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Core-excitation-induced dissociation in CD4 after participator Auger decay
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The fragmentation of the CD4 molecule after selective ionization of the 1t2 and 2a1 electrons with photons
from 70 to 290 eV has been studied with the energy-resolved electron-ion coincidence technique. The mass
spectra acquired in coincidence with 1t2 electrons reveal CD4

1 , CD3
1 , and CD2

1 fragments, depending on the
excitation energy used. The production of CD3

1 is strongly enhanced after C 1s excitation to different core
excited states, with respect to the production observed after direct ionization of the 1t2 orbital. This enhance-
ment is correlated with the changes of the molecular geometry when it relaxes from the core-excited state.

DOI: 10.1103/PhysRevA.68.022715 PACS number~s!: 33.80.Eh, 82.80.Rt, 33.80.Gj
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I. INTRODUCTION

The constant developments in synchrotron radiation li
sources and particle detecting techniques have allowed
performance of coincidence experiments between ene
resolved electrons and mass-resolved ions, with count r
convenient enough to make such otherwise time consum
experiments feasible@1#. Selecting the electrons by their k
netic energy allows monitoring the fragmentation from a s
cific doorway state, while the remaining reactions are d
criminated. The main advantage of this approach o
traditional mass spectroscopy lies in the selective monito
of processes occurring from initially ‘‘prepared’’ ionic state
which allows for a detailed analysis of the properties of
different electronic states. Early experiments of this ki
were performed more than 20 years ago@2#.

From the work by Simm and co-workers, the techniq
evolved into more sophisticated and advanced approa
using different experimental setups. Thus, the first triple
incidence measurements by Frasinskiet al. @3# allowed vi-
sual insight into the dissociative photoionization proces
studied, although without electronic state resolution. T
fragmentation associated with a particular final valence-h
state after Auger decay was first studied by Eberhardtet al.
@4# Hanson and co-workers@5# united both aforementione
techniques, implementing energy-resolved, Auger-elect
multiple-ion coincidence experiments. Uedaet al. measured
resonant Auger-electron–ion coincidences first@6# and then
further developed their experimental setup, combin
energy-selected electron and mass- and energy-selected
with angle-resolved photoion spectroscopy@7#. Since then,
other interesting work, such as the study of the role of in
nal energy@8#, bending@9#, and nuclear motion@10# in dis-
sociation of site-selected core-excited molecules, triple co
cidence measurements with normal Auger electrons@11,12#,
and the study of the electronic structure of shape resona
@13#, have been reported.

*Corresponding author. Present address: Department of Phy
Sciences, University of Oulu, P.O. Box 3000, FIN-90014, Ou
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There are two types of Auger processes following m
lecular resonant excitation of a core electron to an unoc
pied orbital. In spectator Auger processes, the excited e
tron does not participate in the decay process. Thus, the
electronic state reached has two holes in valence orbitals
one electron in the excited orbital. However, in participa
Auger decay processes, the excited electron participate
the decay, leaving the molecule in a final state with a hole
a valence orbital only. This final state is identical to the fin
state of direct valence photoionization. For this reason, p
ticipator Auger processes are especially suitable to exam
the effect of the nuclear motion in the core-excited state
the molecular dissociation.

Particularly relevant for this paper is the work presen
by Uedaet al. about the correlation between nuclear moti
in the core-excited CF4 molecule and the molecular dissoci
tion after resonant Auger decay@10#. There, experimenta
evidence of core-excitation-induced dissociation in m
ecules was observed. The experimental data were comp
with the results of theoretical calculations based on the
bronic model. Finally, it was concluded that the dissociat
to CF2

1 from the CF4
1 2t2

21 C state is enhanced by cor
excitation. This was explained in terms of the nuclear mot
energy transferred via the participator Auger decay to
CF4

1 2t2
21 C state during the core-excited state lifetime.

In our experiments, the deuterated methane molec
(CD4) was chosen as a convenient system to further inv
tigate the nuclear relaxation toward the equilibrium positi
after the creation of a core hole in the molecule and
dissociation after resonant Auger decay@14,15#. The isotopic
substitution of hydrogen is used to enhance the ion m
resolution of our experiment. However, methane molecu
data are used for the interpretation of the results obtain
The neutral ground state of CH4 (CD4) is of tetrahedralTd
symmetry @16,17#, with an electron configuration@1#
1a1

22a1
21t2

6. While the 1a1 molecular orbital closely re-
sembles the atomic carbon 1s orbital, the 2a1 and 1t2 orbit-
als are molecular valence orbitals. During the experime
we measured dissociations from the 1t2

21 state of CD4
1

formed either by direct ionization of valence electrons, or
transitions through neutral core-excited states. In the la

cal
,
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case, the CD4
1 molecule is produced in a participator Aug

process and thus the same final electronic states are rea
as during the corresponding direct ionization processes.
ometry changes during the core-excited state lifetime
lead to different vibrational excitations in the final sta
which can trigger different fragmentation reactions. Also,
measured the dissociations from the 2a1

21 state of the CD4
1

formed by direct ionization of valence electrons and we co
pared them with the dissociation observed from the 1t2

21

state. All the data presented have been obtained with a ne
developed energy-resolved electron-ion coincidence~ERE-
ICO! measurement station@18#, following electron excitation
after synchrotron radiation absorption. Total kinetic ene
release for possible two-body reactions producing the
served fragments@CDn

1 ~for n54 to 2!# are also deduced b
means of Monte Carlo simulations.

II. EXPERIMENT

The experiments were performed using narrow ba
~typically between 35 and 300 meV! photons from the
undulator-based beamline I411 at the MAXII synchrotron
diation facility in Lund, Sweden. The beamline is equipp
with a modified SX-700 plane grating monochromator a
efficient differential pumping between the end station and
beamline for gas-phase measurements@19#. The experimen-
tal setup is described in detail elsewhere@18#. However, for
the sake of completeness, a brief description is included h
The setup forms an electron-ion coincidence spectromete
comprises a 125-mm electrostatic hemispherical electron
ergy analyzer~Omicron EA125! coupled with a 120 mm free
drift length modified Wiley-McLaren type of time-of-fligh
~TOF! ion analyzer, with the working parameters set sligh
deviated from the spatial focusing conditions to optimize
ion count rate during the coincidence measurements. Extr
ing fields of about 15 V/cm in the interaction region and
about 75 V/cm in the accelerating stage were used to
serve the kinetic information of the detected ions. A confin
gas source, which is an integral part of the TOF spectro
eter, provides a target pressure 10–100 times above
chamber pressure. During the measurements, the cha
pressure was kept constant below 631026 mbar. The elec-
tron analyzer pass energy~PE! and slit combination used fix
the electron kinetic energy resolution to the desired value
each measurement, enough to resolve the electron featur
interest, while at the same time allowing sufficient throug
put. The measurements were performed at the magic a
(54.7°) with respect to the polarization plane of the synch
tron light. The degree of polarization of the synchrotron lig
provided by beamline I411 is 99% or better@20#.

To perform the present EREICO measurements,
implemented the following experimental method. For v
lence excitation of the molecular orbitals a photon energy
70 eV was chosen. For the molecular core excitations, fi
we determined the excitation energies corresponding to
neutral core-excited states of interest, to which we tuned
synchrotron radiation when making the EREICO measu
ments. These energies were determined by measuring
total ion yield spectrum of the studied molecule in the ph
02271
hed
e-
n

,

-

ly

y
-

d

-

d
e

re.
It
n-

e
ct-
f
e-
d
-

he
ber

r
of

-
le
-
t

e
-
f
t,
e
e
-

the
-

ton energy region range shown in Fig. 1. The energy scal
the figure is calibrated after high-resolution electron yie
studies of the CH4 molecule@21#. Then, the electron spectr
for the selected excitation energies were measured. In
present experiment, we measured the photoelectron sp
and deexcitation spectra after valence and core-level ph
excitation, respectively. The PE and the entrance slit com
nation of the electron analyzer were chosen to provide
optimal balance between electron collection efficiency a
electron kinetic energy resolution. A summary of the diffe
ent electron spectra of the CD4 molecule measured for th
excitation energies of interest in the region of the 1t2

21 and

FIG. 1. Total ion yield~absorption spectra! of the CD4 molecule
below the C 1s edge. The excitations of the C 1s electron to the
different unoccupied orbitals are identified and assigned as
CH4 , after calibration of the energy scale using Ref.@21#.

FIG. 2. ~a! Photoelectron spectra of the CD4 molecule excited
with 70 eV synchrotron photons.~b! Deexcitation spectra of the
CD4 molecule excited with 287.0 eV synchrotron photons, cor
sponding to the energy of the C 1s to 3s excitation.~c! Deexcita-
tion spectra of the CD4 molecule excited with 288.0 eV synchrotro
photons, corresponding to the energy of the C 1s to 3p excitation.
In the three spectra the 1t2

21 and 2a1
21 electron lines are identified

The horizontal bars indicate the electron kinetic energy windows
the EREICO measurements.
5-2
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2a1
21 bands is presented in Fig. 2.
The EREICO measurements were carried out as follo

After tuning the synchrotron radiation to the desired pho
energy, the electron analyzer parameters are set manua
detect the electrons originating only from a chosen state.
this purpose, the commercial electronic and data acquisi
system of the electron energy analyzer were replaced@18#.
The detected electrons provided the ‘‘start’’ signal of o
TOF measurements and the ions detected by the TOF
lyzer were used as ‘‘stop’’ pulses for a time to digital co
verter card. The card is installed in a PC with appropri
software for data acquisition, storage, and display.

III. RESULTS AND DISCUSSION

The EREICO spectra acquired for valence ionization
the 1t2 and 2a1 molecular orbitals and for the ionization o
the 1t2 orbital after valence and core excitation are presen
in Figs. 3 and 4, respectively. For the valence spectra,
applied electron analyzer~EA! settings provided electron ki
netic energy resolution (DE)51.04 eV (PE540 eV and 6
mm diameter entrance slits and 6312 mm2 exit slits!. For
the core-excited spectra, the same EA settings and PE o
eV (DE51.82 eV) were chosen as an optimal balance
tween electron collection efficiency and electron kinetic e
ergy resolution as shown in Figs. 2~b! and 2~c!, where the
horizontal bars indicate the electron kinetic energy windo
for the EREICO measurements of the widths given abov

Table I presents the values for the total kinetic ene
released in the possible reactions producing the obse
fragments. These values have been estimated through M
Carlo simulations of the CD4

1 dissociation processes possib
in each case. All the simulations are restricted to two-bo
reactions. The ions from the Monte Carlo simulations
generated according to a given kinetic energy distribut
and are emitted isotropically. This energy distribution is th
adjusted until the best fit to the experimental ion TOF pea

FIG. 3. Full lines: EREICO measurements with~a! 1t2
21 and~b!

2a1
21 photoelectrons, after excitation with 70 eV photons. F

circles: simulated TOF peaks~for details of the simulation see th
text!. Full vertical lines indicate the TOF positions of the corr
sponding zero kinetic energy fragments.
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obtained. The peak shapes of the EREICO spectra of Fig
and 4 are influenced by the kinetic energy of the ions and
the applied TOF analyzer voltages, since they are sligh
modified from those required to satisfy the space focus
condition in order to optimize the ion count rate during t
coincidence measurements. The modification of the sp
focusing condition slightly broadens the peak shape due
the influence of the finite size of the source volume and
photon beam. The computed TOF takes into account th
effects@22,23#, the time delay introduced by our data acqu
sition electronics, the electron time of flight from its creatio
to its detection in the electron analyzer, and the effect of
thermal energy considered~25 meV! @18#. For simplicity,
both experimental and computed fragmentation spectra a
dissociation from each electronic state of the CD4

1 molecule
are discussed separately below.

A. Dissociation of the CD4
¿ 1t2

À1 and 2a1
À1 states

after valence excitation

Our results are illustrated in Fig. 3, in which the coinc
dence spectra with the directly ionized 2a1 and 1t2 electrons
are plotted. Clearly, the CD4

1 molecule in the 1t2
21 state is

either stable or fragments into CD3
11D. Dissociations with

formation of CD2
1 fragments are very weak and not discer

ible in our spectrum. No D1 fragments have been observe
indicating a quenching of the CD31D1 channel.

Theoretical analysis@24# confirms that the CH4
1 ion is

formed in the2T2 state after ionization from the 1t2 orbital
and that this state is unstable due to the Jahn-Teller effect
therefore distorted to lower-symmetry states to break
electronic degeneracy. Calculations show that three sta
2B1 ~of C2v symmetry!, 2B2 ~of D2d symmetry! and 2A1 ~of

l FIG. 4. ~a! Full line: EREICO spectrum with 1t2 photoelectrons
after excitation with 70 eV photons.~b! Full line: EREICO spec-
trum with 1t2 electrons after excitation to the 3s unoccupied orbital
with 287.0 eV photons.~c! Full line: EREICO spectrum with 1t2

electrons after excitation to the 3p unoccupied orbital with 288.0
eV. ~d! Full line: EREICO spectrum after excitation to the 3p
1vibronic coupling orbitals with 288.3 eV. In all the panels, the fu
circles are the simulated TOF peaks.
5-3
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TABLE I. Dissociation reactions and the total kinetic energy released (DE) in the reaction~from our
Monte Carlo simulations! for Fig. 3 and Fig. 4.

Electronic
state

Excitation
energy~eV!

Electron
excitation Reaction DE ~eV!

1t2
21 70 Valence CD4

1→CD3
11D 0.2360.07

2a1
21 70 Valence CD4

1→CD2
11D2 1.1060.40

70 Valence CD4
1→CD11D3 0.6060.40

70 Valence CDn
1→CDn211D1 11.0061.50

1t2
21 287.0 C 1s→3s CD4

1→CD3
11D 0.2160.07

288.0 C 1s→3p CD4
1→CD3

11D 0.2260.06
288.3 C 1s→3p1vibrations CD4

1→CD3
11D 0.2260.06
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C3v symmetry!, have a relatively deep local minimum i
energy and that these states are 1.6, 1.4, and 1.0 eV~respec-
tively! below the value for theTd symmetry constrained
equilibrium geometry@24#. van Dishoeck and co-worker
presented in@24# a study of these three geometries of t
CH4

1 ion that includes calculated energy curves. From the
it is clear that, of the different geometries of the ground st
of the ion reached by direct photoionization of the neut
CH4 ground state, only the2A1 (C3v) state is energetically
allowed to undergo dissociation into CH3

11H, the rest of the
geometries giving rise to stable CH4

1 ions. The reason for
this is that the dissociation energy of the2A1 (C3v) state is
0.5 eV and this is covered by the energy difference betw
the 2T2 and the 2A1 (C3v) states~according to the values
calculated in@24#!. This frame would account for the exper
mental results obtained in our EREICO measurements
sented in Fig. 3. Another supporting argument for this pict
is that the CH3

1 should have a very small translational kine
energy~only 0.5 eV is available after dissociation! and this
fact is confirmed by our Monte Carlo simulations of the e
perimental peaks as shown in Table I, which yielded a to
kinetic energy release value of about 0.23 eV for the C4

1

→CD3
11D reaction. Another study@25#, however, stated

that the state in theD2d geometry is unstable but no infor
mation on the relaxation of this geometry was provide
Thus, according to our experimental data theD2d state
should, if unstable, go into a state that either produce
stable CD4

1 fragment or dissociates into CD3
11D.

Quite surprisingly, none of these fragmentations oc
from the 2a1

21 state, for which only the D1, CD1, and CD2
1

fragments are observed. The parent CD4
1 ion formed is al-

ways unstable and does not dissociate into CD3
1 fragments,

as for the ionization of the 1t2 orbital. A similar strong cou-
pling to the dissociation continuum in methane has pre
ously been shown in a photodissociative ionization study
ported in @26,27#. At the 2a1

21 threshold, H1 and CH1

appear and there is also production of CH2
1 . The CH3

1 frag-
ment, which has several dissociation limits below 29.2
~cf. the ionization energies in@28#! is either not formed in
predissociation of the 2a1

21 state or is subject to further de
cay processes. One of the possible mechanisms for the
duction of CH2

1 could be predissociation of the 2a1
21 state

by repulsive states ofC2v symmetry computed in the energ
region of 2a1

21, which leads to the dissociation chann
02271
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CH2
11H2 @24#. This scenario allows only small kinetic en

ergy release for the dissociation reaction due to the shape
proposed crossing of the curves involved in the predisso
tion mechanism presented in@24#. This argument agrees with
the low values of total kinetic energy release obtained fr
our experimental EREICO measurements for the dissocia
from the 2a1

21 state~Fig. 3!, as summarized in Table I. No
relevant information for the present study can be drawn fr
the presence of the D1 fragment in our EREICO spectra. I
can originate from any of the possible CDn

1→CDn211D1

reactions taking place after ionization in the 2a1 orbital, with
total kinetic energy release of predominantly 11 eV, as sho
by our Monte Carlo simulations. The simulations show th
the combination of the TOF analyzer geometry and the in
action and extracting region voltages applied allows D1 ions
with kinetic energies of about 11 eV or above to be collec
only when ejected toward the TOF analyzer detector,
shown in Fig. 3, and within a very narrow cone~about 2.7%
of the solid angle! around the TOF axis. This conclusion
drawn only for the assumed two-body fragmentation re
tions. One cannot exclude that many-body~instantaneous or
sequential! fragmentation scenarios can participate here
the production of D1 fragments, affecting the shape of th
spectrum, but no relevant information about these proce
can be obtained from our double coincidence data.

B. Core-excitation-induced dissociation of the CD4
¿ 1t2

À1 state

In Fig. 4 the mass spectra taken in coincidence witht2
electrons for valence~70 eV! and different core-excitation
energies~287.0, 288.0, and 288.3 eV in Fig. 1! are displayed.
As can be observed, the dissociation dynamics of CD4

1 in the
1t2

21 state strongly depends on the excitation mechani
The dissociation channel CD4

1→CD3
11D is strongly en-

hanced with respect to the direct photoionization of thet2
electron when the 1a1 electron is excited to the unoccupie
3sa1 orbital first and then the molecule decays by particip
tor Auger process to the final 1t2

21 state. The ratio
CD3

1:CD4
1 increases by about 68% for this particular pr

cess. Excitation of the same electron to the different vib
tions of the 3pt2 state also results in higher production
CD3

1 , although the effect is smaller, as the calculated int
sity ratios of 54% and 47% show. A summary of th
computed intensity ratios for each excitation is presented
Table II.
5-4
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TABLE II. Intensity ratios for production of CD3
1 and CD4

1 fragments from Fig. 4.

Figure 4
label

Excitation
energy~eV!

Electron
excitation

CD3
1 :CD4

1 Intensity ratio
enhancement~%!

~a! 70 Valence 0.7960.02
~b! 287.0 C 1s→3s 1.3360.06 68
~c! 288.0 C 1s→3p 1.2260.04 54
~d! 288.3 C 1s→3p1vibrations 1.1660.03 47
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To our knowledge, no relevant theoretical work in t
core-excitation region explored in this work is present in
literature. Therefore, the published high-resolution elect
@21,29# and Auger electron spectra@30# of CH4 in the C 1s
region play a crucial role in the understanding of the res
obtained. The 3s resonance of Fig. 1 corresponds to the fe
ture assigned in all the studies as a vibronically allowed
dberg transition C 1s (1a1)→3sa1 through coupling with
the t2 modes (v3 , v4) @21,29–34#. Toward higher excitation
energies there is a very intense resonance around 288.0
Fig. 1 assigned in the electron spectroscopic studies as
C 1s (1a1)→3pt2 Rydberg transition@21,30#, and this is
labeled 3p in our absorption spectra. At slightly higher e
ergies there are several features that are assigned as v
tional modes of the 3pt2 state, thev2 andv4 modes allowed
through vibronic coupling in the C 1s (1a1)→3pt2 transi-
tion, and thev1 mode @21#. They correspond to the~unre-
solved! peak labeled 3p1vib in Fig. 1.

The drastic change in the ratio CD3
1 :CD4

1 observed after
excitation to the 3s resonance in Fig. 1 can be understo
from the mechanism responsible for the resonance. The
pole forbidden C 1s (1a1)→3sa1 transition is observed in
the adsorption spectra due to intensity borrowing from
more intense allowed transition C 1s (1a1)→3pt2 through
vibronic coupling of thet2 vibrational modes between th
electronic states 1s213sa1 and 1s213pt2 . Rocha and co-
workers in @35# favor the interpretation of this coupling a
Herzberg-Teller type, neglecting the importance of the n
mal t2 modev4 compared to thev3 . Thus, the CD4 molecule
when excited to the 1s213sa1 state carries out vibrations o
the v3 normal mode@36#. Then, transitions via participato
Auger to excited vibrational levels of the 2A1 (C3v) are to
be expected yielding an increased production of CD3

1 . The
estimation of the total kinetic energy released from the C3

1

fragment peak shape of the core-ionized spectra, wh
yields about the same values for both the direct ionizat
and the participator Auger measurements~see Table I!, also
supports this explanation.

In the case of the C 1s (1a1)→3p and 3p1vibrations
Rydberg transitions, the enhancement of the production
the CD3

1 fragment is still present. The core-excited CD4

1s213pt2 state is expected to be Jahn-Teller distor
through vibronic coupling with the normal bending mod
v2 andv4 , with the symmetry loweringTd→C3v(→C2v) as
the most probable one, as indicated by Kosugi in@37#. There-
fore, we propose the following scenario to account for
enhancement of the CD3

1 fragment after excitation to both
vibrational and nonvibrational components of the 3pt2 Ryd-
berg state.
02271
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For the C 1s (1a1)→3p1vibrations excitation, the par
ticipator Auger decay should take place during the relaxat
of the geometry of the core-excited molecule fromTd to
C3v . This would leave the molecule in the stable 2A1 state
of the C3v geometry of the CD4

1 molecular ion. The energy
of the vibrational modes of the core-excited state would th
be transferred after the participator Auger decay as vib
tional excitation of the 2A1 (C3v) state thus leading to a
dissociation into CD3

11D. This reasoning is supported b
the vibrational broadening in thet2

21 electron line for the
3p1vibrations excitation energy observed in CH4 by Auger
electron spectroscopy studies@30#. The above scenario
would account for the observed CD3

1 enhancement. More
over, traces of CD2

1 would be produced through dissociatio
of the 2B1 (C2v) state of the CD4

1 populated after the Auge
decay of the corresponding (C2v) symmetry core-excited
state.

For the C 1s (1a1)→3p excitation@3pt2 ~0,0,0,0! state#
the geometry would again be lowered in symmetry toC3v
and again the participator Auger process would leave
molecule in the 2A1 state of CD4

1 . However, in this case, no
vibrational energy from excited vibrational modes of t
core-excited molecule is available to allow dissociation
the 2A1 state into CD3

11D after the corresponding partici
pator Auger decay. The required energy for dissociation
the 2A1 state, in contrast to the case of valence excitati
cannot be obtained from the difference of energy availa
due to the Jahn-Teller lowering of symmetry since it is ve
small for Rydberg states@38#. Therefore, there must be an
other mechanism that provides the necessary energy for
sociation of the 2A1 state populated after excitation to th
3pt2 ~0,0,0,0! Rydberg level and the corresponding partic
pator Auger decay from the relevantC3v core-excited state
Detailed computations of the potential energy surfaces of
states involved in the decay scenario described above c
certainly help to reveal the possible sources of the ene
required for the observed dissociation.

IV. CONCLUSIONS

The EREICO measurements allow us to directly obt
the fragmentation yield mass spectra after selective ion
tion of the 1t2 and 2a1 molecular orbitals of CD4. The re-
sults obtained reveal that the dissociation pathway stron
depends on the final electronic state reached upon ioniza
The mass spectra acquired in coincidence with 1t2 electrons
reveal CD4

1 , CD3
1 , and even CD2

1 fragments, depending on
the course of excitation. The production of CD3

1 is enhanced
5-5
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up to 68% after C 1s excitation to different core-excited
states with respect to the production observed after di
photoionization of the 1t2 orbital. This enhancement is co
related with the different geometric and dynamical chan
that the molecule experiences when relaxing via participa
Auger decay from the core-excited states. These change
vor decay to the CD4

1 2A1 (C3v) state over the other pos
sible states of CD4

1 through different relaxation mechanism
depending from which core-excited state the decay occ
From this state, the CD4

1 is energetically allowed to underg
dissociation into CD3

11D. These results give experiment
evidence of core-excitation-induced dissociation of the C4
molecule.
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