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Total, direct and dissociative electron impact ionization cross
sections of the acetylene molecule

GORAN JOSIFOV, DRAGAN LUKI], NADA\URI] and MILAN KUREPA*#

Institute of Physics, P. O. Box 68, YU-11081 Belgrade, Yugoslavia

(Received 6 September 1999, revised 23 February 2000)

The total electron impact ionization cross sections of the acetylene molecule

have been measured in the incident electron energy range from threshold to 1000 eV.

These results are compared with other existing data, obtained by direct measurements

of this molecular property or by indirect ones, via the partial ionization cross sections

for the formation of different ions. Using three semiempirical equations, the total

ionization cross sections were calculated and compared to available data, too. Direct

and dissociative ionization cross sections were also calculated by a semiempirical

equation and compared to existing data.
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INTRODUCTION

The present measurements of the electron impact total ionization cross sec-

tions of the acetylene (C2H2)molecule were initiated by two recent papers on partial

ionization cross section measurements, those of Zheng and Srivastava1 and Tian

and Vidal.2

There are two reviews on the status of the knowledge of ionization cross

sections for hydrocarbons, by de Heer3 and by Tawara et al.4 The total ionization

cross sections for acetylene were measured by Tate and Smith5 in the incident

electron energy range from the threshold to 750 eV, by Gaudin and Hagemann6

between 100 eV and 1000 eV, by Gomet7 trom the threshold to 500 eV and by Azria

and Fiquet-Fayard8 from the threshold to 100 eV. Recent measurements by Djuri}

et al.,9 from the threshold to 200 eV, have been reported but not published, since it

was felt that some additional calibration procedures and cross checks of the target

gas pressure were necessary.

The total ionization cross section values of both Zheng and Srivastava1 and

Tian and Vidal,2 obtained by summing partial ionization cross sections, are higher

than those measured directly by total charge collection in a parallel plate interaction
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chamber.5,7,8 This difference can come either from systematic errors in the total

charge collection method, or in the methods used for the partial ionization cross

section measurements.

Calculatedtotal ionizationcross sectionshavesofarbeenpublishedbyMargreiter

et al.,10who developed an analytical formula based on a classical equation of Gryzin-

ski,11 the results of which are consistent with data of Gaudin and Hagemann.6

Our intention was to find the cause of the differences among the available sets

of data by measuring carefully the total ionization cross section in a parallel plate

interaction chamber.

EXPERIMENTAL

In the present experiment, total ionization cross sections were measured using a parallel plate

interaction chamber,5 basically the same as described in detail by Kurepa et al.12 The interaction

chamber ion collection part was the same as in the earlier experiment, except that in front of and behind

the parallel plate assembly three pairs of split electrodes were introduced with decreasing gaps toward

the center of the interaction chamber (Fig. 1). They were added in order to reduce the inhomogeneity

of the electric field as seen by the electron beam while entering and leaving the ion collection region.

Their infulence was analyzed and proved by an electron ray tracing program. We believe that this

improved the knowledge of the incident electron beam energy inside the interaction region, as well as

the ion collection efficiency.

The second improvement introduced recently was a new eight segment solenoid with different

number of windings, calculated and made following the approach of Overshott and Smith.13 The

magnetic field distribution was investigated by a Hall probe.14 This increased the length of the

homogeneousmagnetic field region insidewhich the trochoidal electronmonochromator,15 the parallel

plate interaction chamber with the two sets of three split-electrodes and the incident electron beam

collectors are housed. The consequence was that the electron beam intensity could be kept constant

during its energy scanning over a quite wide energy range.

The absolute target gas pressures were determined by a capacitance manometer (MKS, Model

170-6M) and a spinning rotor manometer (MKS,Model SRG-2), both calibrated by the manufacturer,

Fig. 1. Scheme of the interaction chamber region of the experimental apparatus used in the present

experiments.
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who claims the exact pressure values to be known with a relative error of ±±0.02 (±±2%). The relative

variations of the gas pressure were monitored by an ionization gauge (Granville-Phillips), and tha gas

purity checked by a quadrupole mass filter (A.I.G. 50). The temperature of the target gas was measured

and monitored inside the interaction chamber by a thermocouple thermometer, to within ± 0.5 K.

The whole apparatus and its operation was thoroughly checked before and after the final

acetylene cross section measurements with argon as the target gas. The reason is that its cross sections

are well known from recent accurate measurements,
16

that confirm earlier data obtained with the

present apparatus.
12

They agree even better with our values obtained during the calibration procedure

(with a relative error of ±±5%),
17
the difference between the two being within 2 %.

CALCULATION OF CROSS SECTIONS

Three semiempirical equations have been used to calculate cross sections, in
order to compare their applicability and results with experimentally available data.
The first is the classical encounter approximation,11 from which the single ioniza-
tion cross section is calculated by

σi,1 = 4πa02 ξn (εi,H/εi,n)2
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where a0 is the Bohr radius, while εi,H and εi,n are the ionization potential of the H
atom, and the binding energy of the electron in the energy state with the principal
quantum number n, respectively. The number of electrons in the subshell with
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where u (= ε0/εi,n) is the normalized incident electron energy ε0.
The second method

10 is an improved classic equation. It allows calculations
of total electron impact ionization cross sections fromknownproperties of the atoms
included in themolecule. In this approach, the formula for the total single ionization
cross section of an atom is given by

σi,1 = Σ π gn,l < rn,l>
2 ξn,l f(u) (3)

where < rn,l >
2 is the mean radius squared of the shell with quantum numbers n and

l, and gn,l are weighed factors determined by a fitting procedure using reliable

experimental data. In this expression themultiplication factor (4πa02) in the original

equation was substituted by (gn,l < rn,l >
2), and the term (εi,H/εi,n)2 omitted.

Apart of these two methods, we also used the semiempiric equation

σi,tot = ∑
i=1

n

a1 ξi

ln (u)

ε0 εi,n




1 − bi exp [−ci (u − 1)]


 (4)

derived by Lotz.18,19 The values of parameters ai, bi and ci depend on the orbital
from which the electron is ejected.20 Equation (4) was originally derived for
calculations of electron impact ionization cross sections of atoms. It is often used
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in papers and review papers to interpret measured cross sections of atoms and ions,
but also to predict them for atomic species where measurements do not exist, or are
very difficult to perform.

The acetylene molecule in the ground state has a D∝h symmetry, with the

electron configuration (1σg)2 (1σu)2 (2σg)2 (2σu)2 (3σg)2 (1πu)4 �

1Σg+.

21,22

Acetylene can be treated as two CH fragments bound to form the molecule, as is

standard procedure in molecular structure analysis.23 In each fragment most of the

electronic charge is located around the carbon atom. In an approximate method, the

cross section calculation could be approached by treating the two CH fragments as

a quasi-nitrogen atom.The ionization cross sections for themcanbe calculatedusing

Eq. (4) with binding energies of electrons in C2H2 molecular orbitals and then

summed to get the corresponding value for the C2H2molecule. The orbital occupa-

tion number ξi was chosen to be equal to the number of electrons in a particular

molecular orbital.

Electron binding energies in different orbitals of the acetylene molecule were

measured by photoelectron spectrometry. The value for the electron ejection from

the (1πu)4 molecular orbital was determined by different authors to be 11.398 ±±
0.005 eV,24 11.403 ±± 0.003 eV,25 and 11.400 ±± 0.0004 eV,26 respectively. For the

next orbital, (3σg)2, binding energies of 16.36 eV,2816.297±±0.005 eV25and 16.250

± 0.005 eV27 were obtained. And for the (2σu)2 orbital a binding energy of 18.38

eV was measured.28 For the (2σg)2 orbital a value of 23.50 eV was obtained,29

Fig. 2. Graphical representation of the acetylene molecule electron binding energies as measured by

Dibeler and Walker,
24

Cavell and Allison
26

and Cavell,
27

Reutt et al.,
25

Pratt et al.,
26
Cha et al.

27

and appearance potentials of various ions as determined by Tate et al.,
33

Williams and Hamill,
34

Davister and Locht
35

and Zheng and Srivastava.
1
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while a value of 291.14 eV for both the (1σu)2 and (1σg)2 orbitals was measured,30

since it was impossible to distinguish the difference between the two. All these

binding energies are shown graphically in the lower part of Fig. 2.

For each molecular orbital of the acetylene molecule a cross section was

calculated,whichwe call "the orbital electron ejection cross section". These ejection

cross sections could then be compared with different experimentally obtained

values. The innermost orbitals (1σu)2 and (1σg)2 are essentially C(1s) atomic

orbitals. Since their binding energies are much larger than all the others, contribu-

tions of ejecting these electrons to the total ionization cross section calculated from

Eq. (4) was neglected.

TABLE I. Electron impact total ionization cross sections of the acetylene molecule, in units of 10
�20
m
2

Electron energy/eV Present results Electron energy/eV Present results

12 0.072 100 4.76

14 0.53 150 4.21

16 1.01 200 3.70

18 1.45 250 3.27

20 1.84 300 2.92

22 2.19 350 2.63

24 2.52 400 2.40

26 2.80 450 2.21

28 3.06 500 2.06

30 3.29 550 1.91

40 4.15 600 1.80

50 4.59 650 1.68

60 4.82 700 1.59

70 4.90 750 1.49

75 4.91 800 1.42

80 4.90 900 1.30

90 4.85 1000 1.20

TOTAL IONIZATION CROSS SECTIONS

In the present work the total ionization cross sections were measured in the

energy range from the threshold up to 1000 eV. the results are listed in Table I. In

order to showmore clearly the difference between different sets of earlier measure-

ments and the present one, comparisons were calculated in form {[σi,tot(X) �

σi,tot(JL\K)]/σi,tot(JL\K)}.100, i.e., as percentages, and are presented in Fig. 3. As

can be seen, the present results are in best agreement with the values of Tate and

Smith5 and Azria and Fiquet-Fayard,8 with differences within ±± 5 %. The data of

Gaudin and Hagemann6 are lower by between 10 % and 5 %, the difference

decreasing with increasing electron energy. Those of Gomet7 are much higher, with
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Fig. 3. Comparison of the experimentally determined electron impact total ionization cross sections for

the acetylene molecule of various authors to the present data:o- Tate and Smith
1
; l- Gaudin et Hage-

mann
6
; ∆ - Gomet

7
;t- Azria and Fiquet-Fayard

8
; G- Zheng and Srivastava1; k- Tian and Vidal

2
.

Fig. 4. Comparison of the calculated electron impact total ionization cross sections by various

semiempirical or theoretical equations for the acetylene molecule to the present measured data:

l- Gryzinski
11

; o - Lotz
8
(present calculation); ∆- Margeiter et al.

10
; k- Kim et al.

18
.
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dramatic changes, which prove that the cross section curve is also very different in

form. The results of Zheng and Srivastava1 and Tian and Vidal,2 obtained by

summing partial ionization cross sections, are higher by about 10 % and 20 %,

respectively, with different forms of the cross section curves as well.

The total ionization cross section calculated using the Gryzinski�s equation,11

that of Margreiter et al.10 and the Lotz�s equation18 are shown in Fig. 4 also as the

percent difference from the present set of values. The results of very recent

calculations by Kim et al.30 by the BEB (Binary Encounter Bethe) method are also

compared to our data. The calculations of Kim et al.30 gave the best agreement, the

difference being mostly within 10 %. The next best calculated values were those

obtained by the Lotz�s equation,18 which agree with the experimental values to

within 15%.Calculations using theGryzinski�s equation11gave results substantially

different from our measured data. Those calculated by the equation of Margreiter

et al.10 agree better, but in both these cases the cross section curves have forms

different from the experimental one.

PARENT ION FORMATION CROSS SECTIONS

Basic knowledge about the processes of parent ion (C2H2
+) formation from

the acetylene molecule comes from photoelectron spectroscopy. The mass selected

yield of the C2H2
+ ion curve,24 shows a stepwise rise at a photon energy of 11.398

eV, with autoionization features superimposed upon the steps. It has been suggested

that parent ions in the ground state X2Πu are formed, but that a predissociation

process could be in competetion. The ionization yield at an energy of 16.74 eV is

unity, while at 21.21 eV it drops to 0.092.

Photoionization mass spectrometry28 proved that after ejection of an electron

from the 3σg molecular orbital, at an energy of 16.36 eV, a broader photoelectron

band appears, implying that some bonding character was disturbed. This was

assigned to excitation of C≡C and C�H stretching modes of the parent ion. Plessis

and Marmet,32 on the other side, were the only ones to find that this energy

corresponds to the appearance potential of the C2H
+ ion.

Additional evidence for parent ion formation processes comes from electron

impact appearance potential measurements in mass spectrometry experiments. The

results of some of them are presented graphically in Fig. 2, to corroborate our

approach to the calculations. The first, around 11.40 eV, obtained by different

authors, is closely related to themeasured electron binding energy of the 1πu orbital.
The electron ejection cross section calculated for the valence molecular 1πu

orbital and the 3σg orbital were summed and compared with the experimentally

obtained partial ionization cross sections for the formation of the parent ion by Tate

et al.,29 Gaudin and Hagemann,6 Zheng and Srivastava1 and Tian and Vidal.2 The

results are presented in Fig. 5 as percent differences from the data of Tate et al.,33

which were chosen as the most reliable ones, since the total cross sections obtained
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by this group5 were in excellent agreement with the present ones. As can be seen

from Fig. 5 the partial ionization cross section curves of different experimental

measurements have different shapes. The measurements of Zheng and Srivastava1

agree with those of Tate et al.33 to within ±±15 %. Those of Gaudin and Hagemann6

are lower by about 10 % at higher energies. The measurements of Tian and Vidal,2

which are more than 10 % higher, show the biggest difference. The cross sections

calculated by the Lotz�s equation18 show very big differences both in the cross

section values and the shape of the cross section curve.

DISSOCIATIVE IONIZATION

Other ions formed in dissociative processes following an electron impact with

the C2H2 molecule: C2
+
, CH+

, C+, H+
, CH2

+
, and C2H

2+
, all have appearance

potentials higher than 18.38 eV, the binding energy of the electron in the 2σu orbital

(see Fig. 2). Branching ratios for different dissociative ionization processes have

been only crudely derived from experimental data, and are known only for a few

incident photon energies.21

On the basis of data, available from photoelectron mass spectrometry, it was

concluded that the ejection of an electron from any of the inner molecular orbitals

of the acetylene molecule, except the outermost 1πu and 3σg ones, leads to disso-

ciative ionization into one of the possible dissociation channels. In order to corro-

borate this assumption, electron ejection from the next two orbitals, 2σu and 2σg,

Fig. 5. Comparison of the experimentally determined electron impact partial ionization corss sections for

the formation of the parent ion C2H2
+
of the acetylene molecule to data of Tate et al.

33
: k- Gaudin and

Hagemann
6
;G- Zheng and Srivastava

1
; k- Tian and Vidal

2
; o- Lotz

18
(present calculation).
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have been calculated using the Lotz�s equation,18 summed and then compared to

the sums of all partial ionization cross sections, except to the one for the formation

of the parent ion, as measured by Tate et al.,33 Gaugin and Hagemann,6 Zheng and

Srivastava1 and Tian and Vidal.2 The results are presented in Fig. 6 in the form of

percent differences to the values of Tate et al.33 The data of Zheng and Srivastava1

are higher by up to 20%, depending on the incident electron energy, while the values

of Gaudin and Hagemann6 are 30 % lower. The biggest difference is in the data of

Tian and Vidal,2 since they are higher by even 40 %. The values calculated by the

Lotz�s equation18 are lower that the experimental ones of Tate et al.33 by around 20

%, which is acceptable for this type of approximate calculation.

CONCLUSIONS

Careful examination of the data presented in Fig. 3 leads to conclusion that

the existing sets of measurements of the total electron impact ionization cross

sections of the acetylene molecule are still not sufficiently consistent. The differ-

ences in the cross section values between the present measurements, and those of

Tate and Smith,5 Azria and Fiquet-Fayard8 are within ±± 5 %, which is acceptable.

The shapes of cross section curves are, however, different, which is rather strange

since the same method, total charge collection, was used in all three of these

Fig. 6. Comparison of the experimentally determined, and calculated electron impact total partial

ionization cross sections for dissociative processes of the acetylene molecule to the data of Tate et

al.
:33

l- Gaudin and Hagemann;
6
G- Zheng and Srivastava;

1
k- Tian and Vidal

2
; o- Lotz

18
(present

calculation).
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experiments.

The calculated total ionization cross section by Kim et al.31 by the BEB

method, and by the Lotz�s equation,18 as can be seen from Fig. 4, are also in good

agreement with experiments.

The situation is worse in the case of the partial ionization cross section for the

formation of the parent molecular ion. The differences are much bigger (see Fig. 5),

especially in the forms of the cross section curves. It seems obvious that serious

problems do exist in the efficiencies of ion extraction in experiments of this kind.

The differences are also very big in cross sections for dissociative ionization

processes, as can be seen from Fig. 6. Strangely enough, in this case the difference

in the shapes of the cross section curves is less pronounced.
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I Z V O D

EFEKTIVNIPRESECI ZA TOTALNU, DIREKTNUI DISOCIJATIVNU

JONIZACIJUMOLEKULAACETILENA UDAROM ELEKTRONA

GORAN JOSIFOV, DRAGAN LUKI], NADA\URI] i MILAN KUREPA

Institut za fiziku, p. pr. 68, 11081 Beograd

Totalni preseci za jonizaciju molekula acetilena mereni su u domenu energija

upadih elektrona od praga do 1000 eV. Ovi rezultati upore|eni su sa drugim postoje}im

podacima, dobijenim neposrednim merewima ove molekulske osobine, ili posrednim

merewima preko parcijalnih preseka za jonizaciju uz nastanak razli~itih jona. Pri-

menom triju semiempirijskih jedna~ina prora~unati su totalni preseci za jonizaciju

i upore|eni sa raspolo�ivim eksperimentalnim podacima. Preseci za neposrednu i

disocijativnu jonizaciju tako|e su prora~unati primenom semiempiriskih jedna~ina

i upore|eni sa postoje}im podacima.

(Primqeno 6. septembra 1999, revidirano 23. februara 2000)
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