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Vibrational relaxation and isomerization of internally excited deuterated formyl and isoformyl
cations has been investigated on the time scale of 2 ms to 12 s using the nearly interaction-free
environment of an ion storage ring. De-excitation of thev2 bending modes of DCO1 and DOC1

due to spontaneous radiative transitions was observed as a function of the storage time by measuring
their foil-induced Coulomb explosion using three-dimensional coincident fragment imaging. No
isomerization of low-lying vibrational levels of DOC1 ions was observed on the time scales
considered. By comparing the Coulomb explosion data to molecular bond angle distributions
obtained from vibrational wave function calculations, the time evolution of the meanv2 population
is deduced for both isomers. The stored DOC1 ions are found to thermalize with the 300 K
black-body radiation, while relaxation of the DCO1 bending vibrations was found to require
considerably longer times, in agreement with a predicted very small transition moment of thev2

51 level. © 2002 American Institute of Physics.@DOI: 10.1063/1.1461812#
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I. INTRODUCTION

In low density gas-phase environments, such as p
etary atmospheres or molecular clouds, spontaneous ra
tive relaxation is the dominant cooling mechanism for int
nally excited molecules. Since reaction rates, prod
distributions, and branching ratios may significantly depe
on the reactants’ vibrational excitation, modeling the g
phase chemistry in such environments relies on informa
regarding the internal excitation of the involved molecu
and their rate of change. While at typical temperatures of
to 100 K only the lowest vibrational levels are expected to
populated assuming equilibrium conditions, shock waves
external radiative heating, which occur in star-forming
gions, may require kinetic information on relaxation rat
Furthermore, absolute radiative transition probabilities
needed when deducing molecular abundances from
strengths of infrared emission features.

For molecular ions, which dominate the chemistry at lo
densities, very little laboratory data are available on spon
neous radiative transitions, essentially due to the experim
tal difficulties to both store the molecules interaction-fr
and study their internal excitation during the storage. The
fore, theoretical calculations are frequently used when ra
tive transition probabilities are required in chemical clo
models or the analysis of infrared emission spectra. Exp
mentally, vibrational lifetimes for several small molecul

a!Present address: Department of Chemistry, University of Califor
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7000021-9606/2002/116(16)/7000/12/$19.00

Downloaded 22 Jul 2004 to 132.77.4.129. Redistribution subject to AIP
n-
ia-
-
t

d
-
n
s
0
e
r

-
.
e
e

a-
n-

-
a-

ri-

ions have been obtained with the monitor ion technique,
cluding HCO11 and the stretching modes of DCO1.2 The
lifetimes are extracted by measuring the product yield
stored molecular ions reacting with buffer gas as a funct
of storage time, using buffer gas reactions that are exot
mic only when the molecular ions are vibrationally excite
A new possibility of measuring vibrational lifetimes of mo
ecules has been opened up recently by combining a sto
ring with a Coulomb explosion imaging setup as describ
below. This technique has already been successfully use
determine vibrational lifetimes of HD1 for v50 to 11.3,4

In this work we report an investigation of the vibration
relaxation of the bending modes of DCO1 and its isomeric
variant DOC1. HCO1 and DCO1 are abundant molecula
ions in the interstellar medium, HCO1 being the first tri-
atomic molecular ion to be astrophysically observed,5 and
their spectra reveal substantial information, e.g., regard
the proton–deuteron isotope ratio in molecular clouds.6 Us-
ing infrared absorption spectroscopy, thev1

7 andv3
8 stretch-

ing fundamental bands were investigated for DCO1,
whereas to our knowledge the bending fundamental band
not been detected this way, in contrast to HCO1, where all
fundamental bands have been observed.9–14 The bending
fundamental transition of DCO1 has only very recently been
measured using double resonance vibrational autoioniza
spectroscopy of high Rydberg states of DCO converging
vibrationally excited states of DCO1.15 The lack of infrared
absorption data indicates a low transition moment for
DCO1 bending mode, a conjecture which is supported by
only available calculation of Sebald,16 who predicts a life-
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time of 13 s for the lowest bending level of DCO1; due to a
strong isotope effect, this lifetime is about 40 times long
than the corresponding lifetime in HCO1. On the other hand
the radiative lifetimes for the lowestv1 and v3 stretching
vibrational levels of DCO1 are calculated to be 50.8 an
18.1 ms, respectively,16 i.e., much shorter as compared
that of the bending mode. The only experimental lifetime
to now has been reported by Heningeret al.,2 who obtained a
reasonable agreement for the lowestv3 level (2462.5 ms),
but found a deviation by a factor of 4 from the calculati
for the lowestv1 level (226645 ms), which is attributed to
a vibrational coupling of the (v1 ,v2

l ,v3)5(1,00,0) level to
the (0,11,1) level. For the first excited bending mode
DCO1 they could only set a lower limit of about 6 s to th
lifetime.

The DOC1 isomer was first detected in a millimete
wave spectroscopy experiment in 1986.17 As can be seen
from Fig. 1, which shows a cut through a recently publish
3D Born–Oppenheimer potential surface for the form
isoformyl system,18 the DOC1 potential minimum lies 1.7
eV above the DCO1 minimum and the barrier height fo
isomerization to DCO1 is 1.6 eV. Only for the isotopome
HOC1 has a vibrational transition been observed, namely
v1 stretching fundamental band.19 The first interstellar obser
vation of HOC120 was confirmed only in 1995,21 pointing to
an abundance ratio@HCO1#/@HOC1# of 140–360, much
smaller than expected from model calculations.21 Vibrational
lifetime measurements or calculations for the DOC1 isomer
have not been reported to date.

The investigation of the DCO1 and DOC1 molecular
ions presented in this paper was performed using the
induced Coulomb explosion imaging~CEI! technique in con-
junction with the heavy ion test storage ring~TSR! at the
Max-Planck-Institut fu¨r Kernphysik in Heidelberg.22,23 This
technique allows measurement of the spatial structure di
butions of molecular ion ensembles at different time del
with respect to their production in the ion source, cor
sponding to different degrees of internal relaxation. By co
paring the measured structure distributions with theoret
distributions deduced from calculated vibrational wave fu

FIG. 1. Cut through the CCSD~T! potential energy surface~taken from Ref.
18! for the DCO1/DOC1 system as a function of the Jacobi angleuR ~see
the inset!. The energy is minimized with respect to the two Jacobi distan
for each value of the Jacobi angle.
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tions, the relative population of excited vibrational states c
be monitored. With this technique, e.g., the vibrational lif
times in HD1 have been measured4 and the rate coefficien
for dissociative recombination of HD1 could be determined
as a function of its vibrational excitation.3 Moreover, vibra-
tional de-excitation rates of H2

1 due to superelastic collision
with free electrons could be studied.24 The experiment on
DCO1 and DOC1 that is presented here represents the fi
study of the relaxation dynamics of a triatomic molecular i
with the CEI technique. Both isomers were produced a
investigated simultaneously, which allowed us to follow t
relaxation of the bending vibrations of both isomers und
identical systematic conditions and to study possible isom
ization transitions of excited DOC1 ions towards the stable
DCO1 configuration.

The paper is organized as follows: In the following se
tion the experimental procedure is described, whereas
experimental results that could be derived directly from
data are presented in Sec. III. The calculation of the theo
ical distributions and their comparison to the experimen
data is given in Sec. IV, while the results are discussed
Sec. V.

II. EXPERIMENT

The Coulomb explosion imaging setup at the stora
ring TSR and the analysis procedure for Coulomb explos
data have already been described in detail in a recent p
on HD1.23 In the following the CEI technique is shortl
summarized and the specific properties of the experim
with DCO1 and DOC1 ions are described.

A. Foil-induced Coulomb explosion imaging

In Coulomb explosion imaging~CEI!22 the spatial struc-
ture of a molecule is imaged by measuring the asympt
velocities of all ionic fragments after the molecule disso
ated in a Coulomb explosion process. The explosion
started by rapidly removing most of the electrons from t
molecule so that the dynamics of the remaining ions is g
erned by the dissociative Coulomb potential. If the transit
from the molecular Hamiltonian for the nuclei to the Co
lomb Hamiltonian is fast compared to vibrational and ro
tional time scales, then the asymptotic fragment velocit
yield essentially a snapshot of the spatial configuration of
molecule prior to dissociation. This is achieved in fo
induced CEI, where the molecules to be investigated are
celerated to high velocities in the laboratory frame~typically
several times the Bohr velocityVBohr5ac; a and c denote
the fine structure constant and the speed of light, resp
tively! and are then passed through a very thin target
~'40 Å! ~see Fig. 2!. Due to the high velocity all binding
electrons are scattered off inside the target within about
fs, while the atomic fragment ions move straight throug
When they exit the foil after about 1 fs their relative pos
tions have been modified only slightly by the Coulomb r
pulsion between them, which is screened by the target e
tron density, and by multiple small angle scattering from t
target atoms. Almost all of the potential energy of the ion
fragments is then released in the Coulomb explosion in
vacuum behind the target foil. A few meters behind the tar

s
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foil the asymptotic velocity vectors of all fragments are me
sured in coincidence using a three-dimensional multipart
imaging detector.

The basic assumption of the CEI technique is that
potential surface that governs the dissociation dynamic
represented by a 1/R Coulomb potential. This is true only fo
fully stripped fragment ions, which can be treated as po
like charges. Fragment ions that still bind some electr
when they leave the foil only exhibit a 1/R potential whenR
is sufficiently larger than the extension of the remaining el
tron cloud around the ion. For fragment ions with we
bound inner-shell electrons the Coulomb potential is the
fore expected to be a valid description. However, when
radius of the electron cloud is comparable to the internuc
separation this assumption does not hold anymore an
more detailed description of the explosion dynamics
required.

By measuring a set of typically 105 to 106 CEI events,
probability distributions in the space of the asymptotic v
locities, referred to asV space, are obtained. TheseV-space
distributions carry the information about the distribution

FIG. 2. Schematic picture of the Coulomb explosion imaging of a form
molecular ion. A three-dimensional imaging detector is used to measur
three asymptotic velocity vectors (VD

` ,VC
` ,VO

`) in coincidence.
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spatial configurations of the molecules prior to the explosi
referred to asR-space distribution. For a single rovibration
level, theR-space distribution is given by the square of t
molecular wave function averaged over the electronic
grees of freedom. For a statistical ensemble of molecu
such as a thermal ensemble, the trace of the proper de
operator is to be evaluated. Transformations fromR-space
distributions obtained from quantum-mechanical calculatio
to theoreticalV-space distributions are performed by using
Monte Carlo algorithm,25,26 which takes into account the
scattering inside the target and the detector resolutions.
Monte Carlo algorithm may also allow a numerical inversi
from experimentalV-space data to an experimentalR-space
distribution.27

B. Preparation of the molecular ion beam

The DCO1 and DOC1 cations are produced in the frag
mentation of deuterated methoxide anions CD3O2 using the
tandem van-de-Graaff accelerator of the Max-Planck-Inst
für Kernphysik~see Fig. 3!. A beam of methoxide anions i
produced in a cesium sputter source using deuterated me
nol gas and is passed into the tandem accelerator. The an
are then accelerated towards the high voltage terminal of
tandem, thereby gaining 1.67 MeV of kinetic energy, and
fragmented in collisions with a nitrogen gas stripper. A
positively charged fragments are further accelerated towa
the high energy exit of the tandem, where they are m
selected using a magnetic dipole field. Fragments with
mass of 30 a.m.u., expected for molecules containing
12C, one16O, and one deuterium nucleus, are separated f
the other mass components and are guided to the heavy
storage ring TSR. The total kinetic energy of the molecu
amounts to 3.16 MeV, corresponding to a velocity of 2.
a.u. (1 a.u.5ac).

The DCO1/DOC1 beam is then injected into the storag
ring TSR~see Fig. 3!, where it is stored with a 1/e lifetime of
about 3 s, which is due to residual gas collisions despite

l
he
FIG. 3. Experimental setup including ion source, accelerator, storage ring TSR, and the Coulomb explosion imaging facility.
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7003J. Chem. Phys., Vol. 116, No. 16, 22 April 2002 Deuterated formyl and isoformyl cations
background pressure of only 5•10211 mbar. The storage al
lows rovibrationally excited molecular ions to undergo spo
taneous radiative transitions, which finally lead to a mole
lar ion ensemble at 300 K internal temperature.28 As
described above, the stretching vibrations of DCO1 and
DOC1 are expected to thermalize within several millise
onds, whereas the bending vibrational modes may take m
seconds to thermalize with the 300 K background radiat
field. Collisions with the residual gas result predominantly
a dissociation of the stored molecules, which is the domin
loss mechanism of the stored beam from the TSR; inela
collisions that only transfer energy to or from the stored m
ecules without leading to dissociation are unlikely due to
high beam velocity. This is confirmed by our experiments
rotational and vibrational cooling of HD14 and CH1,28

which show no sign of internal excitation due to residual g
collisions.

A small fraction of the stored molecular ions, typical
104 per second, is continuously extracted from the stor
ring using slow beam extraction23 and is guided to the Cou
lomb explosion imaging setup~see Fig. 3!. Before hitting the
CEI target the molecules are passed through an electros
chopper that is switched by the Coulomb explosion dete
to allow only a single molecule at a time to be transferred
the target foil. Moreover, the molecules are collimated us
two circular holes~2.5 mm in diameter, 3 m apart! before
they impinge on the target foil, which consists of diamon
like carbon with an area density of 0.7mg/cm2, correspond-
ing to a geometrical thickness of 35 Å.29 It is mounted on a
nickel mesh~transmission about 80% across a 2 mmdiam-
eter opening!. The dwell time of the DCO1 and DOC1 ions
in this target foil amounts to 0.8 fs, more than one order
magnitude faster than the time scale of the highest freque
vibration of DCO1. The Coulomb explosions of about 105

molecular ions with storage times between 2 ms and 1
were observed and analyzed as described in the next sec

C. Measurement of the fragment velocities

The Coulomb explosion of a DCO1 or DOC1 molecular
ion results in a deuterium, carbon, and oxygen fragment
the latter ones being encountered in several different ch
states. The most probable charge states at the empl
beam velocity range from 21 to 41 for carbon and 21 to
51 for oxygen. Using a weak dipole magnetic field dow
stream of the target foil~see Fig. 3!, the three fragments ar
guided towards different positions on the two CEI detecto
depending on their charge-to-mass ratio. In this way, de
rium is well separated from the two heavy fragments. Ho
ever, certain charge states of carbon and oxygen~in particu-
lar C31 and O41 having a charge-to-mass ratio of 1:4! are
deflected to the same region of the detector, which prev
their unambiguous identification. The latter is true also
charge-to-mass ratios which do not match exactly, beca
each fragment hits the detector within a cone of several c
timeters diameter due to the additional velocity it has
quired in the Coulomb explosion. Taking into account t
accessible parameter range in terms of detector position
magnetic field, only the charge state combination of C21 and
O21 was found to allow unambiguous identification of th
Downloaded 22 Jul 2004 to 132.77.4.129. Redistribution subject to AIP
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particle mass. This can be seen in Fig. 4, where the meas
two-dimensional distribution of the C21 and O21 impact po-
sitions transverse to the beam direction is plotted. The ca
lated impact positions of the C1 and O31 charge states are
also shown. The O21 fragments are observed in a region
the detector where no carbon ion can be deflected. E
though the C21 charge state partly overlaps with the O31

explosion cone, a C21 fragment can be clearly identified i
an O21 fragment is detected in coincidence. Only events t
are identified in this fashion as D1/C21/O21 events are used
in the further analysis.

The asymptotic relative velocities of the three Coulom
explosion fragments are calculated from their transverse
sitions and their arrival times on the two three-dimension
multiparticle imaging detectors, which have been describ
in detail in Refs. 23 and 30. The deuterium fragment, wh
is deflected more than the heavier ions, is imaged on a
cular detector of 118 mm diameter, whereas the oxygen
carbon fragments are recorded on a rectangular detecto~76
393 mm! located closer to the original beam direction. Ea
of these detectors consists of a CsI-coated mylar foil to p
duce an electron shower for each fragment, a two-stage
crochannel plate for amplification of the electron signal, a
a phosphor screen for conversion of the electron pulse in
light spot. CCD cameras are used to measure the transv
impact positions from these light spots. The precise meas
ment of the relative impact times of the fragments uses t
ing signals that each fragment induces on thin anode st
located behind the phosphor screen. A combination of c
stant fraction discriminators and charge-sensitive ADC m
ules yields measurements of the impact times of all fragm
ions relative to the first fragment hitting the detector. T
achieved FWHM resolutions for impact positions and arriv
times amount to about 100mm and 200 ps, respectively. Fo

FIG. 4. Impact positions of the C21 and O21 fragments on one of the
imaging detectors. Due to the deflection of the ions in the small magn
field of the CEI setup, the O21 ions could be unambiguously identified. Th
coincident fragment detected on the same detector then has to be a21

fragment. The dashed circles indicate the regions of impact for C1 and O31

ions.
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each event, the storage time in the TSR is also recorded
The analysis procedure that is required to obtain the r

tive velocity vectors for each event from the measured d
on impact positions and times has been described in deta
Ref. 31 and the general procedure can also be found in
23. After calibrating the detectors and correcting for the d
ferent deflection in the dipole magnet, the transformation
the position and time data into the nine Cartesian velo
components of the three fragments can be performed
each event. Six of these constitute the asymptotic rela
velocity vectors between the fragments. Two further com
nents describe the transverse velocities of the center of m
of the molecule and are used to check if the center of mas
the molecule did indeed remain almost unchanged during
Coulomb explosion; the part of the data~;20%! that is sub-
ject to center of mass deflections of more than 2 mrad a
from the original beam axis is removed in the analysis.
nally, the ninth component denotes the velocity of the cen
of mass along the beam direction; it is derived from t
revolution frequency of the molecular ions in the TSR
measured with a Schottky noise pickup.

For a triatomic molecule, three internal coordinates
sufficient to describe the relative velocities inV space. The
other three relative coordinates are the angles defining
orientation of the relative velocity vectors in the laborato
space; they were used to confirm that the Coulomb explo
events occurred with random orientations of the molecu
ions in the laboratory frame,31 similar to the findings for
HD1.23 For the DCO1/DOC1 system, the orthogonal Jaco
vectors of Fig. 1 are used in bothR- andV-space. The three
Jacobi coordinates for the internal velocities are the ma
tude of the relative velocity between the carbon and the o
gen fragment, denotedVCO, the magnitude of the relative
velocity between the center of mass of the CO subunit
the deuterium,VD , and the cosine of the angle between the
two velocity vectors, cosuV . Typical values for the experi
mental FWHM resolutions amount to about;6% for
DVCO/VCO and DVD /VD and about absolute;0.05 in
cosuV . The Jacobi coordinate system is well adapted to
analysis of the Coulomb explosion of the two formyl is
mers, because the angular coordinate cosuV provides a one-
dimensional coordinate inV-space that allows one to distin
guish between the two isomers. Clearly, the Coulo
explosion of a linear DCO1 ion yields a value of cosuV

521, whereas for a linear DOC1 isomer a value cosuV5
11 is measured. Deviations from the linear configuration
R space due to the bending vibrational motion then lead
distribution of Jacobi angles inV space. This will be dis-
cussed further in Sec. IV. The coordinatesVCO andVD con-
tain information about the strength of the repulsion betwe
the fragments, which can be related to the molecular b
lengths prior to the dissociation.

III. EXPERIMENTAL RESULTS

In the present study on isomerization and bending vib
tional relaxation of DCO1 and DOC1, we employ the Jacob
angleuV to describe the asymptotic velocities between
CEI fragments, as described in the previous section. The
tributions P(cosuV) of the Jacobi angleuV for various stor-
Downloaded 22 Jul 2004 to 132.77.4.129. Redistribution subject to AIP
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age time intervals in the TSR are obtained by histogramm
the measured values of cosuV . The normalizedP(cosuV) are
shown in Fig. 5 for five different time intervals. For ease
visualization,P(cosuV) in Fig. 5 are multiplied by powers o
10 and the semilogarithmic scale is used. One may note
the angular probability densityP(cosuV) would assume a
constant value of 0.5 for an isotropic distribution.

The probability densitiesP(cosuV) of Fig. 5 vary exten-
sively with the storage time. For the time interval of 2–2
ms, P(cosuV) shows a maximal value of 1.5 at cosuV

521; it drops continuously to a value of 0.1 at cosuV'0 and
stays constant for cosuV.0. After 400 to 600 ms of storage
the distribution significantly changes shape showing a m
mum around cosuV50.2 with a probability density smalle
than 0.1, while the probability densities near cosuV511 and
cosuV521 are slightly increased. This change in the sha
of P(cosuV) continuously advances for longer storage tim
the minimum lowers to a value of almost 0.01 for the long
time interval of 10–12 s and two clearly distinct distributio
develop around cosuV511 and cosuV521 with an increas-
ing maximum probability density and decreasing distributi
width.

The two peaks observed in the probability distributio
for large storage times are assigned to the two isomers o
deuterated formyl cation, with cosuV521(11) correspond-
ing to the linear DCO1 ~DOC1! configuration. Since the two
distributions overlap only slightly for storage times long
than 1 s, a cut at cosuV50.2 has been used to distinguish th
two isomers~see Fig. 5!. This criterion has also been use
for storage times less than 1 s to get atleast a reasonable

FIG. 5. Measured bending angle distributionP(cosuV) of the DCO1/DOC1

ions for different storage times of the formyl ions in the TSR~the distribu-
tions are multiplied by powers of 10 for clarity!.
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estimate of the isomer populations for short storage time
In order to quantify the variation of the experiment

Jacobi angle distribution with the storage time, we introdu
the median cosuṼ, defined by

E
x

cosuṼ
P~cosuV!d~cosuV!5 1

2E
x

0.2

P~cosuV!d~cosuV!.

~1!

The latter quantity is calculated for each of the conside
storage time intervals by usingx521 for the DCO1 distri-
bution andx51 for DOC1. The corresponding results ar
displayed in Figs. 6~a! and 6~b!. For DCO1 @Fig. 6~a!#, the
median cosuṼ decreases with increasing time between
ion production and the Coulomb explosion measurem
The decrease to a limiting value of cosuV;20.8 occurs
roughly exponentially with a time constant of approximate
900 ms. The median of the DOC1 distribution @Fig. 6~b!#
shows a similar behavior for cosuV values of the opposite
sign since the DOC1 distribution peaks at cosuV511 in-
stead at21 as for the DCO1 distribution. The width of the
DOC1 distribution is larger than for DCO1 and the time
constant of approximately 700 ms is slightly shorter than
DCO1. The storage time dependence of the median see
Figs. 6~a! and 6~b! for both isomers actually reflects the fa
that the spatial structure of the molecular ions changes w
storage time, which is due to the radiative relaxation of
cited vibrational levels of the deuterated formyl cations d
ing the time interval between their formation and analysi

FIG. 6. Medians cosuṼ deduced with the aid of Eq.~1! from ~a! the DCO1

and ~b! the DOC1 fraction of the measured bending angle distributi
P(cosuV) as a function of the storage time.~c! Fraction of the DOC1 ions in
the formyl ion beam as a function of the storage time.
Downloaded 22 Jul 2004 to 132.77.4.129. Redistribution subject to AIP
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The fractional abundance of the metastable isom
DOC1 in the molecular ion beam as a function of the stora
time is obtained by integrating the probability dens
P(cosuV) for cosuV values larger than 0.2. We find tha
about 9% of the stored molecular ions belong to the DO1

isomer and that this fraction remains constant for stor
times up to 12 s, as seen in Fig. 6~c!. The error bars shown in
Fig. 6~c! result from the finite statistics of the data set on
possible systematic uncertainties due to the separation
are important only for storage times of less than 2 s and are
estimated to be~on an absolute scale! 1% for 0.5 s to 2 s and
about 3% for storage times of less than 0.5 s by assum
cosu V

cut50.260.2. From the constant fractional abundan
of Fig. 6~c!, the 1/e lifetime of the metastable isomer DOC1

against isomerization into the energetically favored DCO1

configuration is estimated to be larger than 60 s.

IV. COMPARISON TO THEORY

In this section the observed storage time dependenc
the P(cosuV) distributions is analyzed in terms of the vibra
tional excitation of the formyl ions and their radiative coo
ing times by comparing theoreticalP(cosuV) distributions to
the measured data. As will be described below, the theo
cal P(cosuV) distributions for all relevant vibrational catio
states are computed from the correspondingR-space prob-
ability distributions using a Monte Carlo model of the Co
lomb explosion imaging process.

A. Probability density in R-space

Theoretical one-dimensional angularR-space probability
distributions P(cosuR) for DCO1 and DOC1 were calcu-
lated by means of the DVR-DGB method32 using a global
analytical potential energy surface~PES! determined at the
CCSD~T! level of theory.18 The PES employed in the prese
calculation was previously used to study in detail the ro
brational energy spectrum of HCO1/HOC1 and
DCO1/DOC1 up to the ground state adiabatic isomerizati
barrier~3.6 eV above the global minimum of the PES!.18 The
DVR-DGB method used for the calculation of bound rov
brational levels of triatomic molecules is designed for o
thogonal internal coordinates in a body-fixed reference fra
and makes use of the discrete variable representation~DVR!
of the angular coordinate in conjunction with a distribut
Gaussian basis set~DGB! for the radial degrees o
freedom.18,32

Energy levels of DCO1/DOC1 are described by a set o
five quantum numbers (v1 ,v2

l ,v3) and J, wherev1 ,v3 are
attributed to the stretching vibrations andv2 to the bending
vibration, whereasl is the vibrational angular momentum
quantum number andJ is the total angular momentum. Fo
linear triatomic moleculesl 52v2 ,2v212,...,v222,v2 .
One may note that vibrational levels oflÞ0 are available
only for J> l . Quantum number assignments to the calc
lated levels of DCO1/DOC1 are obtained within the DVR-
DGB method in an automatic manner by means of the a
batic projection scheme employing zero-order eigenvec
computed in the adiabatic bend approximation.18

For a rovibrational state described by (v1 ,v2
l ,v3) andJ,

the angularR-space distribution is calculated from the fu
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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dimensional nuclear wave function,C (v1 ,v2
l ,v3)

J
, as the wave

function amplitude squared integrated over the radial coo
nates and Euler angles

P(v1 ,v2
l ,v3)

J
~cosuR!

5E
0

`E
0

`E
0

2pE
0

pE
0

2p

uC (v1 ,v2
l ,v3)

J u2dV, ~2!

whereV stands for the two radial coordinates and three Eu
angles. In the present study, only theR-space distributions
P(v1 ,v2

l ,v3)
J

(cosuR) for the first ten pure bending vibrationa

levels (0,v2
l ,0), with J5 l 50,1, are used for both deuterate

formyl isomers. The vibrational levels of the excited stretc
ing vibrations are not expected to be significantly popula
on the time scale of the present experiment due to their s
radiative lifetimes. The angular distributions for low-lyin
vibrational states are unaltered under rotational excitation
shown by our calculations forJ51 and 2. In the following,
the R-space distributions are therefore denoted
Pv2

(cosuR).
ThePv2

(cosuR) distributions for the vibrational levels o

v2
l 500,31,60, and 91 for DCO1 and DOC1 are shown in the

upper panels of Fig. 7. Both isomers are seen to be lin
molecules sinceP0(cosuR) of the ground vibrational level is
peaked at the linear configuration (cosuR561). The width
of Pv2

(cosuR) in Fig. 7 increases with the bend excitatio

FIG. 7. Upper panels: selectedR-space distributionsPv2
(cosuR) calculated

for DCO1 and DOC1. Lower panels: simulatedV-space densities
Pv2

(cosuV) for vibrational levels up tov259.
Downloaded 22 Jul 2004 to 132.77.4.129. Redistribution subject to AIP
i-

r

-
d
rt

as

y

ar

and is larger for DOC1 than for DCO1 due to the much
shallower angular profile of the PES around the DOC1 mini-
mum ~Fig. 1!.

B. Coulomb explosion calculations of the V-space
density

A Monte Carlo model is used to simulate the fo
induced Coulomb explosion process described in Sec.
and to generate the theoreticalV-space distributions
Pv2

(cosuV). The model is based on the Monte Carlo alg
rithm developed by Zajfmanet al.25,26,33for the foil-induced
Coulomb explosion process and includes the effects cau
by the finite experimental resolutions. The program in
grates the classical equation of motion for a large sample
dissociation events. Each event initially represents a form
ion prior to hitting the target. The initial conditions for th
integration are hence obtained by Monte Carlo sampling
R-space probability distributionPv2

(cosuR) describing the
spatial structure of the deuterated formyl cations with a s
cific bending vibration. The Jacobi angleuR defines one out
of nine position coordinates. The three angles specifying
orientation of the molecule in the laboratory reference fra
are chosen to yield an isotropic distribution, whereas
three coordinates of the center of mass position are set to
entrance surface of the target foil. The last two coordina
are the formyl bond lengths. These are set at their equ
rium values, since the Jacobi angleuV after the Coulomb
explosion, being the quantity of interest in the experime
depends only very little on the two bond lengths, i.e., t
fluctuations ofuR due to the bond length distribution is ne
glected. The initial velocities should also be specified for
integration of the classical motion. Apart from the over
beam velocity pointing towards the target, all velocity coo
dinates are set to zero. This approximation is justified by
fact that the Coulomb repulsion of the three fragments by
dominates the final velocities.

The equation of motion is integrated separately in
two regions of interest, inside the target foil and behind it
screened Coulomb potential is used to describe the repul
between the fragments inside the target. Scattering proce
of the individual fragment atoms with target atoms are ra
domly introduced in the course of their motion through t
target. The distance between two subsequent scattering
cesses is determined using a Monte Carlo method, whic
based on the procedure developed by Mo¨ller, Pospiech, and
Schrieder.34 The scattering angle and the change of t
charge state of the ion by electron stripping or capture
determined for each scattering process. When the fragm
have left the foil, the interaction is changed to a Coulom
potential between point-like fragments in fixed charge sta
The integration is performed until the remaining potent
energy becomes smaller than a cutoff quantitye, yielding the
asymptotic velocity vectors of all fragments. Before the c
culation of the quantity of interest, i. e., the Jacobi angleuV ,
the deflection in the magnetic field of the postdeflector a
the impact positions and times on the detectors are comp
and smeared by the experimental resolutions for each of
coordinates. These resolutions were determined separ
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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by measuring the response of the CEI detectors to alpha
ticles and laser pulses.35 Repeating these calculations fo
many events, one obtains a simulated data set which can
be analyzed in exactly the same way as the experimental
to yield the theoreticalV-space probability distributions
Pv2

(cosuV).

The first tenR-space distributionsPv2
(cosuR) for both

isomers have been transformed intoV-space distributions us
ing the Monte Carlo model described above. The resul
this transformation is shown in the lower panels of Fig.
Comparison of theV-space andR-space distributions show
that theV-space distributions are much less structured t
the ones inR-space, which is predominantly due to th
smearing caused by multiple scattering in the target foil;
detector resolutions contribute only a minor part. Moreov
the bending angles are spread over a much larger regio
V-space than inR-space. This is a consequence of the Co
lomb potential and not due to any smearing, as confirmed
Monte Carlo calculations where all target effects were
glected. In fact, the magnification of a given cosuR interval
into a much larger interval inV-space allows one to sens
tively probe molecular bond angle distributions which a
subject to only small deviations from a linear configuratio
For the analysis of the vibrational relaxation it is also imp
tant to note that theR-space distributions for different bend
ing vibrational states lead toV-space distributions which dif
fer substantially in their shape and width.

The Monte Carlo model assumes point-like ion cha
distributions for the Coulomb explosion fragments. This i
good approximation when only strongly bound electrons
left with the exploding fragment ions. If this is not the cas
then some electrons, while lowering the charge state of
fragment, may only partially shield the nuclear charge a
the dissociation potential will therefore be steeper than
pected for a pure Coulomb potential based on point char
This effect is expected to be active in the present Coulo
explosion measurement of formyl ions, because the ch
states 21 had to be used for the carbon and oxygen fra
ments in order to be able to identify them unambiguously
fact, the effect is clearly seen in the measuredV-space dis-
tributions of the relative velocitiesVCO andVD . These dis-
tributions are shown in Fig. 8 together with the results
Monte Carlo calculations assuming various point-like i
charge distributions. The Monte Carlo calculation based
the experimentally determined charge states 21/21 is shown
by a solid line. Clearly, the experimental distributions a
strongly broadened towards larger relative velocities as c
pared to this calculation. Neither smearing effects during
1 fs dwell time in the thin target nor a high stretching vibr
tional excitation of the molecule can account for these de
tions. Instead, the broadening has to be attributed to de
tions from a pure Coulomb potential during the first stages
the explosion in the vacuum behind the foil when the fra
ments are still very close to each other. Monte Carlo cal
lations that include this effect would require the dissociat
potentials for all electronic states that lead to a fragmenta
into D1, C21, and O21. Since these potentials are not ava
able, limiting cases of Coulomb potentials with the screen
being reduced by one or two electrons have been assum
Downloaded 22 Jul 2004 to 132.77.4.129. Redistribution subject to AIP
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the Monte Carlo calculations. These calculations are sho
in Fig. 8 for charge state combinations 21/31, 31/21, and
31/31 of the carbon/oxygen fragments. Obviously, the e
citation of only one or two electrons into states where th
screen the nuclear charge only partially is sufficient to
plain the broad velocity distributions observed in the expe
ment.

While the velocity distributionsP(VCO) and P(VD) are
strongly affected, the angular distributionsPv2

(cosuV) are
considerably less dependent on the exact shape of the d
ciation potential. This is shown by performing Monte Car
calculations ofPv2

(cosuV) for the higher effective charge
states observed to contribute to theP(VCO) and P(VD) dis-
tributions. For low lying vibrational levels, the resulting sy
tematic changes of thePv2

(cosuV) distributions turn out to
be smaller than the differences in the distribution betwe
two subsequentv2 levels, and they increase for higher ben
ing excitations. This is depicted in Fig. 9, where the media
cosuṼ of the Pv2

(cosuV) distributions calculated with effec
tive charge states 21/21, 21/31, and 31/21 are shown as
a function of v2 . The 21/31 charge state combinatio
shows smaller and the 31/21 combination shows larger me
dian values than the 21/21 result, while the cosuṼ values
for the 31/31 effective charge state combination~not
shown! coincide with the result for 21/21. Therefore, the
Monte Carlo results for point-like C21 and O21 ions are
used for comparison with the data and the deviations
served for the other charge state combinations are treate
a measure of the systematic uncertainty of the Monte C
calculation. Specifically, half the difference between t

FIG. 8. Measured distributions~given by the squares! of the Jacobi veloci-
ties VCO ~a! andVD ~b! compared to different Coulomb explosion calcul
tions assuming point-like charge distributions for the repelling ions a
leaving the target foil.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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cosuṼ(21/31) and cosuṼ(31/21) values was assumed a
the systematic uncertainty of the most likely median valu
for a given bending vibrational level.

C. Bending vibrational excitation of the formyl
isomers

Using the theoreticalV-space results obtained in the pr
vious section, one can now investigate the time evolution
the fundamental bending vibrational excitation of the DCO1

and DOC1 ions. However, the method developed to extr
the time dependence of the population of individual stret
ing vibrational levels, already successfully applied to hyd
gen ions,3,4,24,36cannot be used in the analysis of the bend
vibrational excitations of DCO1 and DOC1 as it relies on
the linear independence of the theoreticalV-space distribu-
tions, which is rather poorly fulfilled for the bending distr
butionsPv2

(cosuV). In fact, it turns out that forv2.0 each
Pv2

(cosuV) distribution can be approximately represented
a superposition of the distributions withv221 andv211,
namely~see also the lower panels of Fig. 7!

Pv2
~cosuV!' 1

2 @Pv221~cosuV!1Pv211~cosuV!#. ~3!

As a consequence, the superposition

P~cosuV!5 (
v250

9

pv2
~ tstorage!Pv2

~cosuV!, ~4!

with vibrational level populationspv2
(tstorage) depends only

on the mean vibrational population attstorage

v25 (
v250

9

pv2
~ tstorage!v2 , ~5!

and is@within the approximation of Eq.~3!# independent of
all other moments of the vibrational level population. Calc
lations have verified that this approximation holds well f
Gaussian-distributed vibrational level populations with
FWHM of up to ;4 vibrational levels.

The described property of the bending distributions inV
space allows one to derive the mean vibrational popula
v2 from the measuredP(cosuV) distributions without using a

FIG. 9. Median values cosuṼ calculated for different bending vibrationa
states with quantum numbers (0,v2

l ,0) for DCO1 ~left panel! and DOC1

~right panel!.
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complex fit to the data. Since the bending distributi
P(cosuV) and thus also their median value depend only
the mean vibrational populationv2, the calculated depen
dence of the median cosuṼ on the individual vibrational
bending vibrational quantum numberv2 shown in Fig. 9 can
be reinterpreted as sampling the functional dependenc
the median ofP(cosuV) on the mean vibrational populatio
v2. Thus, by interpolating between the results shown in F
9 one can transform the measured median values for dif
ent storage times@shown in Figs. 6~a! and 6~b!# into the
mean vibrational populationv2 of the stored formyl ions
versus storage time. The result of this transformation
shown in Fig. 10 for both DCO1 and DOC1. The error bars
given include only the propagated statistical accuracies
the experimental median values. The systematic uncerta
caused by the deviations of the dissociation potential from
Coulomb law can be estimated from Fig. 9 as well. Given
fixed value of cosuṼ, the systematic errors ofv2 are about20

11

for v2;1, reaching values of21
12 for v2;8 in the case of

DCO1 and21
13 at v2;8 for DOC1. It should be noted, how-

ever, that these systematic uncertainties do not explicitly
pend on the storage time and thus do not alter the gen
timedependence of the observed vibrational relaxation p
cess.

Both isomers show a fast relaxation of the bending
bration during the first 2 s of storage, with the initial vibra-
tional population involving even higher vibrational leve
than v259, the highest level included in the analysis. F
large storage times, the DCO1 ions are still left with a sig-
nificant vibrational excitation showing no significant sign
further relaxation; obviously, the radiative cooling time
reach the 300 K temperature of the storage ring walls, wh
would correspond~based on the calculated energy levels!18

to a mean vibrational population of onlyv2;0.1, is long
compared to the observation time of 12 s. For DOC1, there

FIG. 10. Plot of the average bending vibrational quantum numberv2 of ~a!
the DCO1 and~b! the DOC1 ensembles as a function of the storage time
the TSR.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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may still be some vibrational cooling taking place after t
fast initial decay, but the statistics at late storage times d
not allow to resolve this clearly. Moreover, for the DOC1

ions the expected mean vibrational population for a 300
ensemble is as high asv2;1.4, due to the small energ
spacing,18 in agreement with the mean vibrational populati
observed in Fig. 10.

Employing the measured mean vibrational populat
valuesv2, a more detailed comparison of the experimen
P(cosuV) distributions to the corresponding theoretical d
tributions has been performed. For this purpose the vib
tional population at a given storage time interval was
scribed by a Gaussian distribution with a mean value gi
by the corresponding valuev2 from Fig. 10 and a fixed vari-
ance of 0.5 vibrational levels. Note that the latter assump
is not critical because, as discussed above, the actual v
tional population distribution has very little impact on th
resulting distributionP(cosuV). In Figs. 11 and 12 the com
parison of the measured distributionsP(cosuV) ~crosses!
with the theoretical distributions~solid line! is shown for

FIG. 11. Comparison of the calculated bending angle distributions~solid
lines! to the DCO1 data for different storage times. In the last bin th
theoretical distribution that is expected at an equilibrium temperature of
K ~dashed line! is also shown.
Downloaded 22 Jul 2004 to 132.77.4.129. Redistribution subject to AIP
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DCO1 and DOC1, respectively. In the lowest panel, displa
ing the data for storage times between 10 and 12 s, the
oretical expectation for a thermal ensemble at 300 K is a
shown as a dashed line.

The overall agreement of the shape of the theoretical
experimental distributions is reasonably good for both i
mers, showing that the employed vibrational wave functio
together with the Monte Carlo model describe the Coulo
explosion of the DCO1 and DOC1 isomers quite well. Only
for the first time interval~2–200 ms! are the experimenta
distributions considerably broader than the theoreti
curves. This originates from the fact that only vibration
levels up tov259 were used in theV-space calculation,
while the experimentalP(cosuV) distributions clearly indi-
cate that during the first 200 ms of storage considera
higher vibrational levels are populated.

V. DISCUSSION

The experimental results indicate a constant abunda
of DOC1 molecules in the stored formyl ion beam of abo

0

FIG. 12. Comparison of the calculated bending angle distributions~solid
lines! to the DOC1 data for different storage times. In the last bin th
theoretical distribution that is expected at an equilibrium temperature of
K ~dashed line! is also shown.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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10 % for storage times between a few ms and 12 s@see Fig.
6~c!#. During this time interval the DOC1 ions populate ex-
cited bending vibrational levels before the radiative cool
is finished. The data thus show that not only the (0,00,0)
vibrational level of DOC1 but also the low lying excited
bending vibrational levels (0,v2

l ,0) do not tunnel to the
DCO1 isomer. This is in agreement with the calculation
Mladenović and Schmatz.18 They showed for the
HCO1/HOC1 system that only the vibrational levels whic
lie less than 120 meV~for J50! or 160 meV~for J51!
below the energy of the saddle point have a finite wave fu
tion amplitude on both sides of the potential barrier, and
therefore expected to have a finite tunneling probability
more detailed calculation of the tunneling effects has b
carried out by Grayet al. for the isoelectronic system
HNC.37 Using the reaction path Hamiltonian model, they o
tained a tunneling decay constant for HNC of 1011 s21 at an
energy of about 60 meV below the classical barrier
isomerization, decreasing exponentially by about a facto
10 for every 40 meV. They conclude that starting at ab
400 meV below the classical barrier the vibrational rela
ation rate can be expected to exceed the tunneling r
Moreover, they find that the tunneling time of the vibration
ground state is much longer than the age of the unive
Nevertheless, experimental information on these tunne
times is valuable; changing the exponential dependenc
the DOC1 tunneling times on energy by a factor of 3, the
tunneling times for low-lying vibrational levels would resu
to be of the order of seconds. Our experimental limit
.60 s for the tunneling times of the low-lying bending v
brational states of DOC1 to DCO1 is probing this time
range.

The DOC1 fraction of the molecular ion beam is mo
likely formed in a rapid isomerization from highly excite
DCO1 ions. The DCO1 ions are produced in a collision o
the precursor anion CD3O2 with nitrogen molecules in the
stripper gas target in the high voltage terminal of the tand
accelerator. At a collision energy of 1.6 MeV, this collisio
can be assumed to occur fast compared to vibrational t
scales. The most probable DCO1 bond angle is then given
according to Franck–Condon considerations by theD–C–O
bond angle in CD3O2, which amounts to 114°.38 Since this
angle deviates by only 17° from the geometry of the tran
tion state in the DCO1→DOC1 isomerization process~see
Fig. 1!, the collision must form formyl ions with very high
bending vibrational excitation—very close to or even abo
the barrier to isomerization. The experimental data indic
that these highly excited formyl cations isomerize with
10% chance to the DOC1 configuration while 90% of the
ions remain on the DCO1 side of the potential energy su
face. The Franck–Condon condition assumed for the st
ping collision also takes into account the high bending vib
tional excitation (v2.9) observed for both isomers at sho
storage times.

For the DCO1 isomer, the relaxation of the bending v
brations with the storage time occurs mainly during the fi
6 s of storage time, as depicted in the decrease of the m
vibrational population@Fig. 10~a!#. When the mean vibra
tional population reaches a value of aboutv25361, how-
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ever, further relaxation seems to be stalled within the ti
span investigated (,12 s). A radiative lifetime of 13 s has
been calculated for the (0,11,0) vibrational level.16 Assuming
that the radiative lifetimes scale like 13 s/v2 , as for an har-
monic oscillator, a good approximation for the low lyin
bending levels of DCO1, the lifetimes of thev252 and 3
levels are estimated to be about 6.5 and 4.3 s, respecti
The experimental data indicate that the radiative lifetimes
longer by at least a factor of 1.5, however, the statisti
uncertainty of the present data does not really allow one
falsify the theoretical estimates. On the other hand, for
higher bending levels one finds that the lifetimes in the
periment seem to be at least a factor of 2 shorter than
theoretical lifetime estimates from the 13 s/v2 scaling law.
This may be due to anharmonic contributions to the wa
functions or due to nonlinearity of the dipole moment fun
tion. Furthermore, the excited stretching vibrational lev
become energetically open for bending vibrational lev
with v2.3. Possible coupling of the (0,40,0) to the (1,00,0)
has been discussed by Hirotoet al.,39 but Puzzariniet al.
showed theoretically that this coupling may be weak and t
the coupling of the (1,00,0) level to the (0,11,1) state is more
important.40 Nevertheless, coupling of the (0,40,0) and
higher bending vibrational levels to the stretching levels m
be strong enough to shorten their radiative lifetimes. Clea
accurate lifetime calculations including these effects
highly desirable.

The time dependence of the mean vibrational populat
v2 for DOC1 @Fig. 10~b!# shows that this isomer decay
radiatively within about 2–3 s to an ensemble ofv2;1 that
is in agreement withv2;1.4 expected for a 300 K therma
distribution. A comparison of the short time behavior ofv2

to theoretical lifetime calculations cannot be performed,
cause such calculations are not available up to the pre
time.

VI. CONCLUSION

As a benchmark system for isomerization and bend
vibrational relaxation, the internal relaxation of store
DCO1 and DOC1 molecular ions has been investigated
the time scale of several seconds using the technique of
induced Coulomb explosion imaging~CEI! combined with
the heavy ion test storage ring~TSR!. By measuring
asymptotic fragment velocities, the CEI technique allow
us to infer information about the distribution of bond angl
in the DCO1 and DOC1 molecules inR space. In particular,
by measuring the Jacobi angle distributionP(cosuV) in
V-space for molecular ions prepared in the TSR with stor
times between 2 ms and 12 s, the fractional abundance o
metastable DOC1 isomer and the mean vibrational popul
tion of both DCO1 and DOC1 could be measured as a fun
tion of storage time. It was shown that isomerization of lo
lying bending vibrational levels of DOC1 to the DCO1

isomer does not occur. The slow vibrational relaxation of
low bending vibrational levels in DCO1 are found to be in
qualitative agreement with theoretical lifetimes. Howev
more detailed calculations of the radiative lifetimes f
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



io

E
a

ul
th
le
s
o

rs
e
e
rin

to
R

g
ou
r

d R

t. J

Re

R.
n,

.

,

.
ev.

r,
ds

.

ucl.

m.

oc.

ys.

7011J. Chem. Phys., Vol. 116, No. 16, 22 April 2002 Deuterated formyl and isoformyl cations
DCO1 and in particular also for DOC1 are desirable. It is
hoped that the present experiment serves as an addit
stimulus to perform these calculations.

This work has shown that the combination of the C
technique and the storage ring TSR allows one to investig
isomerization and tunneling processes of isolated molec
on time scales that are many orders of magnitude larger
typical vibrational times. Isomerization on these time sca
is very difficult to study with other experimental technique
Future experiments are envisaged to move to larger m
ecules, such as HCOH1, which have smaller energy barrie
between different structural isomers and thus can be
pected to have tunneling times of no more than a few s
onds, which is the accessible time scale in a storage
experiment.
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