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Abstract

The molecular and dissociative photoionization eHg and GH4 has been studied using synchrotron radiation within
the energy range 11-30 eV. Positive and negative photoion mass spectra have been obtained. Appearance thresholds fo
formation of fragment ions have been determined and are compared with the thermochemical values. Above threshold it
shown that superexcited states, involving intravalence transitions and shape resonances which can decay through ion
formation, play an important role in the photodissociative ionization process. The positive photoion yield curves displa
significant hitherto unobserved structures, which are unrelated to those present in the photoelectron spectra. (Int J M;
Spectrom 223-224 (2003) 67—-79)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction of the physics and chemistry of atmospheres and of
the interstellar medium. They are increasingly used
Acetylene (ethyne) gH, and ethylene (ethene) in dilute plasmas in the processing and fabrication
C,H4 are the prototype alkyne and alkene molecules, of materials, including diamond films, while as hy-
respectively. Numerous experimental and theoretical drocarbon impurities they play a significant role in
studies have been undertaken in an attempt to under-fusion plasma device$1(,2] and references therein).
stand their bond energies and the excited neutral and The photoelectron spectra arising from excitation
ionic states that can be formed through photoabsorp- of the inner and outer valence electrons have been
tion in the VUV spectral region. Despite this, many investigated by many worker$3(5] and references
important features of even the most basic processestherein). In contrast, there have been relatively few in-
involving these molecules are still not completely vestigations involving photoionization mass spectrom-
understood. In addition to being of fundamental in- etry. Brion and coworker§s,7] have determined the
terest, they are of considerable practical relevance. absolute partial photoionization oscillator strengths
They play an important role in our understanding for the molecular and dissociative photoionization
channels in both ¢H, and GH4 using low resolu-
* Corresponding author. E-mail: c.latimer@qub.ac.uk tion dipole electron impact (e, € ion) coincidence
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spectroscopy AE ~ 1eV) at equivalent photon ground state (internal conversion, the basic mechanism
energies from threshold to 80 eV. of QET), which then determines the fragmentation

Photoionization efficiency curves for the production process. However, as pointed out by Berkowit#],
of CoH,™ and GHT ions in acetylene at photon en-  if QET is perfectly obeyed, ion pair formation should
ergies up to 20 eV have been studied by Botter et al. not occur. Thus, ion pair formation may be used
[8] and Berkowitz[9]. More recently, Hayaishi et al.  [15,16]as a sensitive method of investigating the spec-
[10] have performed a more comprehensive study, in tra and decay dynamics of superexcited states lying
which the formation of the molecular ion and the car- in the VUV.
bon containing molecular fragment ions have been In the present work, we have performed the most
studied within the energy range 11-30eV. In all these comprehensive study to date on the photoionization
studies, substantial structure, due to autoionizing statesmass spectra of both acetylene and ethylene within
which are still not fully identified and assigned, has the inner and outer valence energy range (11-30eV),
been observed in the formation of theHG™ ion in at an energy resolution of approximately 10 meV. For
the energy region 11-18eV, which encompasses thethe first time negative photoion yield curves have also
ground and first excited state of the ion. Above this been measured over this energy range. Appearance
region higher excited states and additional superex- potentials for the formation of all the fragment ions
cited states, which have several different decay chan- have been determined and compared with their ther-
nels, including dissociative autoionization, can play an mochemical thresholds.
important—and often dominant—role in the absorp-
tion process.

In the case of ethylene, photoionization efficiency 2. Experimental approach
curves for the formation of §4, and the GH3* and
CoHao™ fragment ions below 16.5eV have been mea-  The experiments were carried out at the Daresbury
sured in earlier work by Botter et gB] and Chupka Laboratory UK Synchrotron Radiation Source on
et al.[11] using conventional light sources. In contrast beamline 3.2, using experimental arrangements and
to the situation in acetylene, no autoionization effects procedures almost identical to those described in our
are seen between the ground and first excited stateearlier work on the dissociative photoionization of
of the parent ion. Stockbauer and Inghrgt] have hydrogen and methane gagég]. Experiments were
discussed the importance of eliminating autoioniza- performed within the photon energy range 12-35eV
tion effects in experimental tests of quasi-equilibrium using a normal incidence McPherson 5m monochro-
theory (QET). In such experiments, at energies up mator, which provided a flux of approximately
to 19 eV, they have shown that the decomposition of 10 hyv/s with a bandpass of 1 A, was horizontally po-
CoH4™ provides “a textbook example of the success larized (>40%) and contained5% second order radi-
of QET” [9]. In an investigation limited to the ob-  ation. The photon beam emerged from a capillary light
servation of the photoionization efficiency curve of guide, was crossed at 90y a low pressure gas jet of
the parent molecular ion, Wood and Tay[@B] have either acetylene or ethylene, and detected using an alu-
observed features which they consider to correspond minium photocathode. The photon flux was obtained
to seven autoionizing Rydberg states above the first by taking into account the relative detection efficiency
excited state of the parent ion, in the energy region of the photocathode with photon wavelendtts].
12.1-16.5eV, implying that the resultant ion states The positive or negative ions formed were extracted
decay statistically. It is worth noting that such statis- from the interaction region with an electric field and
tical decay precludes the acquisition of any informa- injected into a triple—quadrupole mass spectrometer
tion concerning those states initially excited, as these (Hiden Analytical HAL IV), mounted in a differen-
transfer by radiationless transitions to the electronic tially pumped chamber, for analysis and detection. In
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such a set up it is notoriously difficult to avoid mass at a photon energy of 110eV. Theld,™ ions were
discrimination effects due to the quadrupole filter ion also observed, but typically contribute less than 0.3%
detector response and loss of fragment ions which to the total ionization in this energy range. Where
have substantial kinetic energy. In the present system, comparison is possible, the general features of present
however, these effects were shown to be negligible data are in satisfactory accord with earlier experimen-
in a subsidiary keV ion beam experiment involving tal work [1].
a methane target, which gave results in good accord The photoion yield curve for the parenpi@,™ ion
with well-established proton impact data known to be is shown in more detail ifrig. 3. The appearance en-
free from such problemf9]. In addition, our recent  ergy of 1140+ 0.05eV is in excellent accord with
studies on the photoionization mass spectra of ethanethe value established by photoelectron spectroscopy.
are in satisfactory agreement with earlier work known In the region up to 2eV above threshold substan-
to be free from such effec{46]. tial structure is seen, which has been well detailed
in earlier ion yield work and assigned to autoioniz-
ing Rydberg series converging to vibrationally excited

3. Results and discussion levels of the electronic ground state. At higher en-
ergies, a number of prominent features are observed
3.1. Acetylene which have also been seen in photoabsorg2dhand

threshold photoelectron spectroscdfy. Although it
The acetylene molecule has a lineagpgeometry is now generally accepted that the strong peak cen-

and the ground state configuration and té¢&h tered around 15.5eV is due to the shape resonantly
) ) 5 ) 5 4 1w s enhanced @, — g transition, the assignment of the
(1og)“(ow)®  (209)°(20u)"  (Bog)“(lmu)” “Xg other prominent features is the subject of much de-
core orbitals inner valence outer valence . . . .
bate and still remains uncertain. For example Ukai
with the four lowest lying virtual orbitals being 1), et al.[21] identify the transition at 13.3eV as due to a

(3o1u), (4og) and (4ry). High resolution Hel photo- 1wy, — 4o valence transition, while Hattori et 422]
electron spectroscopy has shown that the adiabatic ion-propose that thed@; — 3oy and 3rg — 3poy tran-
ization energies for gHo* X211, A22g" and B X, * sitions are located at 13.3 and 13.8eV, respectively.
states are 11.403, 16.297 and 18.391 eV, respectivelyHayaishi et al[10] have performed ab initio calcula-
and that ionization is well described by the indepen- tions showing that a@ — 3oy transition occurs at

dent particle mode]5,20]. Following Holland et al. around 13.3 eV, which is broadened by a change in ge-
[5], we have retained the traditional notatioﬁXQg+ ometry of the excited state, with the strong intensity

for the first excited state, to facilitate comparison with variations being caused by interference effects. Super-
the results of previous workers. imposed on these features are sharp but weak contri-

The outer valence orbitals are based on C 2p and H butions from Rydberg states starting at 14.25&¥].
1s atomic orbitals and the inner valence mainly on C In the present work a strong feature, not seen in ear-
2s and H 1s orbitals. For ionization from the inner va- lier ion yield experiments, is also observed at 17.0 eV.
lence (2rg) orbital, the single particle model no longer According to the calculations of Hattori et 4R2]
holds and the photoelectron spectrum shows severalthis energy coincides with thesg — 4sog transition.
satellite lines at energies above the ma?rﬁgtF line at However, it should be noted that they estimate an ex-
23.5eV[5]. tremely smallf value for this transition. Above 18 eV
Photoion yield curves for the parent and main frag- the ion yield curve is relatively smooth and shows only
ment ions formed in gHy, taken with a resolution of  weak features associated with Rydberg states.
10 meV, are shown irrigs. 1 and 2along with the Table 1shows the measured appearance potentials
photoelectron spectrum of Holland et f] recorded obtained from the fragment ion yield curves shown
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Fig. 1. Positive photoion yield curves for the indicated ion fragments from acetylene, with the photoelectron spectrum of Holland et al.
[5]. Lines show thermochemical thresholds (Jedble 1).

in Figs. 1 and 21In all cases the measured thresh- in the case of @H™, two distinct and as yet unex-
olds are close to their thermochemical values and in plained features are observed at energies of 18.1 and
general accord with the other lower resolution exper- 18.8 eV for the first time. In the case of"Qoroduc-
imental estimates where available. Above threshold, tion, the steps at higher energies clearly correspond to
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Fig. 2. Positive photoion yield curves for the indicated ion fragments from acetylene, with the photoelectron spectrum of Holland et al
[5]. Lines show thermochemical thresholds (Jeble 7).

the thermochemical thresholds for the different neutral is in harmony with the thermochemical threshold. At
fragment channels given ifable 1 The threshold for
HT formation (1894 0.1 eV) is significantly different
from the only previous measurement (22 1 eV) but

energies above 22 eV, all the fragment ion yield curves
become relatively smooth and there are no observable
effects corresponding to the satellite Cl stdtgs
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Fig. 3. Photoion yield curve for £H,™ from acetylene. Lines indicate calculated Rydberg series from Ibuki ¢¥Jatonverging to the

ion stateg5] shown (arrows).

Fig. 4 shows the negative photoion yield curve for
C,H™ formation in GH» along with the photoabsorp-
tion spectrum of Ukai et al[21] and the ionization

mation, which necessarily arise from excited neutral
states of acetylene, cannot be seen in the photoabsorp-
tion spectrum. The observed threshold for this pro-

thresholds obtained from photoelectron spectroscopy. cess, at 16.30eV, is in excellent agreement with the
Clearly, the main processes leading to ion pair for- thermochemical calculation and observation of Ruscic

Table 1

Calculated and measured appearance potentials for the production of fragment ions from acetylene

Process Threshold energy (eV)

Thermochemical

This work + 0.1

Cooper et al[30] + 1.0

Hayaishi et al[10] + 0.1

CoHt (H) 16.8
Cot (H2) 18.3
Cot (2H) 22.8
CH* (CH) 20.6
C* (CHy) 20.4
Ct (C, Hp) 23.7
C* (CH, H) 24.7
C* (C, 2H) 28.1
Ht (C2H) 19.1
CoH™ (HH) 16.2

17.3
<21.0
22.5
214
211
23.7
24.8
28.2
18.9
16.3

16.5
18.5

23.0
20.0

23.0
26.0

22.5

16.8
18.1
22.7
20.7

Brackets show undetected neutral fragments formed in each process.
aCalculated by Cooper et gi30] from [31,32] except[23].

b Calculated by Ruscic and Berkowif23].
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Fig. 4. Negative photoion yield curve for,8~ from acetylene with the photoabsorption spectrum of Ukai ef2dl]. The Rydberg series
calculated by Langhoff et a[24] and ion state$5] are also shown.

and Berkowitz[23]. This threshold, when combined
with the electron affinity of @H (2.97 £+ 0.01eV),
yields Do(HCC-H) = 5.70+ 0.02 eV, also in agree-
ment with the earlier work. Above threshold, the neg-
ative ion yield curve rises up to a maximum at around
18.8 eV, before slowly falling away at higher ener-

identified by Avaldi et al., in their threshold photoelec-
tron spectrd3]. The general position and overall shape
of this broad band is typical of a shape resonance,
which commonly has a lifetime of 134 to 107 1°s,
corresponding to a width between 1 and 10 eV. Farren
et al. [25] have performed calculations to investigate

gies. The weak but sharp structure observed on thethe origins and characteristics of shape resonance fea-
rising portion clearly correlates with the energies of tures in acetylene and have demonstrated the impor-
predicted predissociating Rydberg states converging to tant role played by virtual valence orbitai$ in this

the B°x, T state of GH," as calculated by Langhoff  energy region. In addition, the existence of such reso-
et al.[24]. A similar series of predissociating Rydberg nances in photoabsorption in acetylene above the C 1s
states converging to theztngr state can also be seen ionization threshold has been evaluated and confirmed
to contribute between 21 and 24 eV. It is also notice- by Piancastell[26]. An alternative possibility is that
able that these features are superimposed on a broadhe broadening is due to direct Frank—Condon exci-
~2 eV wide band, and that no Rydberg states are pre- tation to the repulsive portion of a pseudo-diatomic
dicted between 18.7 and 21.0eV. The irregular struc- 1, Co,H™—H* ion pair statg23,26], which also pre-
ture observed in this energy range can be attributed dissociates via excitation to vibrationally broadened
to vibrational progressions of the?B,* state, as progressions of Rydberg states.
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3.2. Ethylene

The ethylene molecule has a lineagp geometry
and the ground state configuration and t¢2®]

(lap?(1by)?  (2ay)2(2by)?

core orbitals inner valence

(1ba0)?(389)(1b3g)* (1bsu)?  *Ag

outer valence
with the three lowest lying virtual orbitals being (ga
(3byy), and (1Bg). The outermost valence orbitals are
derived primarily from the C 2p and H 2s atomic or-
bitals. High resolution Hel photoelectron spectroscopy
has shown that the adiabatic ionization energies for
CoHat X2B3y, A%B3g, B2Ag, C?By, and By states
are 10.51, 12.45, 14.45;15 and 18.82¢eV, respec-
tively and that ionization is well described by the in-
dependent particle model only for the lowest three of
these stateR7]. At higher energies, however, experi-

RA. Mackie et al./International Journal of Mass Spectrometry 223-224 (2003) 67—79

yield curve for the parent 4™ parent ion has an
appearance potential of 10.5eV and is in excellent ac-
cord with the value established by photoelectron spec-
troscopy. Between threshold andl6eV, the yield
curve rises steadily, with clear steps only appearing at
each ionization threshold appearing in the photoelec-
tron spectrum and, in this case, no obvious signs of
effects due to autoionizing states. Above 16 eV, how-
ever, strong features due to autoionizing superexcited
states, most noticeably at 16.5 and 17.3 eV where no
known states exist, are seen in the region between the
C and D ion states. At higher energies, no effects due
to either the Cl or BAq states are seen and the yield
curve decays smoothly.

Table 2shows the measured appearance potentials
obtained from the fragment ion yield curves shown
in Figs. 5 and 6The GHs™ and GH,™ ions clearly
have thresholds associated with théBag and B?Ag
states of the parent ion and are close to their thermo-

mental and theoretical studies have demonstrated thatchemical values. The statistical dissociation eHg "

ionization from the (2g) and (2k,) orbitals leads to
the creation of a large number of final states due to
electron correlation effects.

Photoion yield curves for the parent and main frag-
ment ions formed in €H4 taken with a resolution of
10 meV are shown irFigs. 5 and 6 along with the
photoelectron spectrum of Holland et §.7] taken
with Hell radiation at 40.8eV. As in the case of the

in accordance with QET therefore implies that these
states undergo rapid electronic relaxation to the ground
electronic stat¢7]. The remaining fragments all have
thresholds associated with théMB), state of the par-
ention and are typically 0.5-1.5 eV above the thermo-
chemical values. Agreement with the lower resolution
experimental estimates obtained by electron impact
is relatively poor, especially for this latter group of

acetylene, the general features of the present data ardons. Above threshold the £El3™ curve shows dis-

in satisfactory accord with the earlier low resolution
electron energy loss experimerd. The photoion

Table 2

tinct structure at 16.5, 17.25 and 17.7 eV. ThaHg+
results also display the feature around 17.25eV, as

Calculated and measured appearance potentials for the production of fragment ions from ethylene

Process Threshold energy (eV)
Thermochemicdl This work + 0.1 Ibuki et al.[7] + 1.0

CoHz™ (H) 13.3 13.3 13.0

CoHot (H2) 13.1 13.0 125

CoHT (Ha, H) 18.6 195 22.0

CHsz* (CH) 16.9 18.35 17.0

CHz ' (CHy) 17.9 18.35 18.5

H* (CzH3) 17.5 18.35 20.5

H™ (CoHz™) 12.55 <13.0

Brackets show undetected neutral fragments formed in each process.

2 Calculated by Ibuki et al[7] from [32].
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well as enhancement at the onset of the D state. Theprocesses leading to ion pair formation, which nec-
calculations of Desjardins et gR8] predict a satel-  essarily arise from excited neutral states of ethylene
lite state at 17.2 eV corresponding to an ionic state of can, in contrast to the situation in acetylene, be ob-
ZBzg symmetry. However, many-body Green’s func- served in the photoabsorption spectrum. In both sets
tion calculations give an energy of 17.83 ¢29] for of data substantial structure is observed in the energy
this state. Our results do not permit any conclusions region below 20 eV, which is shown in more detail in
on this difference, but they do confirm the existence Fig. 8 It can be seen that the details of this structure
of several states in this energy region. are in accord with vibrational progressions associated
Fig. 7 shows the negative photoion yield curve for with Rydberg states, as identified by Holland et al.
H~ formation in GH4 along with the photoabsorp- [27], who also showed that predissociation into neutral
tion spectrum of Holland et aJ27]. Clearly, the main products competes successfully with autoionization
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Fig. 7. Negative photoion yield curve forHfrom ethylene with the photoabsorption spectrum of Holland ef2a].
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