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Dissociation of deuteromethane following carbon & 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 sarbon 1
core hole. Complementary noncoincidence ion mass spectra were measured below and aboetkinesd-1
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 aabadhitio 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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[. INTRODUCTION Such studies in gas-phase put high requirements on the ex-
perimental apparatus and light sources due to the inherently

Photoionization and absorption processes often damagdéw count rates of the coincidence measurements.
the molecular bond structure to such an extent as to result in Extensive knowledge has been gathered about the mo-
a complete or partial fragmentation of the molecule. Theleculards;omauon following UV ionization of th(_a outer mo-
availability of tunable synchrotron radiation makes it pos—IeCUIar orbitals(see Ref[2] and references ther@inA num-

sible to selectively remove electrons from different molecu ber of experimental as well as theoretical studies exist on the
y dissociation of the methane molecule under various valence-

lar valence orbitals or deeper atomiclike core levels. Th§eye| excitation condition§3—8]. Less is known about the
photon energy dependence of the dissociation processes CBfbcesses taking place after the creation of a core (Reé.

be studied by detecting the produced fragments using the i0f9] and references thergirA considerably greater amount of
time-of-flight (TOF) technique, for example. However, one is energy is deposited in the molecule by core-level photoab-
ultimately interested in tracing back every detected dissociasorption than by valence absorption. As a result, fast elec-
tion event to a particular type of the photoionization or ex-tronic relaxation processe@mostly Auger transitions in
citation event. In order to achieve this goal, coincidencdighter elementsfollow, creating multiply ionized molecules
measurements are needdd. In particular, detecting photo- in well-defined electronic states and providing unique start-
electrons or Auger electrons in coincidence with the ionicing conditions for the molecular dissociation. New dissocia-
fragments of the molecule provides us with a detailed andion pathways and many-body reactions become possible
highly differential picture of the molecular dynamics follow- [10,11. Core ionization is also followed by nuclear relax-

ing the absorption of monochromatic synchrotron radiationation towards the equilibrium of the core-hole state, which
competes in time with the electronic relaxatidi2] and can

have an effect on the eventual breakdown of the molecule.
Studying the nuclear dynamics after core-hole creation can

*Electronic address: Edwin.Kukk@oulu.fi . . .
' win.Kukk@oulu.fi reveal new aspects not accessible in the UV excitation re-
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gime, as observed for example in the &3], CO, [14,15, 00T N —
and H,0 [16] molecules. W
- 2
Here, we present experimental results on the molecular 300 4 @ —

fragmentation following carbon sl core ionization in the
deuterated methane molecule. The isotopic substitution of
the hydrogen was used to enhance the ion mass resolution of
the experiment. The ionic fragments were detected in coin-
cidence with the Auger electrons, eliminating the electronic
processes other than the core ionization and subsequent Au-
ger decay to the selected doubly ionized states. The results
are compared with the fragmentation patterns recorded be- 0
low the C 1s threshold following selective ionization of the 25 20 15 10
outer molecular orbitals. As complementary results, nonco- Binding energy (eV)

incidence measurements of the ionic fragments below and

above the C & threshold are also presented. The results are 2000
interpreted on the basis of quantum chemical calculations of
the molecular structure and dynamics, focusing on the dou-
bly ionized molecule created by the electronic Auger decay.
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Il. EXPERIMENT
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The measurements were carried out at the 1411 undulator

beamline of MAX-II laboratory(Lund, Swedeh The beam-

line is equipped with a modified SX-700 plane grating mono- 0 I I T I T I I

chromator and efficient differential pumping stages between a0 e (295\;’) a0 20

the end station and beamline, for gas-phase measurements o

[17]. FIG. 1. (a) Valence photoelectron spectrum of gDneasured at
The experimental setup for the energy-resolved electronhy=70 eV. (b) Normal Auger-electron spectrum measurechat

ion coincidencd EREICO measurements is described in de- =350 eV. Vertical bars mark calculated energies of the,D

tail elsewherd18]. It comprises of a 125-mm electrostatic final electronic states and horizontal brackélts-(3) indicate the

hemispherical electron energy analyzer Omicron EA12%lectron energy windows for the EREICO measurements.

(EA) coupled with a 120-mm free drift length, modified

Wiley-McLaren type of ion TOF analyzer. The EA is

equipped with five channeltron detectors, placed along théhe array of five were used for obtaining a common start

dispersive direction. A confined gas source, which is an insignal.

tegral part of the TOF spectrometer, provides target gas pres- A complementary set of noncoincidence ion yield mea-

sures 10—100 times above the chamber pressure. During tigrements was performed at the undulator beamline U49/1-

measurements the chamber pressure is kept below §GM of BESSY-Il, Germany, using an ion time-of-flight

X 10°% mbar. Different pass energy and entrance slit com-Spectrometer developed at the University of Oul@]. This

binations of the EA allow us to select suitable electronWiley-McLaren-type spectrometer uses a pulsed figl@

kinetic-energy resolution. In order to perform the EREICOKHZ2) ion extraction from the interaction region. The extrac-

measurements, first the electron energy spectrum of the réion pulses serve as the start signal for the time-digital con-

gion of interest is measured at the selected photon energy?rter PC card that then stores the ion ﬂlght times from the

with a pass energy and entrance slit combination providingnultiple stop pulses from the multichannel plate detector.

sufficient energy resolution. The kinetic energy of the elec-The spectrometer has been optimized for good mass resolu-

tron peak with which the ion coincidence spectra will betion and therefore the peak broadening due to the kinetic

measured is then determined. The voltages of the EA are seéperdy of the ions is negligible. The mass resolution of the

manually to correspond to the selected kinetic energy and agPectrometer was found to be about 1% for the present mea-

kept constant during the following coincidence measuresurement. Due to the strong electric fiel¢t1 kV/cm) in

ment. For these, the commercial data-acquisition system dhe source volume, the transmission of the spectrometer is

the EA is replaced so that the electrons detected by the chaMery high and virtually all ions are collected.

neltrons of the EA provide the start signal for the time-of-

flight measurements and the ions detected by the TOF ana- Ill. EXPERIMENTAL RESULTS

lyzer are used as the stop pulses for the time-to-digital

converter cardmodel 7886 by FAST ComtecThe card is

installed in a personal computéPC) with the appropriate

software for data acquisition, storage, and display. For the Electron energy spectra measured prior to the EREICO

present EREICO measurements, three channeltrons out ofeasurements are presented in Fig. 1. The valence photo-

A. Energy-resolved electron-ion coincidencéEREICO)
measurements
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ot ..CD; to the 1a§(2a11t2)6 configurations. The assignment of this
%02 GD 2 spectrum was done already by Ortenburger and SEZfis
/ X The individual energy levels that are shown in the figure are
; c . from our ab initio calculations, described in Sec. IV. The
" | A‘M (3) dominant structure corresponds to tha£2a?1t; configura-
W () PV tion, which has four energy levels. The horizontal brackets in
Fig. 1 mark the positions and approximate widths of the
energy windows from where the electrons were detected in

Intensity (arb. units)

@) coincidence with the ions in the following EREICO mea-
J surements.
AW AR The EREICO spectra are presented in Fig. 2 after convert-
b CD, ing the original time-of-flight scale into the ion mass/charge
3

scale using the relatiofiec\/M/Q. The ions in spectrél)—
(3) were measured in coincidence with the electrons from the
regions(1)—(3) of Fig. 1. The resolution of the EA in the

) EREICO measurements was lower than for the noncoinci-
. | ; dence electron energy spectra taken under identical settings,

W" T 11 i since a common electron signal was obtained from three de-
2 4 6 8 10 12 14 16 18 20 22 24 tectors. Taking into account the spacings of the channeltrons
M/Q (amurau) along the dispersive direction of the detection plane and the

analyzer’s dispersion, the estimated resolution for the 40-eV
FIG. 2. Energy-resolved electron-ion coinciden@REICO pass energyspectra(1)—(2)] is about 2.0 eV and for the 70
spectra of C. The ion mass spectrd) and (2) are measured at eV [spectrum(3)] about 3.5 eV. Spectrél) and (2) corre-
hv=70 eV in coincidence with thet} and 2, photoelectrons, spond to ion production following the ionization of the,1
correspondingly. Spectrugd) is measured in coincidence with Au- and 2a, molecular orbitals, respectively, with 70-eV pho-
ger electrons abhv=350 eV. tons. Spectrum3) shows ions produced after the normal
Auger transitions to a doubly ionized final state, 1. The

electron spectrum, measuredhat=70 eV, is shown in Fig. three spectra exhibit very different dissociation patterns,
1(a); the normal Al’,lger spectrum measu'remat= 350 eV summarized in Table I. The valence photoionization of the
is s'hown in Fig. 1b). The spectr:a were recorded using,the 1t, orbital r_esults mostly in a stable molecular ion £0
40-eV and 70-eV pass energy of the EA for the photoeIectroﬁggﬁsac;ﬁ]?é?%hteo Ctge_oonbss_r Ve:c'gfea!(n t?)t ng an duheHct);/;/l(lever,
and Auger electron spectra, correspondingly. The electro y lons dissociate | eutral
energy resolution of these spedia0 eV in Fig. 1a) and 1.9 fragments(not detectejl There is no observable dissocia-
eV in Fig. 1(b)] equals that of a single channeltron detector.tIon into lighter fragments Cp.: (n=0-2), noris _there ev
The neutral ground state of Gas the electron configu- dence of the C —~CDy+D" process. lonization of the

. P A inner valence orbital &; [spectrum(2)] results in a more
ration of 1a32a71t; in the tetrahedraly symmetry[ 20,21,  complete fragmentation of the molecule—there are no stable

where the &h; molecular orbital resembles closely the parent CR* ions or CO* fragments. Mostly the CB and
atomic carbon & orbital and will be hereafter referred to as jn a lesser extent the CDfragments are produced. A notable
such. The spectrum in Fig(d) shows the outer valence pho- difference from spectrurtil) is also the presence of the'D
toelectron line 1, with mostly unresolved Jahn-Teller-split jons that can originate from the GD—CD,_;+D" type
components and the inner valence line;122-24. The dissociation. Quite different fragmentation processes follow
normal Auger final states of the spectrum in Figo)lbelong  the Auger decayspectrum(3)], in which two holes are cre-

TABLE |. Relative abundances of ions from the TOF spectra of,.Clhe electronic state corresponding
to the coincidence electrons is given for the EREICO measurements.

Electronic

hv (eV) configuration c cD* CD," CD;* cD,”*
EREICO measurements
70 1t,t 0.45 0.55
70 2a; ! 0.25 0.75
350 1t2’2 0.06 0.25 0.51 0.18
lon yield measurements
350 0.21 0.27 0.38 0.12 0.02
260 0.04 0.22 0.35 0.20 0.20
difference® 0.23 0.28 0.39 0.11 0.00

% rom the spectrum dtr=350 eV after subtracting the spectrumhat=260 eV, normalized to the equal
intensity of the CQ* peak.
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FIG. 3. Aregion of the EREICO spectru(8) of Fig. 2 (circles,
hv=350 eV, ions in coincidence with Auger electroprtegether
with simulated peak shapéknes).

FIG. 4. lon mass spectra of GDneasured at the photon energy
of 260 eV (1) and 360 eV(2), normalized to the equal intensity of
the CD," peak. The difference spectruf®@-1) is given on top.

ated in the valencet} orbital. The major fragment ion here
is CD,*, with CD"™ and C" also present, and some structure netic energies obtained from the simulation are the follow-
corresponding to CB". Here, too, the D ions are ob- ing: 0.5 eV (C" and CD'), 0.7 eV (CB"), and 0.9 eV
served, but in addition a weak signal appears at 4 amu, co(CD,;"). Note that the voltages applied across the interaction
responding to the P’ ions. region are higher for spectrui) than for (1) and (2) and

The peak shapes in the EREICO spectra of Fig. 2 argnys similar peak widths in spectru(@) correspond to con-
strongly influenced by the kinetic energy of the ions. Thegiqeraply larger kinetic energies. In order to better represent
voltage applied across the interaction region for directing thgne experimental spectrum, the ions were assigned a certain
ions into the TOF analyzer is relatively lo\ V for spectra G4 sgjan kinetic-energy spread centered at the above-given
(1) and(2) and 16 V for spectruni3)] and there is a delay in 5,65 This spread can be viewed as due to the projection of

entering the analyzer for the ions moving initially away from \he ayger initial state’s nuclear wave function onto the
it. This results in peak broadening and even splitting in th(ig?

. X ) otential-energy surfaces of the doubly ionized Auger final
case of fast ions. Under the present experimental settings, the-+a< and was found to be about 0.5-0.6(&M width at

kinetic-energy releasg i_n the dissociation is the most impor, ;¢ maximun). The light ion of D' has an exceptionally
tant factor for determining the TOF peak shape. In order tq,5 1\ peak in spectré) and (3), although it probably has
determlne the_kmetlc energy of the ions, Monte Ca.rlo peai?1igh kinetic energy as well. A large fraction of these ions
shape simulations were performed. These simulations takgscanes detection and the voltages in the interaction region

|dnt? atc':cour!t tlhed.|on tlrrlne c?flﬂ'gh,t fro(;n |tsd crt?anon t% S are sufficient only to collect the ones with the initial velocity
etection, including the delay introduced by our data-in g narrow cone towards the analyzer.
acquisition electronics and the electron time of flight from its

emission to its detection in the electron analyzer. The ions
for the Monte Carlo simulation are generated according to a
given kinetic-energy distribution and are emitted isotropi- The EREICO measurements allow one to select precisely
cally. This energy distribution is then adjusted until the besthe electronic state from which to study the dissociation pro-
fit to the measured ion TOF peak is obtained. The simulacess. As a drawback, the coincidence count rates are quite
tions also account for the finite size of the source volume andbw and the spectra have poor statistics. We performed addi-
the photon beam, but since space focusing conditions arénal noncoincidence ion yield measurements, using a
fulfilled, these factors have only a minor effect on the peakWiley-McLaren-type ion TOF spectrometer. The spectra,
shape. converted to theM/Q scale, are shown in Fig. 4 for the

In spectrum(1), the peaks are relatively narrow, inferring ionizing photon energy belowWspectrum(1)] and above
ion kinetic energies less than 0.02 eV. The peak shapes afepectrum(2)] the C 1s threshold. These spectra represent
quite different in spectruni2); they consist of two compo- ions from all photoionization and excitation processes pos-
nents, corresponding roughly to the ions moving towards andible at the given photon energy. Spectr@im is mostly a
away from the TOF analyzer. Fitting with simulated shapegesult of the 2, and 1, direct ionization, possibly with
gave the kinetic energies of about 0.2 eV for both the"CD contributions from double ionization and satellite excitations.
and CO,* peaks. The region of the heavier fragments of theSpectrum(2) follows mostly the C % ionization and Auger
spectrum(3) is shown in Fig. 3 together with simulated peak decay, with a much weaker contribution from direet;2and
shapes. As for spectruii®), strong broadening due to high 1t, ionization. In addition to the peaks associated with,CD
kinetic energy of the ions is seen and in the case of thg'CD the spectra exhibit some spurious oscillations in the region
ion, the peak is clearly split into two components. The ki-between 2 and 6 amu due to electronic noise.

B. lon yield measurements
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In order to compare these noncoincidence results with thever, assuming fast nuclear relaxation of the core-hole state
ion—Auger-electron EREICO measurements, the contribuprior to the Auger decay seems to give satisfactory compu-
tion from valence ionization was subtracted from the spectational results in cases like CO under typical experimental
trum (2) of Fig. 4 as follows: It is not possible to produce the conditions[27]. In this work, we also assume the relaxed
CD,* fragment following the Auger decay, which creates thegeometry of the core-hole state as the starting point for the
CD,?" ions. The CQ* peak in spectrun(2) is therefore dissociation. As a further approximation, the vibrational mo-
entirely due to valence ionization. The relative intensities oftion in the core-ionized state is not taken into account, i.e.,
the other peaks from valence ionization can be assumed to like molecule is assumed to be “frozen” initially.
the same ahv=260 eV and 350 eV. Subtracting spectrum  The molecule can start to dissociate already in the core-
(1) from spectrum(2) after normalizing them to the equal hole state, as observed for HCI, for examfee Ref[28]
intensity of the CQ* peak leaves a spectruimarked(2-1)  and references therginn the case of Ci} however, this is
in Fig. 4], representing only the dissociation following core unlikely, since the core-hole state is bound according to cal-
ionization (see also Table)l Comparing this spectrum with culations[29], which are confirmed by the observed vibra-
the EREICO spectrung3) of Fig. 2 shows that there is a tional progression in the Cslphotoelectron spectrum of
larger fraction of lighter fragments present in the noncoinci-methand 30]. In brief, we assume the following sequence of
dence spectrum, particularly the®Cproduction is much events:(1) Core-ionization of the neutral deuteromethane.
higher. This seeming discrepancy can be explained by takin¢?) Nuclear relaxation of the core-hole ionic state to its equi-
into account that all possible Auger final stateg(2a;1t,)®  librium geometry(3) Auger decay, creating two holes in the
contribute to the noncoincidence TOF spectrum, whereas thealence 1, orbital. (4) Nuclear relaxation of the doubly ion-
EREICO spectra relate mainly to th@2a31t5 states. The ized state, eventually leading to the fragmentation of the
dissociation pathways producing lighter fragments could benolecule.
preferred after the Auger decay to the higher-energy
laj2alit and 1a32a%1t$ states. This is a reasonable as- B. The molecule and its fragments
sumption considering that also the direct photoionization of Let us first consider the deuteromethane molecule in vari-
the 2a, orbital results in a more complete fragmentation than . . . L .
the ionization of the 1, orbital, supported by the very recent ous relevant electronic states prior to the dissociation and its

results by Fainellet al.[11]. A similar shift towards stronger 1agments after the dissociation is complete. The ground
fragmentation has been observed in the case of,N#hen State of CH (CDy) is well known to have tetrahedral sym-

populating higher-lying doubly ionized statg and is con- M€ty with the C-H bopd length of 1.0873[&1]. In Table II
sidered to be a general tender{@l]. Another notable dif- are given the properties of the neutral ground state of CD
ference is that the ' peak appears to be more intense inand of the singly and doubly ionized molecule as well as of
the noncoincidence measurements above thes @hfeshold Some of its dissociation products. In the following, we use
[spectrum(2), Fig. 4] than in the EREICO spectfapectrum the energies and geometries obtained using multiconfigura-
(3), Fig. 2]. Also a weak signal corresponding to thg'D  tion self-consistent-field (MCSCH approach in the
ions appears. This suggests that if higher-energy Auger finglomplete-active-space optimization employing the cc-pvVDZ
states of the aj2aj1t3 and 1af2allt configurations are basis se{32](except for the core-ionized moleciiltor the

reached, new dissociation processes, such as,>CD sake of regularity, even if in some cases more accurate ex-
—CD,"+D," and CD2*—CD"+D;", gain importance. perimental or theoretical values are available. The calcula-
tions were performed using thBALTON quantum chemistry

IV. CALCULATIONS AND DISCUSSION code[33]. o
B _ The C Is core ionization does not destroy the ground-
A. Initial assumptions state symmetry, but results in shortening of the C-D bonds

The aim of the present calculations was to find the mosfrom 1.087 A to 1.032 A[31,34 in the la;2ailt3(?A;)
likely path of dissociation the molecule follows after core State. In contrast, valence ionization of thig drbital creates
ionization. It is important to clarify the initial conditions for an electronic state that is subject to Jahn-Teller distortions
the dissociation, as on the femtosecond timescale there is 485]. As the Jahn-Teller theorem states, “for a nonlinear mol-
interplay between electronic and nuclear relaxations after thecule in an electronically degenerate state, distortion must
core ionization. On one extreme, the core-hole decay can beccur to lower the symmetry, remove the degeneracy, and
so rapid that no changes in the molecular geometry occupwer the energy’[36]. We obtained a nuclear equilibrium
before the double valence hole Auger final electronic state igeometry for the lowest doublet stataithout preserving
created. In such a case, the molecular dissociation wouldény of the symmetry elemenfswhich is very close to the
start from the well-known neutral ground-state geometry. If,.C,, symmetry, with the C-P bond lengths of 1.21 A
at the other extreme, the core-hole state has time to find its 1,2), 1.08 A f=3), and 1.10 A (=4). The small devia-
equilibrium before the Auger decay takes place, the dissocidion from theC,, symmetry can probably be attributed to the
tion would start from a different core-hole state geometry.deficiencies of the rather small basis set. Our result is in good
These simultaneous processes would be properly representegreement with recent calculations by Takesf®#], where
by a one-step coupled model of the core ionization or coresimilar parameters in th€,, geometry were obtained for the
excitation, Auger decay, and nuclear moti#®,26. How-  lowest CH," state?B;.
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TABLE Il. Properties of the C> molecule in its neutral and ionized states and of its fragments. The
energies and equilibrium bond lengths are from MCSCF calculations, unless noted otherwise. Lowest-energy
singlet or doublet states are given.

Molecule/ Energy (H)
fragment Electronic Vibrational Total Re(A) Note
CD, —40.281 0.032 —40.249 1.11 T4 geometry
CD, 0.032 1.09 [31,43 mass corrected
c*D,* 0.035 1.04 core ionizef29,34
cDh,* —39.819 0.028 —39.791 1.21; 1.09
—39.873 1.19; 1.09 [37]
CcD,”" —39.748 1.09 ground-state geometry
CD,2* —39.148 0.026 —39.122 1.32; 1.15 equilibrium, planar
—38.823 1.04 core-ionized geometry
—38.875 1.09 ground-state geometry
CDg* —39.280 0.023 —39.256 1.11; 1.09
1.09 [40]
CcDh,* —38.664 0.012 —38.652 1.11
1.11 [41]
CD" —37.998 0.005 —37.992 1.14
c* —37.357 —37.357
Dy —1.636 0.008 —-1.632 0.95
D" —1.343 [44]
D, —-1.163 0.007 —1.156 0.76
—-1.174 0.007 -1.167 0.74 [43,45
D," —0.600 0.004 —0.596 1.05
D —0.500 —0.500

The Auger decay of the core hole creates the electron A number of molecular fragments can be produced by the
configurations of a§(2a11t2)6 in the T4 geometry. As seen dissociation. Their geometry-optimized energies are also
from the normal Auger spectrurtiFig. 1) and according to listed in Table 1. The lowest singlet state of gDwas found
calculations[25,38, mostly the h32a?1t; configuration is  to have a planar geometry with the D-C-D angles of 120°
populated. There are four terms in the, 12 configuration, and the C-D bond lengths of 1.11, 1.11, and 1.09 A. With a
T,0T,=(3T,,E, 1T,,A,), from which mostly the singlet larger basis set, one would again probably arrive at equal
states’E and 1T, are populated by the Auger transition, the bond lengths and the exadt;, symmetry. The present result
1A, state having much less intensit$8]. As electrons are is in good agreement with Ref#0], where a planar configu-
removed from the degeneraté,lorbital, the molecule un- ration with 1.087-A C-H bond length was found for GH.
dergoes Jahn-Teller distortions destroying Thesymmetry. The next fragment, CP', has a 1.11-A bond length and
There are several possible new equilibria in the lower syma 139° bond angle, in a good agreement with R&f]. The
metry. In Table Il, the optimized geometry of the lowest last heavy molecular fragment, CDhas a 1.14-A optimized
singlet state of the CB* ion is given, obtained from energy bond length. The neutral fragments £h=0-3) are not
minimization of the lowest singletE state in theC,, sym- listed in Table Il, since their production is unlikely and they
metry. The same nuclear configuration was arrived at also igannot be observed in our experiment.
an optimization without preserving any symmetry elements.

The new equilibrium corresponds to a planar molecule, with C. Molecular dissociation
the C-D, bond lengths of 1.32 Ar=1,2) and 1.15 A _ o
=3,4) and the angles of 42.6° (BEC-D,), 126.2° 1. Primary dissociation

(D3-C-Dy), and 95.1° (B-C-D;, D,-C-D,). This energy The vertical Auger transition from the core-ionized equi-
minimum can indeed contain bound states, as verified bjibrium onto the potential-energy surface of the doubly ion-
vibrational analysis. A planar geometry was also predictedzed state leaves the ion with the excess energy of more than
for AH, systems with six valence electrons, such as,CD 8 eV above its zero-point enerdg¥able II). In order to fol-

by Saturnd39], both in its lowest-energytriplet) state and low the dissipation of this energy, a so-called dynamic walk
first excited state. With the vertical transitions from thewas performed. In this procedufé2], the force vectors on
ground and core-ionized state in mind, we also calculated theach atom are calculated at the given initial nuclear geometry
energy of CD?" for the lowest singlet statéE at the cor-  after optimizing the electronic structure. Then, small dis-
responding tetrahedral configuratiofi@ble II). placements of the nuclei are performed according to the
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TABLE lIl. Primary and secondary dissociation reactions fol-  Starting at the ground or core-ionized geometry does not
lowing C 1s core ionization and Auger decay and their energy change the final result. This is to be expected, as the avail-
release £>0) or required dissociation energ 0). able kinetic energies do not differ mu¢about 12 eV from
the core-ionized geometry and 10 eV from ground-state ge-

Number Reaction EnergieV) ometry). After the dissociation barrier is crossed, the Cou-
1 CD,2*—CD;* +D* 11.8 lomb repulsion between the fragments gives them quite high
2 CD,2*—CD,"+D*+D 9.0 translational energgabout 6 eV in our calculationsThe rest
3 CD,2*—CD," +D," 11.6 (also about 6 eYis confined in the CB" fragment mainly
4 CD;*—CD," +D -28 as vibrational excitations. The energies in Table Il should be
5 CD;*—CD* +D, -29 taken as guidelines for qualitative arguments rather than as
6 CD;*—C"+D,+D - 6.6 accurate values. Particularly the division of the released en-
7 CD,* —CD*+D —4.4 ergy between the translational and vibrational kinetic ener-
38 CD,*—»C*+D, -38 gies probably varies considerably, since it is dependent on
9 CD"—C"+D -3.6 the particular moment of the vibrational motion of the parent

ion, when the ejection of the Dfragment occurs. This in
' . . . turn depends on in which state of the vibrational motion the
force field. The process is repeated interactively—the elec- S
tronic structure is reoptimized, the nuclei shifted—until thecpre-lonlzedﬂolecule was at the moment of th_e Auger tran-
molecule dissociates. The procedure is semiclassical in th jtion. It h_as b_een shown, for exar_nple, that in the case of
sense that it does not quantize the vibrational motion of thé-F the vibrations of the core-excited state can affect the
molecule, which behaves as a classical oscillator. outcome of the dissociation procdds]. Moreover, it can be

The molecular dynamics was simulated by the dynamic€en from the vibrational progression of the lehotoelec'—
walk following several different initial conditions and using tron spectrun{30] that there is a high probability to excite
different basis sets, although for the final results, the ccthe higher levels of the symmetric stretehvibrations of the
pVDZ basis was used. The starting geometry was either th&ore-hole state. These vibrations were not taken into account
of the neutral ground or of the core-ionized state. In bothin our dynamic walk procedure, where the nuclei are at rest
cases the vibrational motion of the molecule at the beginningt the initial configuration. The ratio of the translational and
of the walk was not taken into account—the nuclei had novibrational energy might also depend on which term of the
initial momenta. If at least one symmetry element was preinitial 1t, ? configuration to follow, as their Jahn-Teller dis-
served(the C group during the dissociation, then a three- torted equilibrium geometries are different and thus also the
particle fragmentation to CJJ, D*, and D takes placepro-  excitations of the vibrational modes.
cess 2 in Table Il However, if no symmetry restrictions  According to the dynamic walk, one expects the process
were imposed on the mo'leculc'a, then a different pro¢éss CD,>"—CD;*+D" to take place as the primary dissocia-
(Table 1) occurs, producing singly charged €Dand D° i event, creating fragments with high kinetic energy. This
fragments. Whereas the dissociation p@hcorresponds t0 s jngeed supported by the coincidence measurements, where
the strongest ion peak observed in the EREICO speEim the weak CR" peak is split due to the high kinetic energy of

2), it does not explain the presence of the Lriragments. the fragment. It is energetically possible to have dissociation

AIS(_),_ the preservation of a reflection plan_e ha_s no O_bVIOU%f CD,2* producing also the § or D+ fragments. These
justification, and thus we base the following discussion on :
the results obtained without symmetry restrictions. processes, although of large energy release, are not likely

Following the nuclear dynamics of GB' , it was appar- according to our calculations, supported also by the very

. X n i : .
ent that several vibrational modes became strongly excited anall intensity of the B or D™ peaks in the experimental

the ion relaxes towards its equilibrium geometry. At first, theEREICO spectra.

nonquantized vibrational motion of the dynamic walk can be

regarded as a Jahn-Teller distortion, lowering Thesymme- 2. Secondary dissociation
try towards a planar configuration. So much energy is re- L o
Ie)z/';lsed in this irl?itial stage, ﬁowever, that the moIeCL?I)e/ disso- The COJ ioniis stable in its ground state and needs about
ciates. The details of the nuclear motion depended on thd €V Of energy for dissociatiofiTable lil). However, after
type of calculation—the used basis set, size of the activéhe primary dissociation eveft), the Chy" ionis leftin a
space, etc. However, in all performed calculations the endlighly vibrationally excited state. It is very likely that the
result was the same—a*Dfragment was ejected from the €xcess vibrational energy eV from the simulatiohis suf-

ion at the moment when the vibrational modes combine witHicient to complete the fragmentation proces¢#sand (5)
suitable phaseén the order of 100 fs after Auger degajNo  (Table Ill) and to produce the CD and CD" fragments in a
principal differences were found when following the dynam-secondary dissociation event. The proc&syielding C*

ics of the two lowest-energy electronic terms of £D. seems to require slightly more energy than is available, but
This suggests that the dissociation dynamics and mechas the vibrational energy of GD is expected to vary con-
nisms are similar for the lower-energy terms of £D, al-  siderably and allowing for the inaccuracy of the calculations,
though we consider here only the lowest-energy singlet ternit should be included as a possible dissociation channel. The
of CD,2* . secondary dissociation of GD yielding neutral CQ} (n
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=0-2) fragments requires considerably more energy thation [processe$7)—(9)] of CD," , following the proces$4).
the processes listed in Table [H] and is less likely to take This sequence of processes requires more available energy,
place. because no bound,Oragments remain, and its contribution
The translational energy release in the secondary prog the dissociation is probably minor.
cesses(4)—(6) is smaller than in the primary event. In a  Qur two-step model of dissociation can be compared with
simple picture, smaller translational energy release is partigarlier results from photoion-photoion coincidence measure-
due to the lack of Coulomb repulsion in the secondary diS'ments[lO], where the dissociation of thtE state of CH2*
sociation. However, one should keep in mind that thesCD \yas best described by the reaction £b—CD,*+H*
ion already has high kinetic energy from the primary event,; 4 (as a single dissociation pathwairhe authors found a
preserved by the center of mass of its secondary dissociatiagh-called Coulomb repulsion model most suitable, giving
products. The observed broadness of the peak shapes for thgge kinetic energy to the ionic fragments and very little to
CD," (n=0-2) ions reflects that high kinetic energy. Fur- the neutral hydrogen. Our approach agrees well with these
thermore, according to the experiment, the kinetic energy oppservations, although the hydrogenic fragments would be
the fragments CP" decreases towards smaller This can  gjected sequentially, not simultaneously, and alternative dis-
also be explained by the two-step picture of the dissociationsgciation channels are possible. The time delay before eject-
As discussed above, the energy converted into translationq)f{gl the second, neutral hydrogen fragment would not be vis-
motion of the fragments can probably vary in a broad ranggpe in the ion time-of-flight spectra as long as the secondary
up to the maximum of about 12 eV. The more of the energyeyent takes place before the ¢Dion enters the acceleration
is released as translational in the primary dissociationthe  stage of the TOF analyzer. The time scale of the dissociation
less vibrational energy is available for the second-step dissqgg probably in the same range as the frequency of vibrational
ciation. Thus, the faster the GD fragment, the less likely it gscillations—in the order of 100 fs or less, which is much

is to dissociate into the lighter GD ions. In other words, shorter than the time needed to collect ions from the interac-
producing lighter fragments consumes more energy fofion region into the TOF analyzer.

breaking the C-D bonds. Therefore the observed heavier
fragments tend to have higher kinetic energies than the
lighter ones. The kinetic energy of the gDfragment was
found to be 0.9 eV and thus the total kinetic energy released For comparison, let us briefly consider the dissociation of
in reaction(1) is 9 eV and, since the calculated total energya molecule with a single hole in the valence, lorbital.
release in this reaction is 11.8 dVable IIl), the vibrational  Following vertical transition from the neutral ground state,
excitations of the CB" fragment amount for less than 3 eV. the nuclear geometry of the ion starts to relax towards one of
This is, according to Table Ill, insufficient to dissociate thethe three Jahn-Teller-split components; their relative contri-
fragment furthefexcept by reactiort4) with 2.8-eV disso- bution to the photoionization cross section is determined by
ciation energy, but allowing for the experimental and calcu-the Franck-Condon factors between the ground state and the
lational error bars, the available energy can well remain beeorresponding geometries. According to calculations, there
low the threshold also for this reactipnif, on the other are two stable Jahn-Teller components, which are seen as
hand, the primary dissociatiofi) follows a route in which  vibrational progression in the photoelectron spectiigon-
<9 eV of translational kinetic energy is released, furthertained in the single tl, peak of the low-resolution spectrum
dissociation of the created slower gD fragments takes in Fig. 1) [37]. A principal difference between direct ioniza-
place. Thus, the proposed dissociation scenario and the calen and Auger decay is that in the first case the energy
culated energies agree well with the experimentally deterdifference in the final state (GD) after vertical transition
mined kinetic energy of the CP fragment. and in its equilibrium is much smaller—about 1 eV for the
The second step, in which the translational energy releasewest Jahn-Teller component in GD, as compared to
is smaller, does not contribute significantly to the kineticabout 8 eV in CR?* (Table Il). The dissociation dynamics
energy of the final CR" fragment, assuming that there is no following valence ionization should therefore be much more
directional correlation between the primary and secondargensitive to the details of the potential-energy surface and
events. If the lighter fragments would be created directly inour guideline calculations do not represent these features ac-
the primary dissociation event, the decrease of kinetic energgurately. Several studies have been carried out on this topic
for the lighter fragments would not be obvious. A number ofand as a general conclusion, only some of the Jahn-Teller
possible processes could contribute to the production ofomponents can dissociate producing the;CBragments,
CD,", CD*, and C". For example, the energy release in thewhile others remain stable as the CDions [3,4,6—§. In
procesg3) yielding CD, " would be equal to that of process addition to the different dissociation products following core
(1) for CD;™ . While it is apparent that the primary fragment or valence ionization, also the line shapes in the EREICO
CD;* has a very high probability to dissociate further, pre-spectra(Fig. 2) are very different. The much narrower peaks
dicting the relative abundances of the final fragments is mor@ the spectrum following thet} ionization are explained by
difficult. One expects a secondary process to be more likelthe smaller kinetic energy of the fragments.
to occur if the required energy is smaller. Thus, according to Inner-valence ionization of thea2 orbital produces the
Table I, the probabilities to produce GD and CD" ions  CD," and CD" and the lack of the parent ions GDin the
are about equal, while the"Cproduction is less likely. The ion mass spectra indicates that they are always unstable. To
CD" and C" fragments can appear also as further dissociaeur knowledge, there are no theoretical studies concentrating

3. Dissociation following valence ionization
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Theoretical calculations of the molecular geometries and

. supported by noncoincidence ion mass spectra.
-29.60 o C'D, _T% >
=
o |18 total energies were carried out for the dissociating doubly

T CD4 . . . .
CD,2* - CD,'+D" ionized molecule and for its fragments. The dynamics of the

dissociation following the Auger decay was modeled by a
| N CD, - “dynamic walk” procedure. Based on these results and our
¥ > - experimental findings, a two-step dissociation model as
\ § . shown schematically in Fig. 5 is proposed. According to the
\ dynamic walk modeling, the doubly ionized molecule first
follows the reaction CR#*—CD;"+D™, in which a large
(>10 eV) amount of potential energy is converted into the
_Sci;“bnum > __cp' 4, translational and vibrational energies of the fragments. In
CD,"+D most cases, the vibrational energy of the COragment is
-39.2 7 sufficient to cause a secondary dissociation producing the
CD,", CD", and even C fragments, as observed in the
experiment. The translational kinetic energy of these frag-
T L ¢D, ground ments is progressively smaller, as more and more of the
027 S available energy needs to be converted into vibrational en-
DisSaCimon-3 ergy of the CQ™ ion during the first stage of the dissociation
((see Fig. $ This decrease of kinetic energy towards the
core-ionized, and doubly ionized GBnolecule and of its dissocia- lighter fragments as well as the fragmentation pattern itself is
tion products. The energy levels correspond to aiinitio calcu-  iNdeed in good agreement with our experimental results. The

lations and include zero-point vibrational energy. Probable dissociaS€dquential dissociation scenario presented in this work is an
tion routes for the first step (G —CD;" +D*) are represented alternative to a simultaneous multiparticle dissociation. The

by the shaded area. present experiment does not yet reveal full details for the
complex dissociation dynamics following core-hole decay,
on the dissociation of theaZ ! state. Some qualitative dif- such as the time delay between the primary and secondary
ferences with the ! state are obviousti) There is no €vents that is predicted by the two-step model.

Jahn-Teller symmetry lowering of theag! state. (i) The The vibrational motion of the core-ionized molecule, al-
strongly bonding orbital &, has the full tetrahedral symme- though not represented by the calculations, probably plays an

try of the molecule and encompasses evenly the four D atmportant role in selecting the secondary dissociation route.

oms, whereas each of the triply degeneratedtbitals forms Much more extensive simulations would be needed to con-

a more selective bond. This can account for the observeffM this aspect. Experimentwise, triple coincidence mea-

more general breakdown of the molecule. A comparison beSUrements between the Auger electrons ejected carlson 1

tween the fragmentation patterns of thal_é electronic photoelectrons and ions would allow us to study the disso-

states and the higher-lying Auger final stateas_‘? (see Fig. ciation of different vibrational levels of the core-ionized
. . . state.
1) would be of interest in future studies.

-38.9 4

-39.0 1

-39.1 4

Energy (hartree)
core ionization

vibr. energy

—L-cp, +D°

FIG. 5. A schematic diagram of the energy levels of the neutral
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