1850- 10000 A produced by 100 eV
electrons incident on HCl. Together with the pro-
nounced HC1+ (A22+.u'->X5n i,ii") emission bands,
radiation can be seen from the various levels in the
hydrogen atom corresponding with the Balmer series
and from various excited levels in Cl atoms and Cl+

ions. The emissions from the excited H, Cl and Cl+

species will be discussed elsewhere [26].

3.2. The molecular spectrum ofHCt (A2Z+ •* X2n¡).

The spectral scan of the HC1+ (A22+ , v' •* X2n¡, u")
bands showed clearly emissions from the A I*, v' =
0-6 levels. No radiation from the A2£+ , v' = 7 state
could be detected, although in the photoelectron spec-
trum [13,14] states up to u' = 8 are clearly seen to be
excited. The absence of emissions from v' > 7 may be
due to predissociation of these states, or due to un-
favourable excitation conditions, i.e., small Franck—
Condon factors for the relevant ionizing HC1+ (A)
<-HCl(X) transition. In the case of HBr* (A2S+, v')
Haugh and Bayes [8] have shown that the A22+

state is perturbed by a slightly bound 4FI state, lead-
ing to the predissociation of certain rotational-
vibrational A2 X* levels into the ground states of H
and Br+. In principle the same type of predissociation
is also possible in HC1+ (A2£+). The energy needed
for dissociation of HC1+ into the ground states of
H and Cl+ equals 17.44 eV, i.e., £»0(HCI) + /(Cl)
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Table 1
Experimental and theoretical data concerning the HCl* (A2£*, u' -* X2n¡, u") band system. oem's (10~18 cm2) correspond with
100 eV electrons incident on HCl

v'—v"

0 -
0 -
0 -

1 -
1 -
1 -

1 -

1 -

2 -
2 -
2 -
2 _
2 -

4 -
4 -
4 -
4 -
4 —

5 -
5 -

6 -
6 -
6 -
6 -

0
1
2

0
0
2
3
4

0
0
1
2
4

0
0
1
1
5

0
0

0
0
1
1

n

1/2
1/2
1/2

1/2
3/2
1/2
1/2
3/2

1/2
3/2
3/2
3/2
1/2

1/2
3/2
1/2
3/2
3/2

1/2
3/2

1/2
3/2
1/2
3/2

Abs.

"em

2.30
1.20
0.200

5.08
5.38
0.260
0.260

<0.170

5.27
5.80
0.460
0.729
0.128

0.950
1.05

<1.90
<2.00

0.054

0.481
0.547

0.209
0.214
0.846
0.833

Rel. a)

"em

1.00
0.520
0.087

2.21
2.34
0.113
0.113

<0.074

2.29
2.52
0.200
0.317
0.056

0.413
0.457

<0.826
<0.870

0.023

0.209
0.238

0.091
0.093
0.366
0.362

Rel. b)
„uu"
°em

1.00
0.520
0.087

1.00
1.06
0.051
0.051

<0.033

1.00
1.10
0.088
0.139
0.029

1.00
1.10

<2.00
<2.10

0.057

1.00
1.14

1.00
1.03
4.05
3.98

3600
3967
4397

3413
3339
4120
4563
4922

3253
3185
3469
3792
4733

2991
2934
3240
3174
4480

2885
2832

2792
2742
3007
2950

Ivv' c )

0.2833
0.3772
0.2350

0.3157
0.3157
0.113
0.2790
0.1954

0.2098
0.2098
0.0531
0.1459
0.1625

0.0493
0.0493
0.1548
0.1548
0.1185

0.0204
0.0204

Rel. a)

1v'v"vv'v"

1.00
0.995
0.454

1.31
1.40
0.262
0.484
0.270

Í.00
1.07
0.209
0.451
0.252

0.303
0.321
0.750
0.797
0.217 1

0.140 1
0.148 1

r „•„"<*>c)

1.4216
1.5228
1.6281

1.3613
1.3613
.5684
.6710
.7770

.3064

.3064

.4192

.4962

.7187

.2114

.2114

.3085

.3085

.6804

.1714

.1714

1.00
0.52
0.19

1.00
0.99
0.25
0.14

<O.I6

1.00
1.03
0.42
0.31
0.09

1.00
1.05

<0.81
<0.80

0.08

1.00
1.08

* e b )

1.00
0.72
0.42

1.00
1.00
0.50
0.37

<0.40

1.00
1.02
0.65
0.56
0.30

1.00
1.02

<0.90
•C0.89

0.28

1.00
1.04

* e d )

1.00
0.52
0.25

1.51
1.51
0.40
0.22
0.14

2.00
2.00
0.90
0.57
0.17

2.38
2.38
1.87
1.87
0.21

a) Value corresponding to v' = 0 -» v" = 0 has been put equal to 1.00.
b) Value corresponding to u'0, within each u" progression, has been set to 1.00.
c) Taken from ref. [10].
d) Smoothed values taken from fig. 3;RI(F0O) = 1.00.

= 4.43 + 13.01 = 17.44 eV [27,28]. This energy is
reached in the HC1+ ( A 2 2 + , v' = 8) state [13,14].
Thus the HC1+ (A 2 S + , u' = 7) state is probably not
predissociated. We will come back to this point in
section 3.6.

Because the HC1+ (2fl¡) ground states, with the
total electronic angular momentum quartum numbers
Í2 = 1/2 and 3/2, are separated due to the spin splitting
constant of 644 cm- 1 [2] , the A 2 2 + , v' - X^v"
emission spectrum consists of double headed bands
for each vibrational transition. Since the A 2 S + states

up to v' = 6 can decay into various v" levels, a rather
complex emission spectrum results with some over-
lapping v'-v" emission bands. The o™ 's for those
electronic—vibrational emissions which are (almost)
free of overlap are presented in table 1 for 100 eV
incident electrons, together with the corresponding
n values of the 2 n¡ state. No o ^ ' s could be deter-
mined due to strong overlap with radiation coming
from v' = 5. Because the transitions to the two íl¡
spin doublet components take place at different fre-
quencies (Ac = 644 cm ) the ratio of the transition
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probabilities for A 2 2 + -» X2n3/2> 1/2 > which is propor-
tional to v3 [27], should be equal' to 1.06. In table 1
is seen that a number of doublets have intensity ratios
close to this value. In the case of the same transition
in HBr+ and DBr+ the intensity ratio is about 1.30,
due to the much larger spin splitting in the íl¡ state
(see ref. 115),section 3.2.1). The total aem for the
HCl* ( A 2 2 + -* X2Ilj) transition, including all v'-v"
transitions with significant intensity in the wavelength
region 2700-5000 A, has been obtained by summa-
tion of all emission intensities in this wavelength re-
gion (for this see ref. [16], section 3), except those for
H, O and Cl* radiations. The value for o t o t equals (7.2
± 1.4) X 1 0 - " cm2.

3.3. HCt fA2S*->• X2n¡) emission intensities for
0-2000 e V electrons

3.3.1. 0-100 eV
In fig. 1 the excitation curve for HC1+ ( A 2 2 + , v' = 2

-»• X II3/2, v" = 0) emission is shown for incident elec-
tron energies below 100 eV. The same data are presen-
ted in table 2 relative to the maximum of aem at 70 eV.
The excitation curves for the other vibrational transi-

Table 2
Relative emission cross sections for HCl* (A2 £*, v'
u" = 0). The absolute value for 100 eV electrons is presented
in table 1

x 2 n 3 / 2 ,

Ee] (eV)

10
20
30
40
50
60
70
80
90
100
150
200

°em <re')

0
0.384
0.86
0.92
0.96
0.99
1.00
0.99
0.96
0.91
0.87
0.85

Eel (eV)

250
300
350
400
500
600
800
1000
1200
1500
1700
2000

"em (re»

0.81
0.74
0.69
0.65
0.572
0.515
0.432
0.376
0.334
0.283
0.251
0.233

tionsin HC1+ (A 2 2 + ,u ' •* X2n¡,u")have ashape simi-
lar to that in fig. 1, except for a slight change in the
threshold energies for different u' values. Only one
sharp onset is observable in the excitation curve of
fig. 1. This corresponds to the minimum energy
(16.62 eV) needed for the ionization of a bonding 3pa

1o1O,Jarb.units)

0.5-

HCI*(A2£\ v=2-.X

K»
E,,(eV)

Fig. 1. Excitation curve for the HCl* (A2E*, v' = 2) state below 100 eV incident electron energy.
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electron in the HCI molecule which produces the
HC1+ (A22+, v' = 2) state. From 50-100 eV impact
energy oem has an almost constant value with a shal-
low maximum at about 70 eV.

>x2n.)
3.3.2. 100-2000 eV

In table 2 the cem 's for the HC1+ (A2

radiation are presented relative to the maximum value
at70eV.

For sufficiently high incident electron energies
Bethe [29] has given the relation between the excita-
tion cross section oexc for the transition to an excited
state and the impact energy Ee\. For an introduction
and application of the relevant formulae see ref. [30].
In the case that the excited state can decay only via
radiation, the total emission cross section, including
all possible radiation from that state, is equal to oexc.
For HC1+ (A22+ , v' < 6) states, the only decay chan-
nel is via the HC1+ (A -» X) radiative transition (see
section 3.6); therefore our total oem of (7.2 ± 1.4)
X 10" ' 7 cm2, including all significant v'-v" transitions,
is close to oexc for the HC1+ (A22+) <- HCI (X !2+)
transition.

For an optically allowed excitation the relation be-
tween oexc and Ea is given by:

0)

where aQ is the first Bohr radius, R is the Rydberg en-
ergy, cexc is a constant dependent on the properties of
the states involved in the transition, and ytf2

xc is related
to the optical oscillator strength for the transition. It is
observed from eq. (1) that a plot of 0excEetl4imQR ver-
sus In F e | yields a straight line with a slope equal to

6-

',v'=o-6 -»x2n, ,v=o,

roo 200 500 WOO 2000

• X2n¡) total emissionFig. 2. Tano plot of the HCI (A
cross sections below 2000 eV incident electron energy. The
total emission cross section equals the excitation cross section

* 2 V

play a role in the formation of HC1+ (A2S+) ions.

3.4. Electronic transition moment for
HCt (A2-L+ - X2n()

In this section we consider the dependence of the
electronic transition moment Re on the internuclear
H- Cl separation for the HC1+ (A-X) system. The in-
ternuclear distance r is represented by the r-centroid

JW¿XC; this is a so-called Fa'no plot [31 ]. In the case of r „•„» > which can be considered as a weighted average
HCI* (A2£ -» XZI1¡) we have constructed such a Fano
plot which is shown in fig. 2. The positive slope ^/|xc,
with the value 1.7 ± 0.3, indicates that optically al-
lowed excitations contribute to the formation of
HC1+ (A2S+). This is consistent with the fact that this
electronic state is also produced via photoionization
[12-14].

From the point of intersection of the extrapolated
straight line and the In Eei axis in the Fano-plot in
fig. 2 (<7exc = 0 in eq. (1)), the value for the quantity
cexc c a n e de t e r m m e <l . O"r experimental cexc value is
equal to 0.29, and, because this value is of the order
of unity, mainly optically allowed transitions in HCI

of r at which the v'-v" transition takes place (see
Fräser [111). Generally ru-u« is different for each
v'-v" transition. For a brief introduction into the ap-
plied theory for the determination of the Ae(rv-V-)
dependence see also ref. [321 where band systems in
CO and CO+ have been considered.

The intensity /„•„•• (photons s~') of an electronic-
vibrational transition can be expressed as [27]:

(2)

Here K is a constant, AN the population of state v',
qv.u„ the Franck-Condon factor for the v'-v" transí-
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tion, and vv-„« is the corresponding frequency of the
emitted radiation. The quantity /„•„•• which is propor-
tional to a™ is obtained from this experiment, qv,u„
has been taken from ref. [10] and i>u'u»has been ob-
tained from spectroscopie studies [2,3]. By inserting
the numerical values of the relevant parameters into
eq. (2) the relative R^(fv,u„)\ were calculated. The
r"u.u..'s have also been taken from ref. [10].

The accuracy of the relative R\(TV<V") values ob-
tained using eq. (2), estimated to be 20%, depends on
the accuracies of the parameters used. The relative
/ u v ' s have an uncertainty of about 10% (20% for the
weaker emissions), the ivu"' s a r e accurately known
from spectroscopie studies. For the reliability of the
calculated ( /„v's see the considerations presented in
section 3 of ref. [10].

The relative R%(rv'v") values, calculated by means
of eq. (2) are presented in column 10 of table 1 for
several v" progressions separately, with each Rl(ru'O)
equal to one. In the same table the values of some
other relevant quantities have been given.

The dependence of R\ on r „•„••, as presented in
fig. 3, has been obtained by fitting the dependences
of the different progressions. It is seen that R% de-
creases strongly, by a factor of about twelve, as ?„•„••
increases in the range 1.2-1.7 A. R^ir^) has been
put equal to one in fig. 3. The results of a similar study
carried out by Haugh et al. [10] are also shown in fig. 3
(dotted line). Above fu-0« = 1.4 Á there is good agree-
ment between our results and those of ref. [10]. For
ƒ„•„» < 1.4 A R \ levels off relatively stronger in their
case than in ours. The same data as presented in fig. 3
by the solid line (our work) are given in the last column
of table 1.

3.5. Electronic transition matrix elements for
HCf (A27f)«- HO (X12*/

Also for the ionizing transition from HCl ( X 1 2 + , 0)
to HC1+(A22+, u') we have determined the dependence
of the effective electronic scattering matrix element
As(u', 0) on v' and rv'O. This dependence has been
found approximately the same at different electron
impact energies not too close to the threshold. Our
results refer to measurements at 100 eV incident elec-
tron energy.

We have followed the same method as in our article
on ionization of CO (X1 Z + ) to CO+ (B 2 2 + ) by elec-

20

to

HCl'CA-M)

HCn*)«-HCI(«

1.000 1.500

V (A)
1900

Fig. 3. Variation of RJ for HCl* <A 2£*~ X2Í1¡) and of Ä 2

for HCl* (A2 E*) ~ HCl (X1 £*) as a function of the internu-
clear separation (r^entroid = r\,•„•')- Äe^oo) and *
have been normalized to unity.

tron impact (see ref. [32]. section 4.3). By analogy
with photuabsorption, according to the Born-
Oppenheimer approximation, we assume that:

v* (3)

is the excitation cross section for the
1

where ojjxc is the
HC1+ ( A 2 2 + , u') <- HCl ( X 1 2 + , 0 ) transition, Cis a
constant, and qv-0 is the Franck-Condon factor for
the ionizing transition. The quantity a^xc is equal to
the total emission cross section 2W" ojj¡j¡" for radiation
coming from a certain v' level when radiationless tran-
sitions can be neglected. This 2l)-o¿)

l>" can be deter-
mined. Because not all the separate o¿^"'s could be
obtained experimentally due to overlap, the missing
°em v a ' u e s n a v e been included in the computation of
2 0 ^ " using the relation:

(4)

in which the factors a™ and R\(r „.„«) are known
from this experiment (see table 1). For <^"in eq. (4),
the one with the largest value in a v" progression has
been used.
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Table 3
Experimental and theoretical data concerning the HCl* (A2E*) - HCl (X1 £*) transition

V —

0 -
1 -
2 -
3 -
4 -

0

0
0
0
0
0

y „ „UU" i)

*"v °em

7.85
12.1
13.7
_
6.72

Rel. b>

V »US
1.00
1.54
1.73
-

0.855

, B . O "

0.145
0.230
0.217
0.160
0.104

Rel. c>

iu'O

I.OO
1.59
1.50
1.10

0.7/7

R¡(u', O b

1.00
0.97
1.15

-
1.19

) „¿om

1.00
1.79
1.72
1.51
1.00

A 2«/ .0>d

1.00
1.13
1.15
1.37
1.39

1 r . „ c >u,0

1.391
1.347
1.305
1.266
1.228

a ' This work, in units of 10"18 cm2.
W This work.
c) Taken from rcf. [33|.
d) Photoelectron spectrum from ref. 113).

The relative Xu" o^ values, calculated by means
of eq. (4) for the transitions with v' = 0, 1,2,4 are
given in table 3 together with the corresponding qu'O
and rv> 0 values [33]. In the case of v' = 3 we could
not calculate 2U» o-^ because only a very weak emis-
sion band {v'-v" = 3—4) was free of overlap. Using
the small value for a | m in eq. (4) would yield a large
uncertainty in 2„" o ^ " . The factor Cin eq. (3) is
constant for every HCl* ( A 2 2 + , v') <- HCI (X1 l \ 0)
transition. The relative R%(v 0) values calculated by
means of eq. (3) are presented in table 3 and in fig. 3.
It is seen that for the transitions considered, Rg(v', 0)
does not show a very strong variation with v' and fv\Q-

We have compared our results for the ionizing tran-
sition with those obtained by taking the photoelec-
tron spectrum of HCl , i 3 ] . In eq. (3) o^xc is taken
equal to the surface under the relevant photoelec-
tron peaks and Ä2(u', 0) is replaced by R^iv', 0);
the resulting relative /?f (i/, 0) values are shown in
table 3. The photoelectron results show the same
trend as that obtained our work, although the increase
in RI(V', 0) is somewhat stronger than for R^(v', 0).
However it must be pointed out that, because the ex-
citing photon energy (He!, 21.21 eV) in the PE case
is not so far from the ionization energy of
HC1+ ( A 2 2 + , v), the a^ c ' s might not follow a priori
the Franck-Condon factors [34]. In the case of
100 eV electron impact, this effect is negligible.

3.6. Lifetimes of the HCt (A2X+, v') states

Using the HCI+ ( A 2 S + , v' -* X 2 n r v") emission,
produced by a pulsed electron beam (100 eV), we de-

rived the decay curves of the HCI+ (A 2 S + , u ' ) states
by means of the delayed coincidence technique.

In table 4 our experimentally obtained lifetimes
of the HC1+ ( A 2 £ + . v' = 0 - 6 ) states are given.T r a d

The values refer to measured lifetimes extrapolated
to zero pressure. We have also calculated the relative
Tj^'s as a function of u' using the expression:

The Jtz{Fu-u"Ys have been obtained in the present ex-
periment; the<7„v's have been taken from ref. [10].
The resulting relative Tra(j's are also shown in table 4.
It is seen that both our experimental and calculated
Trdd's decrease with increasing v'. However, the meas-
ured relative lifetimes for v' = 1—3 are much larger
than the corresponding calculated ones. For these v'
levels transitions to u" = 0, 1,2 account for about 90%
of the total transition probability; therefore the rra(j's

Table 4
Measured and calculated (relative) lifetimes of HCÍ* (A2S*,
v' = 0-6)

u'

0
1
2
3
4
5
6

Trad <i«> a )

2.58 (t 0.2)
2.30 (± 0.2)
2.22 (±0.2)
2.06 (± 0.2)
1.94 (±0.2)
1.90 (± 0.2)
1.85 (+0.2)

a ' Experimental values
b) Calculated values.

R<H-'rada>

1.00
0.89
0.86
0.80
0.75
0.74
0.72

Re"radb)

1.00
0.72
0.65
0.67
0.70
0.70

-
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ate rather sensitive for variations in R% corresponding
with transitions to v" = 0 , 1 , 2 . Te gei a better agree-
ment between the measured and calculated relative
Tjad's a slight change (still within the experimental un-
certainty) of the R.\(rv'v") curve was necessary in the
range Fu-U- < 1.4 Á. This corrected part of the curve
is also depicted in Tig. 3.

The regular decrease of our measured Trad"s for in-
creasing v' indicates that for the A 2 + levels with
v' < 6 no predissociation takes place. If predissocia-
tion would occur, a sharp drop in Tta¿(v') or ƒ„•„-
would be present, as in the case of HBr+(A2S+ , v' > 1),
see ref. [15]. Therefore, the sudden drop in intensity
for v' > 5 in the photoelectron spectrum, as mentioned
by Lempka et al. [ 12], is unlikely to be due to predis-
sociation. The absence of emission from HC1+ ( A 2 2 + ,
v' = 7) is probably due to a small Franck-Condon fac-
tor [33] for the ionizing transition. Calculations show
(see section 3.2) that predissociation of the HC1+

(A 2 2 + ) state can be expected only for states with
u' > 8.
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The emission cross sections have been measured for the diagonal Fulcher-a bands ( 3 p 3 n u , u'-> 2s 3 z£ , u" with u'*o"*
0,1 ,2 ,3) in Hi by means of electron impact. From these the excitation cross section for the 3 p 3 n u sute has been deter-
mined. We found a maximum value of 4.2 (tO.WXlO"1» cm1 at 15.6eV which is in good agreement with the coiiespondinf
cross section calculated by Chung et al., equal to 4.1 X10"" cm2. Our exciution function ( 0 - 1 0 0 eV) also agrees with the
calculated one but differs from that obtained experimentally by other investigators. Probable reasons for this discrepancy
aft discussed.

1. Introduction

When we excite the 3p 3f lu state of H2 by electron
impact on H 2 ( l s ' £*), the process involves a change
in the spin multiplicity. Such a singlet—triplet transi-
tion in the excitation process occurs via exchange of
an incident electron with an electron in the molecule
if the spirs of the two exchanging electrons are anti-
parallel. Characteristic for the excitation function of
such transitions is a rapid rise of the excitation cross
section (o e x c ) just above the threshold within a few
eV to a maximum, followed by a rapid decrease. Opti-
cal measurements on singlet-triplet excitations in
atoms and molecules have been carried out by several
investigators (see for instance refs. [1 -4] ) . It is clear
from that work that when the corresponding emission
cross sections (o e m ) are measured, great care must be
taken in order to avoid the contribution of secondary
processes. In the case of N 2 , Aarts and de Heer [1 ]
have carried out atm measurements on the second po-
sitive band. They showed that the measurements should
be performed at relatively low pressures ( < 10~3torr)
to avoid perturbations due to secondary electrons.
Considering the experimental circumstances used in the

* Department of Theoretical Organic Chemistry, Leyden,
University, Leyden, The Netherlands.

experiment of Baltayan and Nedelec [5 ] , who measure«'
aem of the Fulcher-a bands in H2 , we felt the necessity
to repeat this measurement with better precare against
secondary effects. Indeed we have found different re-
sults from those presented in ref. [5 ] .

2. Experimental procedure

2.1. introduction

The apparatus used was basically the same as the
"low energy apparatus" described by Aarts and de Hen
[1] with some electronic modifications as described by
Beenakker and de Heer [6]. The H2 target gas pressure
was 2.5X10-«torr, the incident electron beam current
was less than 50/uA whereas the coaxial magnetic field
strength (to confine the electron beam) has been kept
at about SO G. The use of low target gas pressure is
important, because the production of H2 (3p3IIu) by
secondary electrons incoases quadratically with the H2
pressure, according to:

•«sec. 0)

* • (2)
Here, epr is the primary incident electron and e,,,. is
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the secondary (ionization) electron with a kinetic energy
sufficiently high to perform reaction (2). The minimum
energy for the primary electron to start reactions (1)
and (2) in succession equals the ionization energy of
H2 (15.43 eV [7]) plus the excitation energy for
l s ' S ^ p 3 ^ (13.97eV [7]) together 29.4eV. The
maximum o^ for the primary process ., ,

e p r +H 2 (X>2+)-*H 2 (3 p 3n u ) + epr (3)

¡s already reached at 15.6 eV (see section 3). The effect
of secondary electrons will become important above
the threshold of reactions (1) and (2) in succession,
i.e. at 29.4 eV. Because above 29.4 eV o e x c in the pri-
mary reaction (3) decreases rapidly; but the ionizatioh
cross section {ff¡on) from reaction (í)'[followed by the
secondary reaction (2)] increases, the disturbing effect '
of secondary electrons will increase above 29.4 e V.
. We have operated with a small coaxial magnetic field
of SOG to confine the electron beam. The influence
of the magnetic field is that the secondary electrons are
kept in a helical (spiral) orbit giving rise to an increase
of theit effective path length and consequently to a
higher apparent a ^ due to reaction (2).

As shown in previous work [1] the geometry of the
electrode system (including Faraday cage) and the corre-
sponding electrical potentials are very critical in con-
nection with the suppression of secondary electron
effects. The studies on singlet-triplet excitation as
performed by Aarts and de Heer [1 j for electrons on
N2, exciting the C3I1U state, strongly suggest that our
apparatus is suitable for this kind of measurements be-
cause their results agree well with 'those of Imami and
Borst [2]. The latter group did not use a magnetic field
and worked at very low target gas pressures.

In section 2.3 we will show the influence of the
H2 pressure as well as that of a magnetic field on the
emission intensity of the Fulcher-a system.

22. Spectrum

We were able to produce a clear spectrum of the
3p 3 n u , i/-* 2s 3E¿, v" band system with v'= v"=
°. 1,2,3 by electron impact on H2 . Emissions corre-
sP°nding to A u # 0 appeared to be overlapped by other
radiation and could not be measured separately. For
foe identification of the emission lines we used the data
given in ref. (8). In each vibrational emission band the
Q(l) line has the highest intensity. From the intensity

ratio Q(3)/Q(l) » 0.2 we derived that the temperature
of the target gas is about 3S0K. Therefore the spec-
trum looked quite simple because the molecules are
mainly in the lowest rotational state. We noticed that
the "background" emission in the wavelength region
of the Fulcher-obands consisted, of a (quasi) continuum
or many-line spectrum of which the intensity showed
another energy dependence as that of the Fulcher-a
emission bands (see also rei. [8]). The relative contri-
bution of this "background" emission depends on the
optical resolution and the incident electron energy
used in the experiment. For instance, with an optical
resolution of 27Afwhm at 6018Á the.contribution of
the background to the Fulcher-a emission was 5% at
15.6eV and 50% at lOOeV. We have carefully corrected
all the cross section data, presented in this work, for
this "background" emission.

2,3. Influence of pressure and magnetic field

We have determined the influence of the pressure and
the magnetic field on the Fulcher-a emission intensity
at several incident electron energies. From the arguments
given in section 2.1, the secondary effects are expected
to be most important at about 100 eV impact energy.
Therefore we have plotted in fig. 1, for 100 eV electrons,
the ratios of the emission, cross sections at pressure p,
o(p), and that extrapolated to zero pressure, o(p=0),
for several magnetic field strengths. At a pressure .of
10~2torr and Mojnagnetic field applied (B=0), the
contribution of secondary effects to the emission inten-
sity is about 20%. This value is of course connected
with, the geometry of the observation region and can

30-

PiKTTmr)

Fig. 1. Influence of the Ha pressure and a magnetic field on
the Fulcher-a emitsion ciou section ntio.
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30

20-

0(8)/0(B=0)

250 «00
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Fig. 2. Influence of i magnetic field on the Fulcher-a emis-
sion crou section ratio for • H2 pressure of 3 X10 ~3 ton.

be different for each apparatus. In cases where a mag-
netic field has been used the contributions of the sec-
ondary effects are much larger. This demonstrates
the increase of the effective path length of the secondary
electrons produced by ionization and collisions of the
primary beam with the electrodes. In fig. 2 we have
plotted the cross section ratios as a function of the
magnetic field strength, for a fixed H2 pressure.

It is derived from fig. 1 that at 100 eV, a pressure
of 2.5 XIO-4 torr and a magnetic field of 50 G about
4% of the emission is due to secondary effects. For
lower incident energies we found smaller contributions
due to the smaller cross sections for production of
secondary electrons.

2.4. Evaluation ofoem

In this section we describe the procedure to derive
the absolute emission cross sections for the (separate)
diagonal Fulcher-a bands with v' = v"= 0 , 1 , 2 , 3 , and
that including all vibrational transitions. Because the
3 p 3 n u state can decay only into 2s 3 Zj , the excitation
cross section for the 3 p 3 n u state is equal to the total
emission cross section of the Fulcher-a system, if cas-
cade from higher lying states is neglected.

Because of overlap it is not possible to measure di-
rectly the Gem's for the separate bands with v'= v"=
0 , 1 , 2 , 3 . Therefore we started with a measurement
including these four transitions. This has been per-
formed by comparing the signal due to this system at
15.6 eV (corrected for background) integrated over the
relevant wavelength region, with that of the Ha line at
100 eV. Having determined the relative quantum effi-
ciency of the optical detection system as a function of

wavelength (see ref. [4]) and aem for Ha radiation at
100eV(1 .0X10- 1 8 cm 2 ) , o e m for the diagonal
Fulcher-a system at 15.6 eV impact energy was found
to be equal to 1.9(±0.3)X10~ l 8cm2 . In this procedure
we have subtracted the small contribution of the Q
branch of v'= 4; the P and R branches of this vibrational
state are absent due to predissociation [9] . The deriva-
tion of the separate aem's for v'= v"- 0 , 1 , 2 , 3 is ex-
plained further on.

In our case it was also not possible to measure direct-
ly the intensities of the off-diagonal Fulcher-a bands
because of overlap with other H2 emissions. Therefore
we have calculated their contributions to the total
Fulcher-a cross section as explained below. In this cal-
culation we have assumed that the excitation cross sec-
tions of the 3p 3 riu, v' states are proportional to the
Franck-Condon factors for the I s 1 2+ v"= 0 -*3p3Uu ,
v' transitions (at 350 K more than 99% of H2 ( I s l £J)
is in v"= 0). Further we have not taken into account
a possible variation of the electronic transition moment
with v' or v".

The absolute emission cross section otmu-v» corre-
sponding to the transition 3p 3F1U, u'->2s 3 2 £ , v" is
equal to:

"emu'u" °excv'cv'v" (4)

where oexcu. is the excitation cross section for the tran-
sition 1 s 12+, v "= 0 -* 3p 3 n u , ü and c u V the branching
ratio connected with 3 p 3 n u , w'-> 2s 3 Z£, v". This factor
cu V . can be expressed as:

,=R Vu"'
„.,Here,/?„,„„ is the Franck-Condon factor for the relevanl

transition and i>uV. the frequency of the corresponding
emitted radiation. Further we can write:

° e x c / = (6)

in which o e x c is the total excitation cross sections for
toe 3P,3fIu s t a t e f r o m the ground state (=S„-oe x c i l .) ,
and /?u>0 is the Franck-Condon factor corresponding
to the transition Is 1 ZÍ , u"= 0 -+ 3 p 3 n u , v'.

The combination of eqs. (4), (5) and(6) yields:

9 5
. °em v'v"

• — • • "

u y »v'u'
(7)
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The Franck—Condon factors for the excitation process
have been calculated by Baltayan and Nedelec [5]; they
agree very well with those calculated by Spindler [10]
for the Is 1 2 | , ¡ / ' = 0 - + 3 p ' n u , ü ' t r a n s i t i o n . The Franck-
Condon factors for the decay process have been pre-
sented in another publication of Spindler 111].

The relative intensities of the vibrational Fulcher-a
emission bands can be derived, after some rearrange-
ments, from eq. (7). Because the rotational intensity
distributions are (almost) the same for all vibrational
transitions, the relative intensities of corresponding
rotational lines in different vibrational transitions are
the same as the relative vibrational band intensities;
for instance:

oe m(Q(l).u'u") «.,„„•„»

o c m ( Q ( l ) , i / V " ) ocmi,..v„„
(8)

To check this proportionality we have compared the
calculated relative emission band intensities for v'- v"=
0,1,2,3, with our measured relative intensities of the
corresponding rotational Q( I) lines. The results are
shown in table I, in which Q ( l ) for v'= v"- 1 has been
put equal to 1 because this line has the largest intensity.
Asean be seen the calculated and experimental relative
values agree within \0'A. Our measured o c m for the

e n l uv'
g

diagonal bands corresponds to 2„.=IJ..=n
together wilh the experimental relative o e r n i / u . . values
we have derived the absolute aiatlv-ll,.'s (see table 1).
using these absolute u e n ) l / ( / . ' s and eq. (7) we deter-
mined the total emission cross section for the Fulcher-a
system (neglecting any predtssociation) and thus the
excitation cross section lor the 3 p 3 n u state to be equal
to4.2(±0.8)X 10~ 1 8 cm 2 . This value is the average
oem obtained using the lour different o e m u V . ' s and
eq.(7).

Table 1
Relative o c m \ lur the diagonal bands, and Q( l ) lines. Absolute
°em's<l0~18cin2) for the diagonal bands

0 n

1-1

2-2

3-3

diagonal h.iu
and rot. INK

this work

0.75
1.00
0.77
0.54

rel».

0.70
1.00
11.85
0.58

diagonal
bands

'cm')

0.47
0.62
0.48
0.34

The uncertainty in the total cross section data is es-
timated to be about 20% and originates from the quan-
tum efficiency determination, from the adding up pro-
cedure for the determination of the total Fulcher-a
intensity, from the background correction, from the
measurement of the pressure and the electron beam
current (see ref. [4]) and from the cross section calcu-
lation procedure.

3. Results and discussion

The excitation function for the Fulcher-a system
(0-100 eV) is presented in fig. 3 together with the re-
sults of other groups [5,12] . In table 2 our data is pre-

Fig. 3. Excitation functions of the Fulcher-a system in the
energy range 0- lOOcV.

Table 2
Excitation and emission cross sections

£el(eV)

10
15.6
20
22.5
30
40
50
60
70
80
90

100

Relative

exp..
this work

0
1.0
0.73
0.59
0.30
0.14
0.072
0 045
0.032
0.018
0.014
0.011

theory,
ref. [12J

0
1.0
0.76

0.29
0.13
0.068

0.025

0.009

Absolute (10

exp.,
this work

0
4.20
3.19
2.48
1.26
0.59
0.30
0.19
0.14
0.076
0.059
0.046

-18cm2)

theory,
ref. f l2|

4.08
3 . 1 1

1.20
0.53
0.28

0.103

0.036

M. _ « ^ _
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sented, absolute, and relative to the maximum oem at
15.6eV, together with the calculated results of Chung
et al. [12]. A comparison of our experimental results
with those of ref. [5] shows some remarkable diffe-
rences. The incident electron energy Eel corresponding
with the maximum aem is about 7 eV lower in our case
than in ref. [5], see fig. 3. Further if we consider the
relative cross sections, taken equal to 1 at the maximum
oem, then at Eei= lOOeV their [5] value is about fifteen
times larger than ours. According to our opinion, the
relatively large aem values in ref. [5] at the higher inci-
dent energies are due to secondary electrons (see section
2.2 of the present work). Because provisions for sup-
pression of the secondary electrons are absent in the
set up of ref. [5], these electrons can play an impor-
tant role in the formation of H2(3p3nu). The maximum
<7emin our work,4.2±(0.8)X10~18cm2 at 15.6eV,
and that of ref. [5],3.3(±1.6)X 10-18cm2at 22.5 eV,
agree within their experimental error. The corresponding
theoretical (Born-Ochkur-Rudge) cross section of
Chung et al. [12] at 15eVis4.1 X K H W . T h i s i s
in good agreement with our experimental value. At
100 eV Chung's value is about 25% lower than ours
indicating that the shape of our experimental and
Chung's calculated excitation function agree quite well
in the range 15.6-100 eV, see fig. 3.
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SUMMARY

The work described in this thesis deals with light intensi-
ty measurements of emission spectra (1850 - 9000 Ä) produced
by a continuous or pulsed beam of monoenergetic electrons
(0 - 2000 eV) incident on a variety of molecular gases like

H H2O, HC1, NH, and several hydrocarbons. The emission

spectra are dominated by fluorescence from excited fragments
produced via dissociative excitation, besides fluorescence from
excited parent molecules themselves. The experimental results
thus obtained are expressed in terms of emission cross sections
and lifetimes. The emission cross section is a measure of the
chance that a collision between an electron and a molecule gives
rise to the production of a specific photon. The lifetime of an
excited state is the inverse of the total transition probability
for decay of that state.

At high incident electron energies the cross section data are
analysed by means of the Bethe theory. This yields information
about the types of excitation leading to the observed emissions.
Experiments with low energy incident electrons also give infor-
mation about the presence of electron exchange excitations lea-
ding to the studied photons, and about the threshold energy of
all processes considered.

In Chapter I an introduction is given to the experimental set
up and to the evaluation of the emission cross sections and life-
times from the experimental data. Further the influence of some
secondary effects on the measured quantities is shown. The rela-
tion of the emission cross sections from a common upper level and
of the lifetime of that level to the corresponding transition
probabilities is discussed. The analysis of the energy dependen-
ce of the experimental cross sections by means of the Bethe
theory is introduced.

Chapter II, sections A1-3 deals with the formation of excited
hydrogen and deuterium atoms via dissociative excitation of H2,
HD, D2, HC1, H20, NH3 and CH4. It appears that certain atomic
sublevéis, namely 2s and 3p, are not produced in the dissociation
process, except in the case of H2, HD and D2 where particles in
the 2s state still were found. Special attention is paid to the
isotope effect of H, and D2 in the case of Balmer emission cross

J



r
sections. In part B of this Chapter also other fragments are

considered. In part B1 the results are analysed of the rotatio-

nal excitation of OH(A Z+) produced by electron impact on H90.
2 +

It appears that the OH(A £ ) particle is formed both via excita-

tion of singlet and triplet states in water and that the rota-

tional distribution is impact energy dependent. In part B2 entis-
2 2sion cross sections both for H and CH(A A -*• X n) are presented

for electron impact on various hydrocarbons. It turns out that

the formation of the relevant excited species decreases strongly

with increasing number of atoms in the molecule. This is ex-

plained by conversion of electronic energy into vibrational ener-

gy in the molecule (internal conversion).

Chapter III is concerned with transition probabilities de-

rived from (relative) emission cross section and lifetime mea-

surements. In parts 2, 3 and 5 of this chapter emission cross

sections of electronic vibrational transitions are reported for

the systems HC1+, HBr+, DBr+ (A2s + -• X2n) , C0+ (B2z + -*• X2z+) and

CO (b3s+ -y a3n) in the case of electrons on HC1, HBr, DBr and

CO respectively. These values were used to investigate the varia-

tion of the electronic transition matrix elements with the inter-

nuclear distance of the atoms in the molecule. For some of the

above mentioned systems (HC1 , HBr , CO) the electronic transi-

tion moment varies considerably as a function of the internuclear

distance. The knowledge of such dependences enables us to cal-

culate the cross sections for those electronic-vibrational tran-

sitions which cannot be determined experimentally. By adding

the experimental (and calculated) emission cross sections one

can derive the excitation cross section for a certain upper

level. The results are given in the cases of HC1 , HBr , DBr

and C0+.

For the molecules H2S
+, HC1+, HBr+, DBr+ and C0+ the life-

times of some electronic-vibrational states are also presented

in this Chapter. In the case of H^S* (A A..) the sudden decrease

of the lifetime for certain vibrational levels, which means a

sudden increase of the probability for decay, shows that these

vibrational levels are subjected to predissociation. In the case

of HBr ( A S ) the second vibrational and higher levels are so

strongly predissociated that it is the dominating decay channel

and no emission from these states is observed.
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In this Chapter is also shown that the apparent experimental
emission cross sections and lifetimes of long living excited
ions strongly decrease due to the influence of a positive space
charge which is built up by ionization of the target gas. This
effect may have led to errors in previous experiments of other
groups.

In Chapter IV a typical example is given of excitation with
electron-exchange in H2, namely from the 1s Z* to the 3p nu

state. Our experimental cross sections of H2 (3p nu) agree well
with theoretically calculated values which are available for
this relatively simple system.
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SAMENVATTING

Het in dit proefschrift beschreven onderzoek heeft betrekking

op metingen van lichtintensiteiten van emissiespectra (1850 -

9000 Ä) die ontstaan bij beschieting van moleculaire gassen met

een continue of gepulste bundel van mono-energetische electro-

nen (0 - 2000 eV). Eenvoudige moleculen zoals H2, D2, H20, NH3

en verscheidene koolwaterstoffen worden onderzocht. De emissie-

spectra worden overheerst door fluorescentie van aangeslagen

brokstukken, naast fluorescentie van aangeslagen moedermoleculen.

De aldus verkregen experimentele resultaten worden uitgedrukt in

werkzame doorsneden voor emissie, en levensduren. De emissie-

doorsnede is een maat voor de kans dat een botsing tussen een

electron en een molecuul aanleiding geeft tot de vorming van een

bepaald foton. De levensduur van een aangeslagen toestand is om-

gekeerd evenredig met de totale waarschijnlijkheid voor verval

van die toestand.

Voor hoge energieën van het inkomende electron worden de

doorsneden geanalyseerd met behulp van de theorie van Bethe.

Dit geeft inzicht in de soorten van aanslag die tot de waarge-

nomen emissies leiden. Experimenten met laag-energetische inko-

mende electronen geven tevens informatie over de aanwezigheid

van excitatieprocessen met uitwisseling van electronen waarna

fotonemissie optreedt, en over de drempelenergieën van alle be-

schouwde processen.

In hoofdstuk I wordt een inleiding gegeven tot de experimen-

tele opzet en tot de bepaling van de emissiedoorsneden en levens-

duren uit de experimentele gegevens. Verder wordt de invloed van

enkele secundaire effecten op de gemeten grootheden getoond. De

betrekking van de emissiedoorsneden van een gemeenschappelijke

boventoestand en van de levensduur van die toestand tot de over-

eenkomstige overgangswaarschijnlijkheid wordt besproken. De ana-

lyse van de energie-afhankelijkheid van de experimentele doorsne-

den met behulp van de theorie van Bethe wordt ingeleid.

Hoofdstuk II, secties Al - 3 hebben betrekking op de vorming

van aangeslagen waterstof- en deuteriumatomen door middel van

dissociatieve aanslag van H-, HD, D,, HC1, H20, NHj en CH^.

Het blijkt dat bepaalde atomaire subtoestanden, namelijk 2s en

3p, niet geproduceerd worden in het dissociatieproces, behalve

in het geval van H2, HD en D2 waar nog deeltjes in de 2s toe-
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stand worden geyonden. Speciale aandacht wordt besteed aan het

isotopie-effect in het geval van Balmer-emissiedoorsneden. In

deel B van dit hoofdstuk worden ook andere fragmenten beschouwd.

In deel BI worden de resultaten van de rotatieaanslag in OH

(A Z ], geproduceerd door aanslag van H,0 door electronen, ge-
2 +analyseerd. Het blijkt dat de OH (A z ] deeltjes gevormd worden

zowel door middel van aanslag van singlet als van tripiet toe-

standen in water en dat de rotatieverdeling afhankelijk is van

de botsingsenergie. In deel B2 worden emissiedoorsneden gegeven
2 2

zowel voor Ha als voor CH (AA -> X n) straling voor botsingen

tussen electronen en verscheidene koolwaterstoffen. Het blijkt

dat de vorming van de relevante aangeslagen deeltjes sterk af-

neemt met toenemend aantal atomen in het moedermolecuul. Dit

wordt verklaard door omzetting van electronenenergie in tril-

lingsenergie in het molecuul (interne conversie).

Hoofdstuk III heeft te maken met overgangswaarschijnlijk-

heden afgeleid uit relatieve emissiedoorsneden en levensduur-

metingen. In de delen 2, 3 en 5 van dit hoofdstuk worden emissie-

doorsneden van electronenvibratieovergangen voor de systemen

X2n), C0+ (B2E+ X2z+) en COHC1+, HBr+, DBr+ (A2s+

(b z •*• an) gegeven als electronen respectievelijk botsen met

HCI, HBr, DBr en CO. Deze waarden worden gebruikt om de veran-

dering van het electronenovergangsmatrixelement met de inter-

nucleaire afstand van de atomen in het molecuul te onderzoeken.

Voor enkele van de bovengenoemde systemen (HCI , HBr , CO)

varieert het electronenovergangsmoment aanzienlijk als functie

van de internucleaire afstand. De kennis van zulke afhankelijk-

heden maakt het mogelijk om de doorsneden voor die electronen-

vibratieovergangen te berekenen welke niet experimenteel be-

paald kunnen worden. Door de experimentele en berekende emis-

siedoorsneden bij elkaar te tellen kan men de doorsnede voor

aanslag van een bepaalde boventoestand afleiden. De resultaten

worden gegeven in het geval van HCI , HBr , DBr en CO+. Voor

de moleculen H2S
+, HC1+, HBr+, DBr+ en CO+ worden in dit hoofd-

stuk tevens de levensduren van sommige electronenvibratietoe-

standen gegeven. In het geval van ^ S * (AA^ laat de plotse-

lingen verkorting van de levensduur voor bepaalde vibratietoe-

standen, hetgeen overeenkomt met een plotselinge toename van de

vervalwaaxschijnlijkheid, zien dat deze vibratietoestanden on-
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+ 2 +

dergaan. In HBr (A E 1 zijn de tweede en hogere vibratietoe-

standen zo sterk gepredissociëerd dat geen emissie van deze toe-

standen gezien wordt.

In dit hoofdstuk wordt ook getoond dat de schijnbare experi-

mentele emissiedoorsneden en levensduren van lang levende aange-

slagen ionen sterk verlaagd worden door de invloed van een posi-

tieve ruimtelading welke wordt opgebouwd door ionisatie van het

gas. Dit effect kan geleid hebben tot fouten in voorafgaande

experimenten van andere groepen.

In hoofdstuk IV wordt een typisch voorbeeld gegeven van aan-

slag met electronenuitwisseling in H^, namelijk van de 1s E

naar de 3p n toestand. Onze experimentele doorsneden VOOT H-

(3p n ) komen zeer goed overeen met theoretisch berekende waar-

den welke voor dit relatief simpele systeem beschikbaar zijn.
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