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Dissociation of deuteromethane following carbon 1s core ionization
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Energy-resolved electron-ion coincidence spectra of the deuteromethane molecule were measured following
ionization by narrow-band synchrotron radiation. The ion mass spectra were recorded in coincidence with the
outer and inner valence photoelectrons and with the normal Auger electrons from the decay of the carbon 1s
core hole. Complementary noncoincidence ion mass spectra were measured below and above the C 1s thresh-
old. The fragmentation patterns of the singly and doubly ionized deuteromethane under different ionization
conditions are examined. Carbon core ionization is shown to open new photodissociation pathways not avail-
able in the valence ionization photon energy regime. With the aid ofab initio quantum chemistry calculations,
a two-step model of the dissociation following core ionization is proposed, showing a good agreement with the
experimental findings.
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I. INTRODUCTION

Photoionization and absorption processes often dam
the molecular bond structure to such an extent as to resu
a complete or partial fragmentation of the molecule. T
availability of tunable synchrotron radiation makes it po
sible to selectively remove electrons from different molec
lar valence orbitals or deeper atomiclike core levels. T
photon energy dependence of the dissociation processes
be studied by detecting the produced fragments using the
time-of-flight ~TOF! technique, for example. However, one
ultimately interested in tracing back every detected dissoc
tion event to a particular type of the photoionization or e
citation event. In order to achieve this goal, coinciden
measurements are needed@1#. In particular, detecting photo-
electrons or Auger electrons in coincidence with the ion
fragments of the molecule provides us with a detailed a
highly differential picture of the molecular dynamics follow
ing the absorption of monochromatic synchrotron radiatio
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Such studies in gas-phase put high requirements on the
perimental apparatus and light sources due to the inhere
low count rates of the coincidence measurements.

Extensive knowledge has been gathered about the
lecular dissociation following UV ionization of the outer mo
lecular orbitals~see Ref.@2# and references therein!. A num-
ber of experimental as well as theoretical studies exist on
dissociation of the methane molecule under various valen
level excitation conditions@3–8#. Less is known about the
processes taking place after the creation of a core hole~Ref.
@9# and references therein!. A considerably greater amount o
energy is deposited in the molecule by core-level photo
sorption than by valence absorption. As a result, fast e
tronic relaxation processes~mostly Auger transitions in
lighter elements! follow, creating multiply ionized molecules
in well-defined electronic states and providing unique st
ing conditions for the molecular dissociation. New dissoc
tion pathways and many-body reactions become poss
@10,11#. Core ionization is also followed by nuclear rela
ation towards the equilibrium of the core-hole state, wh
competes in time with the electronic relaxation@12# and can
have an effect on the eventual breakdown of the molec
Studying the nuclear dynamics after core-hole creation
reveal new aspects not accessible in the UV excitation
©2002 The American Physical Society704-1
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gime, as observed for example in the CF4 @13#, CO2 @14,15#,
and H2O @16# molecules.

Here, we present experimental results on the molec
fragmentation following carbon 1s core ionization in the
deuterated methane molecule. The isotopic substitution
the hydrogen was used to enhance the ion mass resolutio
the experiment. The ionic fragments were detected in co
cidence with the Auger electrons, eliminating the electro
processes other than the core ionization and subsequen
ger decay to the selected doubly ionized states. The re
are compared with the fragmentation patterns recorded
low the C 1s threshold following selective ionization of th
outer molecular orbitals. As complementary results, non
incidence measurements of the ionic fragments below
above the C 1s threshold are also presented. The results
interpreted on the basis of quantum chemical calculation
the molecular structure and dynamics, focusing on the d
bly ionized molecule created by the electronic Auger dec

II. EXPERIMENT

The measurements were carried out at the I411 undul
beamline of MAX-II laboratory~Lund, Sweden!. The beam-
line is equipped with a modified SX-700 plane grating mon
chromator and efficient differential pumping stages betw
the end station and beamline, for gas-phase measurem
@17#.

The experimental setup for the energy-resolved electr
ion coincidence~EREICO! measurements is described in d
tail elsewhere@18#. It comprises of a 125-mm electrostat
hemispherical electron energy analyzer Omicron EA1
~EA! coupled with a 120-mm free drift length, modifie
Wiley-McLaren type of ion TOF analyzer. The EA i
equipped with five channeltron detectors, placed along
dispersive direction. A confined gas source, which is an
tegral part of the TOF spectrometer, provides target gas p
sures 10–100 times above the chamber pressure. Durin
measurements the chamber pressure is kept below
31026 mbar. Different pass energy and entrance slit co
binations of the EA allow us to select suitable electr
kinetic-energy resolution. In order to perform the EREIC
measurements, first the electron energy spectrum of the
gion of interest is measured at the selected photon en
with a pass energy and entrance slit combination provid
sufficient energy resolution. The kinetic energy of the el
tron peak with which the ion coincidence spectra will
measured is then determined. The voltages of the EA are
manually to correspond to the selected kinetic energy and
kept constant during the following coincidence measu
ment. For these, the commercial data-acquisition system
the EA is replaced so that the electrons detected by the c
neltrons of the EA provide the start signal for the time-o
flight measurements and the ions detected by the TOF
lyzer are used as the stop pulses for the time-to-dig
converter card~model 7886 by FAST Comtec!. The card is
installed in a personal computer~PC! with the appropriate
software for data acquisition, storage, and display. For
present EREICO measurements, three channeltrons ou
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the array of five were used for obtaining a common st
signal.

A complementary set of noncoincidence ion yield me
surements was performed at the undulator beamline U4
SGM of BESSY-II, Germany, using an ion time-of-fligh
spectrometer developed at the University of Oulu@19#. This
Wiley-McLaren-type spectrometer uses a pulsed field~20
kHz! ion extraction from the interaction region. The extra
tion pulses serve as the start signal for the time-digital c
verter PC card that then stores the ion flight times from
multiple stop pulses from the multichannel plate detec
The spectrometer has been optimized for good mass res
tion and therefore the peak broadening due to the kin
energy of the ions is negligible. The mass resolution of
spectrometer was found to be about 1% for the present m
surement. Due to the strong electric field ('1 kV/cm) in
the source volume, the transmission of the spectromete
very high and virtually all ions are collected.

III. EXPERIMENTAL RESULTS

A. Energy-resolved electron-ion coincidence„EREICO …

measurements

Electron energy spectra measured prior to the EREI
measurements are presented in Fig. 1. The valence ph

FIG. 1. ~a! Valence photoelectron spectrum of CD4, measured at
hn570 eV. ~b! Normal Auger-electron spectrum measured athn
5350 eV. Vertical bars mark calculated energies of the CD4

21

final electronic states and horizontal brackets~1!–~3! indicate the
electron energy windows for the EREICO measurements.
4-2
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DISSOCIATION OF DEUTEROMETHANE FOLLOWING . . . PHYSICAL REVIEW A 66, 012704 ~2002!
electron spectrum, measured athn570 eV, is shown in Fig.
1~a!; the normal Auger spectrum, measured athn5350 eV,
is shown in Fig. 1~b!. The spectra were recorded using t
40-eV and 70-eV pass energy of the EA for the photoelect
and Auger electron spectra, correspondingly. The elec
energy resolution of these spectra@1.0 eV in Fig. 1~a! and 1.9
eV in Fig. 1~b!# equals that of a single channeltron detect

The neutral ground state of CD4 has the electron configu
ration of 1a1

22a1
21t2

6 in the tetrahedralTd symmetry@20,21#,
where the 1a1 molecular orbital resembles closely th
atomic carbon 1s orbital and will be hereafter referred to a
such. The spectrum in Fig. 1~a! shows the outer valence pho
toelectron line 1t2 with mostly unresolved Jahn-Teller-spl
components and the inner valence line 2a1 @22–24#. The
normal Auger final states of the spectrum in Fig. 1~b! belong

FIG. 2. Energy-resolved electron-ion coincidence~EREICO!
spectra of CD4. The ion mass spectra~1! and ~2! are measured a
hn570 eV in coincidence with the 1t2 and 2a1 photoelectrons,
correspondingly. Spectrum~3! is measured in coincidence with Au
ger electrons athn5350 eV.
01270
n
n

.

to the 1a1
2(2a11t2)6 configurations. The assignment of th

spectrum was done already by Ortenburger and Sagus@25#.
The individual energy levels that are shown in the figure
from our ab initio calculations, described in Sec. IV. Th
dominant structure corresponds to the 1a1

22a1
21t2

4 configura-
tion, which has four energy levels. The horizontal brackets
Fig. 1 mark the positions and approximate widths of t
energy windows from where the electrons were detected
coincidence with the ions in the following EREICO me
surements.

The EREICO spectra are presented in Fig. 2 after conv
ing the original time-of-flight scale into the ion mass/char
scale using the relationT}AM /Q. The ions in spectra~1!–
~3! were measured in coincidence with the electrons from
regions~1!–~3! of Fig. 1. The resolution of the EA in the
EREICO measurements was lower than for the noncoin
dence electron energy spectra taken under identical sett
since a common electron signal was obtained from three
tectors. Taking into account the spacings of the channeltr
along the dispersive direction of the detection plane and
analyzer’s dispersion, the estimated resolution for the 40
pass energy@spectra~1!–~2!# is about 2.0 eV and for the 70
eV @spectrum~3!# about 3.5 eV. Spectra~1! and ~2! corre-
spond to ion production following the ionization of the 1t2
and 2a1 molecular orbitals, respectively, with 70-eV pho
tons. Spectrum~3! shows ions produced after the norm
Auger transitions to a doubly ionized final state 1t2

22. The
three spectra exhibit very different dissociation patter
summarized in Table I. The valence photoionization of t
1t2 orbital results mostly in a stable molecular ion CD4

1 ,
corresponding to the observed peak at 20 amu. Howe
nearly half of the CD4

1 ions dissociate into CD3
1 and neutral

D fragments~not detected!. There is no observable dissocia
tion into lighter fragments CDn

1 (n50 –2), nor is there evi-
dence of the CD4

1→CD31D1 process. Ionization of the
inner valence orbital 2a1 @spectrum~2!# results in a more
complete fragmentation of the molecule—there are no sta
parent CD4

1 ions or CD3
1 fragments. Mostly the CD2

1 and
in a lesser extent the CD1 fragments are produced. A notab
difference from spectrum~1! is also the presence of the D1

ions that can originate from the CDn
1→CDn211D1 type

dissociation. Quite different fragmentation processes foll
the Auger decay@spectrum~3!#, in which two holes are cre-
g

l

TABLE I. Relative abundances of ions from the TOF spectra of CD4. The electronic state correspondin
to the coincidence electrons is given for the EREICO measurements.

hn (eV)
Electronic

configuration C1 CD1 CD2
1 CD3

1 CD4
1

EREICO measurements
70 1t2

21 0.45 0.55
70 2a1

21 0.25 0.75
350 1t2

22 0.06 0.25 0.51 0.18
Ion yield measurements
350 0.21 0.27 0.38 0.12 0.02
260 0.04 0.22 0.35 0.20 0.20
differencea 0.23 0.28 0.39 0.11 0.00

aFrom the spectrum athn5350 eV after subtracting the spectrum athn5260 eV, normalized to the equa
intensity of the CD4

1 peak.
4-3
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E. KUKK et al. PHYSICAL REVIEW A 66, 012704 ~2002!
ated in the valence 1t2 orbital. The major fragment ion her
is CD2

1 , with CD1 and C1 also present, and some structu
corresponding to CD3

1 . Here, too, the D1 ions are ob-
served, but in addition a weak signal appears at 4 amu,
responding to the D2

1 ions.
The peak shapes in the EREICO spectra of Fig. 2

strongly influenced by the kinetic energy of the ions. T
voltage applied across the interaction region for directing
ions into the TOF analyzer is relatively low@4 V for spectra
~1! and~2! and 16 V for spectrum~3!# and there is a delay in
entering the analyzer for the ions moving initially away fro
it. This results in peak broadening and even splitting in
case of fast ions. Under the present experimental settings
kinetic-energy release in the dissociation is the most imp
tant factor for determining the TOF peak shape. In orde
determine the kinetic energy of the ions, Monte Carlo pe
shape simulations were performed. These simulations
into account the ion time of flight from its creation to i
detection, including the delay introduced by our da
acquisition electronics and the electron time of flight from
emission to its detection in the electron analyzer. The i
for the Monte Carlo simulation are generated according t
given kinetic-energy distribution and are emitted isotro
cally. This energy distribution is then adjusted until the b
fit to the measured ion TOF peak is obtained. The simu
tions also account for the finite size of the source volume
the photon beam, but since space focusing conditions
fulfilled, these factors have only a minor effect on the pe
shape.

In spectrum~1!, the peaks are relatively narrow, inferrin
ion kinetic energies less than 0.02 eV. The peak shapes
quite different in spectrum~2!; they consist of two compo
nents, corresponding roughly to the ions moving towards
away from the TOF analyzer. Fitting with simulated shap
gave the kinetic energies of about 0.2 eV for both the C1

and CD2
1 peaks. The region of the heavier fragments of

spectrum~3! is shown in Fig. 3 together with simulated pea
shapes. As for spectrum~2!, strong broadening due to hig
kinetic energy of the ions is seen and in the case of the CD3

1

ion, the peak is clearly split into two components. The

FIG. 3. A region of the EREICO spectrum~3! of Fig. 2 ~circles,
hn5350 eV, ions in coincidence with Auger electrons! together
with simulated peak shapes~lines!.
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netic energies obtained from the simulation are the follo
ing: 0.5 eV (C1 and CD1), 0.7 eV (CD2

1), and 0.9 eV
(CD3

1). Note that the voltages applied across the interact
region are higher for spectrum~3! than for ~1! and ~2! and
thus similar peak widths in spectrum~3! correspond to con-
siderably larger kinetic energies. In order to better repres
the experimental spectrum, the ions were assigned a ce
Gaussian kinetic-energy spread centered at the above-g
values. This spread can be viewed as due to the projectio
the Auger initial state’s nuclear wave function onto t
potential-energy surfaces of the doubly ionized Auger fi
states and was found to be about 0.5–0.6 eV~full width at
half maximum!. The light ion of D1 has an exceptionally
narrow peak in spectra~2! and ~3!, although it probably has
high kinetic energy as well. A large fraction of these io
escapes detection and the voltages in the interaction re
are sufficient only to collect the ones with the initial veloci
within a narrow cone towards the analyzer.

B. Ion yield measurements

The EREICO measurements allow one to select precis
the electronic state from which to study the dissociation p
cess. As a drawback, the coincidence count rates are q
low and the spectra have poor statistics. We performed a
tional noncoincidence ion yield measurements, using
Wiley-McLaren-type ion TOF spectrometer. The spect
converted to theM /Q scale, are shown in Fig. 4 for th
ionizing photon energy below@spectrum ~1!# and above
@spectrum~2!# the C 1s threshold. These spectra represe
ions from all photoionization and excitation processes p
sible at the given photon energy. Spectrum~1! is mostly a
result of the 2a1 and 1t2 direct ionization, possibly with
contributions from double ionization and satellite excitation
Spectrum~2! follows mostly the C 1s ionization and Auger
decay, with a much weaker contribution from direct 2a1 and
1t2 ionization. In addition to the peaks associated with CD4,
the spectra exhibit some spurious oscillations in the reg
between 2 and 6 amu due to electronic noise.

FIG. 4. Ion mass spectra of CD4 measured at the photon energ
of 260 eV~1! and 360 eV~2!, normalized to the equal intensity o
the CD4

1 peak. The difference spectrum~2-1! is given on top.
4-4
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In order to compare these noncoincidence results with
ion–Auger-electron EREICO measurements, the contri
tion from valence ionization was subtracted from the sp
trum ~2! of Fig. 4 as follows: It is not possible to produce th
CD4

1 fragment following the Auger decay, which creates t
CD4

21 ions. The CD4
1 peak in spectrum~2! is therefore

entirely due to valence ionization. The relative intensities
the other peaks from valence ionization can be assumed t
the same athn5260 eV and 350 eV. Subtracting spectru
~1! from spectrum~2! after normalizing them to the equa
intensity of the CD4

1 peak leaves a spectrum@marked~2-1!
in Fig. 4#, representing only the dissociation following co
ionization ~see also Table I!. Comparing this spectrum with
the EREICO spectrum~3! of Fig. 2 shows that there is
larger fraction of lighter fragments present in the noncoin
dence spectrum, particularly the C1 production is much
higher. This seeming discrepancy can be explained by ta
into account that all possible Auger final states 1a1

2(2a11t2)6

contribute to the noncoincidence TOF spectrum, whereas
EREICO spectra relate mainly to the 1a1

22a1
21t2

4 states. The
dissociation pathways producing lighter fragments could
preferred after the Auger decay to the higher-ene
1a1

12a1
11t2

5 and 1a1
22a1

01t2
6 states. This is a reasonable a

sumption considering that also the direct photoionization
the 2a1 orbital results in a more complete fragmentation th
the ionization of the 1t2 orbital, supported by the very recen
results by Fainelliet al. @11#. A similar shift towards stronge
fragmentation has been observed in the case of NH3, when
populating higher-lying doubly ionized states@9# and is con-
sidered to be a general tendency@11#. Another notable dif-
ference is that the D2

1 peak appears to be more intense
the noncoincidence measurements above the C 1s threshold
@spectrum~2!, Fig. 4# than in the EREICO spectra@spectrum
~3!, Fig. 2#. Also a weak signal corresponding to the D3

1

ions appears. This suggests that if higher-energy Auger fi
states of the 1a1

12a1
11t2

5 and 1a1
22a1

01t2
6 configurations are

reached, new dissociation processes, such as CD4
21

→CD2
11D2

1 and CD4
21→CD11D3

1 , gain importance.

IV. CALCULATIONS AND DISCUSSION

A. Initial assumptions

The aim of the present calculations was to find the m
likely path of dissociation the molecule follows after co
ionization. It is important to clarify the initial conditions fo
the dissociation, as on the femtosecond timescale there
interplay between electronic and nuclear relaxations after
core ionization. On one extreme, the core-hole decay ca
so rapid that no changes in the molecular geometry oc
before the double valence hole Auger final electronic stat
created. In such a case, the molecular dissociation wo
start from the well-known neutral ground-state geometry.
at the other extreme, the core-hole state has time to find
equilibrium before the Auger decay takes place, the disso
tion would start from a different core-hole state geome
These simultaneous processes would be properly represe
by a one-step coupled model of the core ionization or c
excitation, Auger decay, and nuclear motion@12,26#. How-
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ever, assuming fast nuclear relaxation of the core-hole s
prior to the Auger decay seems to give satisfactory com
tational results in cases like CO under typical experimen
conditions @27#. In this work, we also assume the relaxe
geometry of the core-hole state as the starting point for
dissociation. As a further approximation, the vibrational m
tion in the core-ionized state is not taken into account, i
the molecule is assumed to be ‘‘frozen’’ initially.

The molecule can start to dissociate already in the co
hole state, as observed for HCl, for example~see Ref.@28#
and references therein!. In the case of CD4, however, this is
unlikely, since the core-hole state is bound according to c
culations@29#, which are confirmed by the observed vibr
tional progression in the C 1s photoelectron spectrum o
methane@30#. In brief, we assume the following sequence
events:~1! Core-ionization of the neutral deuteromethan
~2! Nuclear relaxation of the core-hole ionic state to its eq
librium geometry.~3! Auger decay, creating two holes in th
valence 1t2 orbital. ~4! Nuclear relaxation of the doubly ion
ized state, eventually leading to the fragmentation of
molecule.

B. The molecule and its fragments

Let us first consider the deuteromethane molecule in v
ous relevant electronic states prior to the dissociation and
fragments after the dissociation is complete. The grou
state of CH4 (CD4) is well known to have tetrahedral sym
metry with the C-H bond length of 1.0873 Å@31#. In Table II
are given the properties of the neutral ground state of C4

and of the singly and doubly ionized molecule as well as
some of its dissociation products. In the following, we u
the energies and geometries obtained using multiconfig
tion self-consistent-field ~MCSCF! approach in the
complete-active-space optimization employing the cc-pV
basis set@32#~except for the core-ionized molecule! for the
sake of regularity, even if in some cases more accurate
perimental or theoretical values are available. The calcu
tions were performed using theDALTON quantum chemistry
code@33#.

The C 1s core ionization does not destroy the groun
state symmetry, but results in shortening of the C-D bon
from 1.087 Å to 1.032 Å@31,34# in the 1a1

12a1
21t2

4(2A1)
state. In contrast, valence ionization of the 1t2 orbital creates
an electronic state that is subject to Jahn-Teller distorti
@35#. As the Jahn-Teller theorem states, ‘‘for a nonlinear m
ecule in an electronically degenerate state, distortion m
occur to lower the symmetry, remove the degeneracy,
lower the energy’’@36#. We obtained a nuclear equilibrium
geometry for the lowest doublet state~without preserving
any of the symmetry elements!, which is very close to the
C2v symmetry, with the C-Dn bond lengths of 1.21 Å (n
51,2), 1.08 Å (n53), and 1.10 Å (n54). The small devia-
tion from theC2v symmetry can probably be attributed to th
deficiencies of the rather small basis set. Our result is in g
agreement with recent calculations by Takeshita@37#, where
similar parameters in theC2v geometry were obtained for th
lowest CH4

1 state 2B1.
4-5
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TABLE II. Properties of the CD4 molecule in its neutral and ionized states and of its fragments.
energies and equilibrium bond lengths are from MCSCF calculations, unless noted otherwise. Lowest
singlet or doublet states are given.

Molecule/
fragment

Energy~H!

Electronic Vibrational Total Re(Å) Note

CD4 240.281 0.032 240.249 1.11 Td geometry
CD4 0.032 1.09 @31,43# mass corrected
C* D4

1 0.035 1.04 core ionized@29,34#
CD4

1 239.819 0.028 239.791 1.21; 1.09
239.873 1.19; 1.09 @37#

CD4
1 239.748 1.09 ground-state geometry

CD4
21 239.148 0.026 239.122 1.32; 1.15 equilibrium, planar

238.823 1.04 core-ionized geometry
238.875 1.09 ground-state geometry

CD3
1 239.280 0.023 239.256 1.11; 1.09

1.09 @40#

CD2
1 238.664 0.012 238.652 1.11

1.11 @41#

CD1 237.998 0.005 237.992 1.14
C1 237.357 237.357
D3 21.636 0.008 21.632 0.95
D3

1 21.343 @44#

D2 21.163 0.007 21.156 0.76
21.174 0.007 21.167 0.74 @43,45#

D2
1 20.600 0.004 20.596 1.05

D 20.500 20.500
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The Auger decay of the core hole creates the elec
configurations of 1a1

2(2a11t2)6 in the Td geometry. As seen
from the normal Auger spectrum~Fig. 1! and according to
calculations@25,38#, mostly the 1a1

22a1
21t2

4 configuration is
populated. There are four terms in the 1t2

22 configuration,
T2^ T25( 3T1 , 1E, 1T1 , 1A1), from which mostly the singlet
states1E and 1T1 are populated by the Auger transition, th
1A1 state having much less intensity@38#. As electrons are
removed from the degenerate 1t2 orbital, the molecule un-
dergoes Jahn-Teller distortions destroying theTd symmetry.
There are several possible new equilibria in the lower sy
metry. In Table II, the optimized geometry of the lowe
singlet state of the CD4

21 ion is given, obtained from energ
minimization of the lowest singlet1E state in theC2v sym-
metry. The same nuclear configuration was arrived at als
an optimization without preserving any symmetry elemen
The new equilibrium corresponds to a planar molecule, w
the C-Dn bond lengths of 1.32 Å (n51,2) and 1.15 Å (n
53,4) and the angles of 42.6° (D1-C-D2), 126.2°
(D3-C-D4), and 95.1° (D2-C-D3 , D1-C-D4). This energy
minimum can indeed contain bound states, as verified
vibrational analysis. A planar geometry was also predic
for AH4 systems with six valence electrons, such as CD4

21

by Saturno@39#, both in its lowest-energy~triplet! state and
first excited state. With the vertical transitions from t
ground and core-ionized state in mind, we also calculated
energy of CD4

21 for the lowest singlet state1E at the cor-
responding tetrahedral configurations~Table II!.
01270
n

-

in
.

h

y
d

e

A number of molecular fragments can be produced by
dissociation. Their geometry-optimized energies are a
listed in Table II. The lowest singlet state of CD3

1 was found
to have a planar geometry with the D-C-D angles of 12
and the C-D bond lengths of 1.11, 1.11, and 1.09 Å. With
larger basis set, one would again probably arrive at eq
bond lengths and the exactD3h symmetry. The present resu
is in good agreement with Ref.@40#, where a planar configu
ration with 1.087-Å C-H bond length was found for CH3

1 .
The next fragment, CD2

1 , has a 1.11-Å bond length an
a 139° bond angle, in a good agreement with Ref.@41#. The
last heavy molecular fragment, CD1, has a 1.14-Å optimized
bond length. The neutral fragments CDn (n50 –3) are not
listed in Table II, since their production is unlikely and the
cannot be observed in our experiment.

C. Molecular dissociation

1. Primary dissociation

The vertical Auger transition from the core-ionized equ
librium onto the potential-energy surface of the doubly io
ized state leaves the ion with the excess energy of more
8 eV above its zero-point energy~Table II!. In order to fol-
low the dissipation of this energy, a so-called dynamic w
was performed. In this procedure@42#, the force vectors on
each atom are calculated at the given initial nuclear geom
after optimizing the electronic structure. Then, small d
placements of the nuclei are performed according to
4-6
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force field. The process is repeated interactively—the e
tronic structure is reoptimized, the nuclei shifted—until t
molecule dissociates. The procedure is semiclassical in
sense that it does not quantize the vibrational motion of
molecule, which behaves as a classical oscillator.

The molecular dynamics was simulated by the dynam
walk following several different initial conditions and usin
different basis sets, although for the final results, the
pVDZ basis was used. The starting geometry was either
of the neutral ground or of the core-ionized state. In b
cases the vibrational motion of the molecule at the beginn
of the walk was not taken into account—the nuclei had
initial momenta. If at least one symmetry element was p
served~the Cs group! during the dissociation, then a thre
particle fragmentation to CD2

1 , D1, and D takes place~pro-
cess 2 in Table III!. However, if no symmetry restriction
were imposed on the molecule, then a different process~1!
~Table III! occurs, producing singly charged CD3

1 and D1

fragments. Whereas the dissociation path~2! corresponds to
the strongest ion peak observed in the EREICO spectra~Fig.
2!, it does not explain the presence of the CD3

1 fragments.
Also, the preservation of a reflection plane has no obvi
justification, and thus we base the following discussion
the results obtained without symmetry restrictions.

Following the nuclear dynamics of CD4
21 , it was appar-

ent that several vibrational modes became strongly excite
the ion relaxes towards its equilibrium geometry. At first, t
nonquantized vibrational motion of the dynamic walk can
regarded as a Jahn-Teller distortion, lowering theTd symme-
try towards a planar configuration. So much energy is
leased in this initial stage, however, that the molecule dis
ciates. The details of the nuclear motion depended on
type of calculation—the used basis set, size of the ac
space, etc. However, in all performed calculations the
result was the same—a D1 fragment was ejected from th
ion at the moment when the vibrational modes combine w
suitable phases~in the order of 100 fs after Auger decay!. No
principal differences were found when following the dyna
ics of the two lowest-energy electronic terms of CD4

21 .
This suggests that the dissociation dynamics and me
nisms are similar for the lower-energy terms of CD4

21 , al-
though we consider here only the lowest-energy singlet t
of CD4

21 .

TABLE III. Primary and secondary dissociation reactions fo
lowing C 1s core ionization and Auger decay and their ener
release (E.0) or required dissociation energy (E,0).

Number Reaction Energy~eV!

1 CD4
21→CD3

11D1 11.8
2 CD4

21→CD2
11D11D 9.0

3 CD4
21→CD2

11D2
1 11.6

4 CD3
1→CD2

11D 22.8
5 CD3

1→CD11D2 22.9
6 CD3

1→C11D21D 26.6
7 CD2

1→CD11D 24.4
8 CD2

1→C11D2 23.8
9 CD1→C11D 23.6
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Starting at the ground or core-ionized geometry does
change the final result. This is to be expected, as the av
able kinetic energies do not differ much~about 12 eV from
the core-ionized geometry and 10 eV from ground-state
ometry!. After the dissociation barrier is crossed, the Co
lomb repulsion between the fragments gives them quite h
translational energy~about 6 eV in our calculations!. The rest
~also about 6 eV! is confined in the CD3

1 fragment mainly
as vibrational excitations. The energies in Table III should
taken as guidelines for qualitative arguments rather than
accurate values. Particularly the division of the released
ergy between the translational and vibrational kinetic en
gies probably varies considerably, since it is dependent
the particular moment of the vibrational motion of the pare
ion, when the ejection of the D1 fragment occurs. This in
turn depends on in which state of the vibrational motion
core-ionizedmolecule was at the moment of the Auger tra
sition. It has been shown, for example, that in the case
CF4 the vibrations of the core-excited state can affect
outcome of the dissociation process@13#. Moreover, it can be
seen from the vibrational progression of the C 1s photoelec-
tron spectrum@30# that there is a high probability to excit
the higher levels of the symmetric stretchv1 vibrations of the
core-hole state. These vibrations were not taken into acco
in our dynamic walk procedure, where the nuclei are at r
at the initial configuration. The ratio of the translational a
vibrational energy might also depend on which term of t
initial 1t2

22 configuration to follow, as their Jahn-Teller dis
torted equilibrium geometries are different and thus also
excitations of the vibrational modes.

According to the dynamic walk, one expects the proc
CD4

21→CD3
11D1 to take place as the primary dissoci

tion event, creating fragments with high kinetic energy. T
is indeed supported by the coincidence measurements, w
the weak CD3

1 peak is split due to the high kinetic energy
the fragment. It is energetically possible to have dissociat
of CD4

21 producing also the D2
1 or D3

1 fragments. These
processes, although of large energy release, are not li
according to our calculations, supported also by the v
small intensity of the D2

1 or D3
1 peaks in the experimenta

EREICO spectra.

2. Secondary dissociation

The CD3
1 ion is stable in its ground state and needs ab

3 eV of energy for dissociation~Table III!. However, after
the primary dissociation event~1!, the CD3

1 ion is left in a
highly vibrationally excited state. It is very likely that th
excess vibrational energy~6 eV from the simulation! is suf-
ficient to complete the fragmentation processes~4! and ~5!
~Table III! and to produce the CD2

1 and CD1 fragments in a
secondary dissociation event. The process~6! yielding C1

seems to require slightly more energy than is available,
as the vibrational energy of CD3

1 is expected to vary con
siderably and allowing for the inaccuracy of the calculatio
it should be included as a possible dissociation channel.
secondary dissociation of CD3

1 yielding neutral CDn (n
4-7
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50–2) fragments requires considerably more energy t
the processes listed in Table III@4# and is less likely to take
place.

The translational energy release in the secondary
cesses~4!–~6! is smaller than in the primary event. In
simple picture, smaller translational energy release is pa
due to the lack of Coulomb repulsion in the secondary d
sociation. However, one should keep in mind that the CD3

1

ion already has high kinetic energy from the primary eve
preserved by the center of mass of its secondary dissocia
products. The observed broadness of the peak shapes fo
CDn

1 (n50 –2) ions reflects that high kinetic energy. Fu
thermore, according to the experiment, the kinetic energy
the fragments CDn

1 decreases towards smallern. This can
also be explained by the two-step picture of the dissociat
As discussed above, the energy converted into translati
motion of the fragments can probably vary in a broad ran
up to the maximum of about 12 eV. The more of the ene
is released as translational in the primary dissociation~1!, the
less vibrational energy is available for the second-step di
ciation. Thus, the faster the CD3

1 fragment, the less likely it
is to dissociate into the lighter CDn

1 ions. In other words,
producing lighter fragments consumes more energy
breaking the C-D bonds. Therefore the observed hea
fragments tend to have higher kinetic energies than
lighter ones. The kinetic energy of the CD3

1 fragment was
found to be 0.9 eV and thus the total kinetic energy relea
in reaction~1! is 9 eV and, since the calculated total ener
release in this reaction is 11.8 eV~Table III!, the vibrational
excitations of the CD3

1 fragment amount for less than 3 e
This is, according to Table III, insufficient to dissociate t
fragment further@except by reaction~4! with 2.8-eV disso-
ciation energy, but allowing for the experimental and calc
lational error bars, the available energy can well remain
low the threshold also for this reaction#. If, on the other
hand, the primary dissociation~1! follows a route in which
,9 eV of translational kinetic energy is released, furth
dissociation of the created slower CD3

1 fragments takes
place. Thus, the proposed dissociation scenario and the
culated energies agree well with the experimentally de
mined kinetic energy of the CD3

1 fragment.
The second step, in which the translational energy rele

is smaller, does not contribute significantly to the kine
energy of the final CDn

1 fragment, assuming that there is n
directional correlation between the primary and second
events. If the lighter fragments would be created directly
the primary dissociation event, the decrease of kinetic ene
for the lighter fragments would not be obvious. A number
possible processes could contribute to the production
CD2

1 , CD1, and C1. For example, the energy release in t
process~3! yielding CD2

1 would be equal to that of proces
~1! for CD3

1 . While it is apparent that the primary fragme
CD3

1 has a very high probability to dissociate further, pr
dicting the relative abundances of the final fragments is m
difficult. One expects a secondary process to be more lik
to occur if the required energy is smaller. Thus, according
Table III, the probabilities to produce CD2

1 and CD1 ions
are about equal, while the C1 production is less likely. The
CD1 and C1 fragments can appear also as further disso
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tion @processes~7!–~9!# of CD2
1 , following the process~4!.

This sequence of processes requires more available en
because no bound D2 fragments remain, and its contributio
to the dissociation is probably minor.

Our two-step model of dissociation can be compared w
earlier results from photoion-photoion coincidence measu
ments@10#, where the dissociation of the1E state of CH4

21

was best described by the reaction CD4
21→CD2

11H1

1H ~as a single dissociation pathway!. The authors found a
so-called Coulomb repulsion model most suitable, givi
large kinetic energy to the ionic fragments and very little
the neutral hydrogen. Our approach agrees well with th
observations, although the hydrogenic fragments would
ejected sequentially, not simultaneously, and alternative
sociation channels are possible. The time delay before e
ing the second, neutral hydrogen fragment would not be
ible in the ion time-of-flight spectra as long as the second
event takes place before the CD3

1 ion enters the acceleratio
stage of the TOF analyzer. The time scale of the dissocia
is probably in the same range as the frequency of vibratio
oscillations—in the order of 100 fs or less, which is mu
shorter than the time needed to collect ions from the inter
tion region into the TOF analyzer.

3. Dissociation following valence ionization

For comparison, let us briefly consider the dissociation
a molecule with a single hole in the valence 1t2 orbital.
Following vertical transition from the neutral ground sta
the nuclear geometry of the ion starts to relax towards on
the three Jahn-Teller-split components; their relative con
bution to the photoionization cross section is determined
the Franck-Condon factors between the ground state and
corresponding geometries. According to calculations, th
are two stable Jahn-Teller components, which are see
vibrational progression in the photoelectron spectrum~con-
tained in the single 1t2 peak of the low-resolution spectrum
in Fig. 1! @37#. A principal difference between direct ioniza
tion and Auger decay is that in the first case the ene
difference in the final state (CD4

1) after vertical transition
and in its equilibrium is much smaller—about 1 eV for th
lowest Jahn-Teller component in CD4

1 , as compared to
about 8 eV in CD4

21 ~Table II!. The dissociation dynamics
following valence ionization should therefore be much mo
sensitive to the details of the potential-energy surface
our guideline calculations do not represent these features
curately. Several studies have been carried out on this t
and as a general conclusion, only some of the Jahn-Te
components can dissociate producing the CD3

1 fragments,
while others remain stable as the CD4

1 ions @3,4,6–8#. In
addition to the different dissociation products following co
or valence ionization, also the line shapes in the EREI
spectra~Fig. 2! are very different. The much narrower pea
in the spectrum following the 1t2 ionization are explained by
the smaller kinetic energy of the fragments.

Inner-valence ionization of the 2a1 orbital produces the
CD2

1 and CD1 and the lack of the parent ions CD4
1 in the

ion mass spectra indicates that they are always unstable
our knowledge, there are no theoretical studies concentra
4-8
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on the dissociation of the 2a1
21 state. Some qualitative dif

ferences with the 1t2
21 state are obvious:~i! There is no

Jahn-Teller symmetry lowering of the 2a1
21 state.~ii ! The

strongly bonding orbital 2a1 has the full tetrahedral symme
try of the molecule and encompasses evenly the four D
oms, whereas each of the triply degenerate 1t2 orbitals forms
a more selective bond. This can account for the obser
more general breakdown of the molecule. A comparison
tween the fragmentation patterns of the 2a1

21 electronic
states and the higher-lying Auger final states 2a1

22 ~see Fig.
1! would be of interest in future studies.

V. CONCLUSIONS

We have observed very different molecular fragmentat
patterns following selective photoionization of the outer v
lence 1t2, inner valence 2a1, and the C 1s (1a1) core orbital
of the CD4 molecule. The latter is followed by electron
Auger decay creating doubly ionized molecules. The Au
transitions to the 1t2

22 final states cause a much more co
plete fragmentation of the molecule than the direct 1t2 va-
lence photoionization, as demonstrated by the energy
solved electron-ion coincidence measurements, a

FIG. 5. A schematic diagram of the energy levels of the neut
core-ionized, and doubly ionized CD4 molecule and of its dissocia
tion products. The energy levels correspond to ourab initio calcu-
lations and include zero-point vibrational energy. Probable disso
tion routes for the first step (CD4

21→CD3
11D1) are represented

by the shaded area.
r,

.A
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supported by noncoincidence ion mass spectra.
Theoretical calculations of the molecular geometries a

total energies were carried out for the dissociating dou
ionized molecule and for its fragments. The dynamics of
dissociation following the Auger decay was modeled by
‘‘dynamic walk’’ procedure. Based on these results and o
experimental findings, a two-step dissociation model
shown schematically in Fig. 5 is proposed. According to
dynamic walk modeling, the doubly ionized molecule fir
follows the reaction CD4

21→CD3
11D1, in which a large

(.10 eV) amount of potential energy is converted into t
translational and vibrational energies of the fragments.
most cases, the vibrational energy of the CD3

1 fragment is
sufficient to cause a secondary dissociation producing
CD2

1 , CD1, and even C1 fragments, as observed in th
experiment. The translational kinetic energy of these fr
ments is progressively smaller, as more and more of
available energy needs to be converted into vibrational
ergy of the CD3

1 ion during the first stage of the dissociatio
~see Fig. 5!. This decrease of kinetic energy towards t
lighter fragments as well as the fragmentation pattern itse
indeed in good agreement with our experimental results.
sequential dissociation scenario presented in this work is
alternative to a simultaneous multiparticle dissociation. T
present experiment does not yet reveal full details for
complex dissociation dynamics following core-hole dec
such as the time delay between the primary and secon
events that is predicted by the two-step model.

The vibrational motion of the core-ionized molecule, a
though not represented by the calculations, probably play
important role in selecting the secondary dissociation rou
Much more extensive simulations would be needed to c
firm this aspect. Experimentwise, triple coincidence m
surements between the Auger electrons ejected carbons
photoelectrons and ions would allow us to study the dis
ciation of different vibrational levels of the core-ionize
state.
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