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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 thebending modes of DCO and DOC

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 DOCions 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 mgg@opulation

is deduced for both isomers. The stored DO®ns are found to thermalize with the 300 K
black-body radiation, while relaxation of the DCChending vibrations was found to require
considerably longer times, in agreement with a predicted very small transition momentwf the

=1 level. © 2002 American Institute of Physic§DOI: 10.1063/1.1461812

I. INTRODUCTION ions have been obtained with the monitor ion technique, in-
cluding HCO'™? and the stretching modes of DCG The

In low density gas-phase environments, such as planifetimes are extracted by measuring the product yield of
etary atmospheres or molecular clouds, spontaneous radigrored molecular ions reacting with buffer gas as a function
tive relaxation is the dominant cooling mechanism for inter-of storage time, using buffer gas reactions that are exother-
nally excited molecules. Since reaction rates, produciic only when the molecular ions are vibrationally excited.
distributions, and branching ratios may significantly depend new possibility of measuring vibrational lifetimes of mol-
on the reactants’ vibrational excitation, modeling the gasy.yjes has been opened up recently by combining a storage
phase chemistry in such environments relies on informatior,‘:ing with a Coulomb explosion imaging setup as described

regardipg the internal excita'tion of the involved moleculesbelow_ This technique has already been successfully used to
and their rate of change. While at typical temperatures of l%etermine vibrational lifetimes of HDfor v =0 to 1134
to 100 K only the lowest vibrational levels are expected to be In this work we report an investigation of the vibrational

populated assuming equmbrlur_n condltlons, shock Waves Ol jaxation of the bending modes of DCGnd its isomeric
external radiative heating, which occur in star-forming re-

ions, may require kinetic information on relaxation rates variant DOC". HCO" and DCO’ are abundant molecular
g » may Teq jons in the interstellar medium, HCObeing the first tri-

Furthermore, absolute radiative transition probabilities aré ) ) )
P tomic molecular ion to be astrophysically observeahd

needed when deducing molecular abundances from Iinﬁl . " | substantial inf i di
strengths of infrared emission features. helr spec rz reveal substantia .|n.0rma||on,| e.g.l, éiifr ng
For molecular ions, which dominate the chemistry at Iowf[ € proton—deuteron isotope ratio in molecular clo )

. . 8
densities, very little laboratory data are available on spontald infrared absorption spectroscopy, thlg andv " stretch-
fundamental bands were investigated for DGO

neous radiative transitions, essentially due to the experimeri?9 |
tal difficulties to both store the molecules interaction-freeWhereas to our knowledge the bending fundamental band has

and study their internal excitation during the storage. ThereOt been detected this way, in contrast to HCQvhere all
fore, theoretical calculations are frequently used when radigindamental bands have been obserédi.The bending
tive transition probabilities are required in chemical cloudfundamental transition of DCOhas only very recently been
models or the analysis of infrared emission spectra. Experiieasured using double resonance vibrational autoionization

mentally, vibrational lifetimes for several small molecular spectroscopy of high Rydberg states of DCO converging to
vibrationally excited states of DCO*® The lack of infrared

2 . N ____absorption data indicates a low transition moment for the
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g % . . . . ] tions, the relative population of excited vibrational states can

< 35 - be monitored. With this technique, e.g., the vibrational life-
< ; [ pco poct ] times in HD" have been measurtdnd the rate coefficient
= . . for dissociative recombination of HDcould be determined

25 - B as a function of its vibrational excitatichMoreover, vibra-

2 — tional de-excitation rates of Hdue to superelastic collisions
5 = ] with free electrons could be studiéyThe experiment on

- 1 DCO" and DOC' that is presented here represents the first

L e B study of the relaxation dynamics of a triatomic molecular ion

05 |- 0 with the CEI technique. Both isomers were produced and

o =t 1 1] investigated simultaneously, which allowed us to follow the

180 160 140 120 100 80 60 40 20 O relaxation of the bending vibrations of both isomers under

8 O) identical systematic conditions and to study possible isomer-
FIG. 1. Cut through the CCSD) potential energy surfadgaken from Ref. |zat|o+n tran§|t|0n5_ of excited DOCions towards the stable
18) for the DCO'/DOC* system as a function of the Jacobi angle(see ~DCO™ configuration.
the insel. The energy is minimized with respect to the two Jacobi distances ~ The paper is organized as follows: In the following sec-
for each value of the Jacobi angle. tion the experimental procedure is described, whereas the
experimental results that could be derived directly from the
data are presented in Sec. Ill. The calculation of the theoret-

time of 13 s for the lowest bending level of DCOdue to a ical distributions and their comparison to the experimental

strong isotope effect, this lifetime is about 40 times Ionger’data is given in Sec. IV, while the results are discussed in
than the corresponding lifetime in HCOOn the other hand, ec. V.
the radiative lifetimes for the lowest; and v stretching
vibrational levels of DCO are calculated to be 50.8 an
18.1 ms, respectivelff, i.e., much shorter as compared to The Coulomb explosion imaging setup at the storage
that of the bending mode. The only experimental lifetime upring TSR and the analysis procedure for Coulomb explosion
to now has been reported by Heningeral.” who obtained a  data have already been described in detail in a recent paper
reasonable agreement for the lowestlevel (24£2.5 ms), on HD".?% In the following the CEI technique is shortly
but found a deviation by a factor of 4 from the calculation summarized and the specific properties of the experiment
for the lowestv ; level (226+ 45 ms), which is attributed to with DCO' and DOC" ions are described.
a vibrational coupling of thev(l,vlz,v3)=(1,d),0) level to
the (0,%,1) level. For the first excited bending mode of
DCO" they could only set a lower limit of about 6 s to the In Coulomb explosion imagin¢CEI)? the spatial struc-
lifetime. ture of a molecule is imaged by measuring the asymptotic
The DOC" isomer was first detected in a millimeter velocities of all ionic fragments after the molecule dissoci-
wave spectroscopy experiment in 1986As can be seen ated in a Coulomb explosion process. The explosion is
from Fig. 1, which shows a cut through a recently publishedstarted by rapidly removing most of the electrons from the
3D Born—Oppenheimer potential surface for the formyl/molecule so that the dynamics of the remaining ions is gov-
isoformyl systert® the DOC™ potential minimum lies 1.7 erned by the dissociative Coulomb potential. If the transition
eV above the DCO minimum and the barrier height for from the molecular Hamiltonian for the nuclei to the Cou-
isomerization to DCO is 1.6 eV. Only for the isotopomer lomb Hamiltonian is fast compared to vibrational and rota-
HOC" has a vibrational transition been observed, namely théional time scales, then the asymptotic fragment velocities
v, stretching fundamental baridThe first interstellar obser- yield essentially a snapshot of the spatial configuration of the
vation of HOC ?° was confirmed only in 199%' pointingto  molecule prior to dissociation. This is achieved in foil-
an abundance ratipHCO™]/[HOC"] of 140-360, much induced CEI, where the molecules to be investigated are ac-
smaller than expected from model calculatiéh¥ibrational  celerated to high velocities in the laboratory frathgpically
lifetime measurements or calculations for the DOGomer  several times the Bohr velocityg,,= aC; « andc denote
have not been reported to date. the fine structure constant and the speed of light, respec-
The investigation of the DCO and DOC™ molecular tively) and are then passed through a very thin target foil
ions presented in this paper was performed using the foilé=~40 A) (see Fig. 2 Due to the high velocity all binding
induced Coulomb explosion imagif@EIl) technique in con- electrons are scattered off inside the target within about 0.1
junction with the heavy ion test storage rifgSR) at the fs, while the atomic fragment ions move straight through.
Max-Planck-Institut fu Kernphysik in Heidelberd®?3 This ~ When they exit the foil after about 1 fs their relative posi-
technique allows measurement of the spatial structure distriions have been modified only slightly by the Coulomb re-
butions of molecular ion ensembles at different time delaygpulsion between them, which is screened by the target elec-
with respect to their production in the ion source, corre-tron density, and by multiple small angle scattering from the
sponding to different degrees of internal relaxation. By com-target atoms. Almost all of the potential energy of the ionic
paring the measured structure distributions with theoreticafragments is then released in the Coulomb explosion in the
distributions deduced from calculated vibrational wave func-vacuum behind the target foil. A few meters behind the target

d Il. EXPERIMENT

A. Foil-induced Coulomb explosion imaging
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spatial configurations of the molecules prior to the explosion,
referred to afR-space distribution. For a single rovibrational
level, theR-space distribution is given by the square of the
molecular wave function averaged over the electronic de-
grees of freedom. For a statistical ensemble of molecules,
such as a thermal ensemble, the trace of the proper density
operator is to be evaluated. Transformations frBrspace
distributions obtained from quantum-mechanical calculations
to theoreticalV-space distributions are performed by using a
Monte Carlo algorithnf>?® which takes into account the
scattering inside the target and the detector resolutions. The
Monte Carlo algorithm may also allow a numerical inversion
from experimental/-space data to an experimenRyspace

FIG. 2. Schematic picture of the Coulomb explosion imaging of a formyl distribution?’
molecular ion. A three-dimensional imaging detector is used to measure the
three asymptotic velocity vector&/§,V¢E,V§) in coincidence.

macro scale

micro scale

target foil

3D detector

B. Preparation of the molecular ion beam

foil the asymptotic velocity vectors of all fragments are mea- The DCO" and DOC' cations are produced in the frag-
sured in coincidence using a three-dimensional multiparticlenentation of deuterated methoxide anions;OD using the
imaging detector. tandem van-de-Graaff accelerator of the Max-Planck-Institut
The basic assumption of the CEI technique is that thdur Kernphysik(see Fig. 3. A beam of methoxide anions is
potential surface that governs the dissociation dynamics iproduced in a cesium sputter source using deuterated metha-
represented by a R/Coulomb potential. This is true only for nol gas and is passed into the tandem accelerator. The anions
fully stripped fragment ions, which can be treated as pointare then accelerated towards the high voltage terminal of the
like charges. Fragment ions that still bind some electrongandem, thereby gaining 1.67 MeV of kinetic energy, and are
when they leave the foil only exhibit aR/potential wherR fragmented in collisions with a nitrogen gas stripper. All
is sufficiently larger than the extension of the remaining elecpositively charged fragments are further accelerated towards
tron cloud around the ion. For fragment ions with well- the high energy exit of the tandem, where they are mass
bound inner-shell electrons the Coulomb potential is thereselected using a magnetic dipole field. Fragments with a
fore expected to be a valid description. However, when thenass of 30 a.m.u., expected for molecules containing one
radius of the electron cloud is comparable to the internucleat’C, one'®O, and one deuterium nucleus, are separated from
separation this assumption does not hold anymore and the other mass components and are guided to the heavy ion
more detailed description of the explosion dynamics isstorage ring TSR. The total kinetic energy of the molecules
required. amounts to 3.16 MeV, corresponding to a velocity of 2.04
By measuring a set of typically $Go 1¢° CEl events, a.u. (1 a.u= ac).
probability distributions in the space of the asymptotic ve-  The DCO'/DOC" beam is then injected into the storage
locities, referred to a¥ space, are obtained. Thegespace ring TSR(see Fig. 3, where it is stored with a &/lifetime of
distributions carry the information about the distribution of about 3 s, which is due to residual gas collisions despite the

Bending magnet Gas stripper

(DCO% DOC*)

lon source
Tandem Van de Graaff (cbp)
Accelerator

Injection
/ )

5m |:
/T\ Extracted ions Target foil

/ 3D imaging detectors

\ __—0n

e e
| Ny

Chopper Collimators Dipole magnet

FIG. 3. Experimental setup including ion source, accelerator, storage ring TSR, and the Coulomb explosion imaging facility.
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background pressure of only: 50! mbar. The storage al- . 120 1T LN I 1 B
lows rovibrationally excited molecular ions to undergo spon—g C

taneous radiative transitions, which finally lead to a molecu-= ;49 L __
lar ion ensemble at 300 K internal temperattireAs - rectangular detector 1
described above, the stretching vibrations of DC@nd = .
DOC" are expected to thermalize within several millisec- 80 = o ]
onds, whereas the bending vibrational modes may take mar C ]
seconds to thermalize with the 300 K background radiatior 60 —
field. Collisions with the residual gas result predominantly in . ; ]
a dissociation of the stored molecules, which is the dominan a0 L oL N
loss mechanism of the stored beam from the TSR; inelasti - .
collisions that only transfer energy to or from the stored mol- i ]
ecules without leading to dissociation are unlikely due to the 20 — ]
high beam velocity. This is confirmed by our experiments on - .
rotational and vibrational cooling of HO¥ and CH",?® o L ]
which show no sign of internal excitation due to residual gas C ]
CO”iSionS' 220 oo lvv v by vy bvna by v o by a s ]

A small fraction of the stored molecular ions, typically 220 0 20 40 60 80 100 120

10* per second, is continuously extracted from the storage
ring using slow beam extractiéhand is guided to the Cou- fons of the e and G- 1 -
lomb explosion imaging setusee Fig. 3 Before hitting the Ec;g;g :jrgi);;:)rz(.)sglljoenfoihé gefleciir:)n of th(;ai%rr?:ri]rgstr?; s?::llomatg?]etic
CEl target the molecules are passed through an electrostaligig of the CEI setup, the & ions could be unambiguously identified. The
chopper that is switched by the Coulomb explosion detecto¢oincident fragment detected on the same detector then has to B& a C
to allow only a single molecule at a time to be transferred tq‘ragment. The dashed circles indicate the regions of impact foa@ G+

the target foil. Moreover, the molecules are collimated usind®">

two circular holes(2.5 mm in diameter, 3 m aparbefore
they impinge on the target foil, which consists of diamond-
like carbon with an area density of Og/g/cn?, correspond-
ing to a geometrical thickness of 35%Alt is mounted on a
nickel mesh(transmission about 80% acsa 2 mmdiam-
eter openiny The dwell time of the DCO and DOC' ions

in this target foil amounts to 0.8 fs, more than one order o
magnitude faster than the time scale of the highest frequen

vibration of DCO'. The Coulomb explosions of about°10 an G* fragment is detected in coincidence. Only events that

molecular ions with storage times between 2 ms and 12§ jyonified in this fashion as'DC2* /0% events are used
were observed and analyzed as described in the next sectiqﬂ.the further analysis

x(mm)

particle mass. This can be seen in Fig. 4, where the measured
two-dimensional distribution of theC and G impact po-
sitions transverse to the beam direction is plotted. The calcu-
lated impact positions of the 'Cand G charge states are
also shown. The & fragments are observed in a region of
ﬁhe detector where no carbon ion can be deflected. Even
hough the €' charge state partly overlaps with the’'O
Cé(xplosion cone, a € fragment can be clearly identified if

The asymptotic relative velocities of the three Coulomb
explosion fragments are calculated from their transverse po-

The Coulomb explosion of a DCOor DOC" molecular  sitions and their arrival times on the two three-dimensional,
ion results in a deuterium, carbon, and oxygen fragment ionmultiparticle imaging detectors, which have been described
the latter ones being encountered in several different charge detail in Refs. 23 and 30. The deuterium fragment, which
states. The most probable charge states at the employésideflected more than the heavier ions, is imaged on a cir-
beam velocity range from-2 to 4+ for carbon and 2 to  cular detector of 118 mm diameter, whereas the oxygen and
5+ for oxygen. Using a weak dipole magnetic field down- carbon fragments are recorded on a rectangular detétgor
stream of the target foilsee Fig. 3, the three fragments are x93 mm) located closer to the original beam direction. Each
guided towards different positions on the two CEI detectorspf these detectors consists of a Csl-coated mylar foil to pro-
depending on their charge-to-mass ratio. In this way, deuteduce an electron shower for each fragment, a two-stage mi-
rium is well separated from the two heavy fragments. How-crochannel plate for amplification of the electron signal, and
ever, certain charge states of carbon and oxy@eparticu- a phosphor screen for conversion of the electron pulse into a
lar C** and @* having a charge-to-mass ratio of 2:dre  light spot. CCD cameras are used to measure the transverse
deflected to the same region of the detector, which preventisnpact positions from these light spots. The precise measure-
their unambiguous identification. The latter is true also forment of the relative impact times of the fragments uses tim-
charge-to-mass ratios which do not match exactly, becaudag signals that each fragment induces on thin anode strips
each fragment hits the detector within a cone of several cerecated behind the phosphor screen. A combination of con-
timeters diameter due to the additional velocity it has ac-stant fraction discriminators and charge-sensitive ADC mod-
quired in the Coulomb explosion. Taking into account theules yields measurements of the impact times of all fragment
accessible parameter range in terms of detector position andns relative to the first fragment hitting the detector. The
magnetic field, only the charge state combination f @nd  achieved FWHM resolutions for impact positions and arrival
0?* was found to allow unambiguous identification of the times amount to about 10@m and 200 ps, respectively. For

C. Measurement of the fragment velocities
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each event, the storage time in the TSR is also recorded. e (Lo T T T T T
The analysis procedure that is required to obtain the rela- & ;3:?39__?5 (107 1
tive velocity vectors for each event from the measured data & 10 e,

"

on impact positions and times has been described in detail in Ty,

Ref. 31 and the general procedure can also be found in Ref. 400-600 ms (* 10%) ™,
23. After calibrating the detectors and correcting for the dif- 103 e ++++++++H+++++++
ferent deflection in the dipole magnet, the transformation of

¥
ﬁ’ [ IIIII\Il

+
L1111l

1 T ||I|||‘

the position and time data into the nine Cartesian velocity L.12s (% 10%) +++ gi o¢’

components of the three fragments can be performed for 102 **u+ HHH 4 JrJrﬂderJﬁrtE
each event. Six of these constitute the asymptotic relative g T -I-+ i H E
velocity vectors between the fragments. Two further compo- L57s (%10) + ot 7
nents describe the transverse velocities of the center of mass R T 5 T
of the molecule and are used to check if the center of mass of 10 &= T g i + 3
the molecule did indeed remain almost unchanged during the E 1012 s +++ 1 .+Jr++++ ;
Coulomb explosion; the part of the ddta20%) that is sub- ir++++ * ' oyt

ject to center of mass deflections of more than 2 mrad away 1 Tt ++ + + +++
from the original beam axis is removed in the analysis. Fi-
nally, the ninth component denotes the velocity of the center
of mass along the beam direction; it is derived from the -1

revolution frequency of the molecular ions in the TSR as J(
measured with a Schottky noise pickup.

For a triatomic molecule, three internal coordinates are ]
sufficient to describe the relative velocities\Vhspace. The 10 “_
other three relative coordinates are the angles defining the
orientation of the relative velocity vectors in the laboratory
space; they were used to confirm that the Coulomb explosiopiG. 5. Measured bending angle distributiBcos@,) of the DCO'/DOC*
events occurred with random orientations of the molecularons for different storage times of the formyl ions in the T8Re distribu-
ions in the laboratory fram&, similar to the findings for fions are multiplied by powers of 10 for clarjty
HD™ .2 For the DCG/DOC" system, the orthogonal Jacobi

vectors of Fig. 1 are used in boB andV-space. The three .age time intervals in the TSR are obtained by histogramming

;Ja(;:ob|f (t;r? ord||n::1_tes folr thf Et(tarnal vterllocmez are tf(;ethmagnlfhe measured values of cg. The normalized?(cosé,) are
ude ot the relative velocily between the carbon and th€ oXyg,q,p jn Fig. 5 for five different time intervals. For ease of

gen fragment, denotellco, the magnitude of the relative isualization,P(cosé,) in Fig. 5 are multiplied by powers of

velocity be_:tween the center O_f mass of the CO subunit an 0 and the semilogarithmic scale is used. One may note that
the deuter_luva, and the cosine of the angle between th_ese[he angular probability densit(cosé,) would assume a
two velocity vectors, co8y. Typical values for the experi- constant value of 0.5 for an isotropic distribution.

i 0,
mental FWHM ‘resolutions amount to about6% for The probability densitie®(cosé,) of Fig. 5 vary exten-

AVco/Veo and AVp/Vp and about absolute-0.05 in sively with the storage time. For the time interval of 2—200
coséhy,. The Jacobi coordinate system is well adapted to th‘?ns P(cos@,) shows a maximal value of 1.5 at cog
analysis of the Coulomb explosion of the two formyl iso- _ ' j

b th | dinat id =—1; it drops continuously to a value of 0.1 at as=0 and
Mers, because the ahguiar coordina edoprovides a one- stays constant for cak>0. After 400 to 600 ms of storage,
dimensional coordinate iK-space that allows one to distin-

. . the distribution significantly changes shape showing a mini-
guish _between _the two ISOMETS. Clearly, the COUIOmbmum around co8,=0.2 with a probability density smaller
explosion of a linear .DCO lon y_|elds a value of cogy than 0.1, while the probability densities near égs +1 and
:_.1’ whereas for a _Im_ear DO’C|some_r a value_coév_: . cost,=—1 are slightly increased. This change in the shape
+1 is measured. Deviations from the linear configuration N P(cos@,) continuously advances for longer storage times:
R space due to the bending vibrational motion then lead to e minimum lowers to a value of almost 0.01 for the Ionges&

d|str|b(tjjt:conthof Qacsob| a}(\/gl_?; v sp;ce. This V(\;'l\ll be dis- time interval of 10—12 s and two clearly distinct distributions
cussed further in Sec. IV. The coordinaiégo andVp con- develop around co&,=+1 and co#,,=—1 with an increas-

tain information ablout the strength of the repulsion betweei g maximum probability density and decreasing distribution
the fragments, which can be related to the molecular bon idth

lengths prior to the dissociation.

#
=
s
=
—
=
=
—+
_'_ﬁr

-9
R —
| —————
:’:_- P
—
- =
_'_
_'_
L1 \HIHl

—
o
W
=]
o
i

1
cosd,,

The two peaks observed in the probability distributions
for large storage times are assigned to the two isomers of the
deuterated formyl cation, with ca§=—1(+1) correspond-

In the present study on isomerization and bending vibraing to the linear DCO (DOC") configuration. Since the two
tional relaxation of DCO and DOC", we employ the Jacobi distributions overlap only slightly for storage times longer
angle 6y, to describe the asymptotic velocities between thethan 1 s, a cut at cag,=0.2 has been used to distinguish the
CEl fragments, as described in the previous section. The digwo isomers(see Fig. 5. This criterion has also been used
tributions P(cosé,) of the Jacobi anglé,, for various stor-  for storage times less thal s to get afeast a reasonable

IIl. EXPERIMENTAL RESULTS
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+’o“ B The fractional abundance of the metastable isomer
2 06 - (@ DOC" in the molecular ion beam as a function of the storage
~ P ] time is obtained by integrating the probability density
z% —°°+o1_o_, . P(cosé,) for cosé, values larger than 0.2. We find that
° 08 - e o ——] about 9% of the stored molecular ions belong to the DOC
- 1 isomer and that this fraction remains constant for storage
R RN VRIS AFRNEE SRR A times up to 12 s, as seen in Figch The error bars shown in
0 2.5 5 1.5 10 Fig. 6(c) result from the finite statistics of the data set only;
N L L L L BN B possible systematic uncertainties due to the separation cut
8 C b): are important only for storage times of lessrittas and are
e L 5 estimated to béon an absolute scglé% for 0.5 sto 2 s and
z% ! ~§—"§" about 3% for storage times of less than 0.5 s by assuming
}f} cosf#"'=0.2+0.2. From the constant fractional abundance
0.6 B of Fig. 6(c), the 1£ lifetime of the metastable isomer DOC
I AR RN AR against isomerization into the energetically favored DCO
0 25 5 7.5 configuration is estimated to be larger than 60 s.
o L L B B
:o: 10 :_»B__;__E}" _______ P IV. COMPARISON TO THEORY
8 '?“ ] In this section the observed storage time dependence of
s L ] the P(cosé,) distributions is analyzed in terms of the vibra-
B ] tional excitation of the formyl ions and their radiative cool-
o T T T ing times by comparing theoreticBl(cosé,) distributions to

55 5 75 10 the measured data. As will be described below, the theoreti-
cal P(cosé,) distributions for all relevant vibrational cation
states are computed from the corresponditigpace prob-
FIG. 6. Medians cosy deduced with the aid of Eq1) from (a) the DCO" ability distributions using a Monte Carlo model of the Cou-

and (b) the DOC" fraction of the measured bending angle distribution lomb explosion imaging process.
P(cos#,) as a function of the storage time) Fraction of the DOC ions in . o
the formyl ion beam as a function of the storage time. A. Probability density in  R-space

(]

tslorage (s)

Theoretical one-dimensional anguR#space probability

i . . ) distributions P(cos#g) for DCO* and DOC™ were calcu-

estimate of the isomer populations for short storage times. |ated by means of the DVR-DGB methBdising a global

In order to quantify the variation of the experimental gnajytical potential energy surfa¢BES determined at the
Jacobi angle distribution with the storage time, we mtroducebcsq-r) level of theory3 The PES employed in the present

the median co#,, defined by calculation was previously used to study in detail the rovi-
cosay 0.2 brational energy spectrum of HCQ@HOC" and

f P(coséy)d(cosby) = %f P(cosé#y)d(cosby). DCO"/DOC" up to the ground state adiabatic isomerization
% X 0 barrier(3.6 eV above the global minimum of the PE€The

DVR-DGB method used for the calculation of bound rovi-
The latter quantity is calculated for each of the consideredrational levels of triatomic molecules is designed for or-
storage time intervals by using= —1 for the DCO' distri-  thogonal internal coordinates in a body-fixed reference frame
bution andx=1 for DOC". The corresponding results are and makes use of the discrete variable representéhiviR)
displayed in Figs. @) and @b). For DCO" [Fig. 6@)], the  of the angular coordinate in conjunction with a distributed
median co%\,, decreases with increasing time between theGaussian basis sefDGB) for the radial degrees of
ion production and the Coulomb explosion measurementreedom®=>2

The decrease to a limiting value of cég-—0.8 occurs Energy levels of DCO/DOC" are described by a set of
roughly exponentially with a time constant of approximatelyfive quantum numbersU(L,v'z,vg,) andJ, wherev,,v5 are
900 ms. The median of the DOCdistribution [Fig. 6b)]  attributed to the stretching vibrations ang to the bending
shows a similar behavior for c@§ values of the opposite vibration, wheread is the vibrational angular momentum
sign since the DOC distribution peaks at cag=+1 in-  quantum number and is the total angular momentum. For
stead at— 1 as for the DCO distribution. The width of the linear triatomic moleculesl=—v,,—v,+2,...0,—2p,.
DOC" distribution is larger than for DCO and the time One may note that vibrational levels b#0 are available
constant of approximately 700 ms is slightly shorter than foronly for J=I. Quantum number assignments to the calcu-
DCO*. The storage time dependence of the median seen ilated levels of DCO/DOC" are obtained within the DVR-
Figs. 6a) and &b) for both isomers actually reflects the fact DGB method in an automatic manner by means of the adia-
that the spatial structure of the molecular ions changes withatic projection scheme employing zero-order eigenvectors
storage time, which is due to the radiative relaxation of excomputed in the adiabatic bend approximatitn.

cited vibrational levels of the deuterated formyl cations dur-  For a rovibrational state described hylcv'z ,03) andJ,

ing the time interval between their formation and analysis. the angularR-space distribution is calculated from the full

Downloaded 22 Jul 2004 to 132.77.4.129. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



7006 J. Chem. Phys., Vol. 116, No. 16, 22 April 2002 Wester et al.

T mlE T T and is larger for DOC than for DCO due to the much
shallower angular profile of the PES around the DQ@ini-

DOC*
00 00 .
— w0 — 0 mum (Fig. 1).
- v2=31 - vz=31
v,=6° v,=6° . .
w0l ol B. Coulomb explosion calculations of the V-space
-— == P === 2=

density

- A Monte Carlo model is used to simulate the foil-
induced Coulomb explosion process described in Sec. Il A
and to generate the theoretical-space distributions
S | g -, < Pvz(cose\,). The model is based on the Monte Carlo algo-
08 -07 07 08 09 1 rithm developed by Zajfmast al?>?¢*3for the foil-induced
cosBy, Coulomb explosion process and includes the effects caused
8 I I nEE I by the finite experimental resolutions. The program inte-
grates the classical equation of motion for a large sample of
dissociation events. Each event initially represents a formyl
6 000 || =P 22 06080 N ion prior to hitting the target. The initial conditions for the
. ottt integration are hence obtained by Monte Carlo sampling the
| ST oo ST R-space probability distributiorP, (cosfi) describing the
spatial structure of the deuterated formyl cations with a spe-
cific bending vibration. The Jacobi anghy defines one out
of nine position coordinates. The three angles specifying the
orientation of the molecule in the laboratory reference frame
= et are chosen to yield an isotropic distribution, whereas the
0 1 075 05 025 0 O 025 05 075 1 three coordinates of the center of mass position are set to the
cos0,, cosd,, entrance surface of the target foil. The last two coordinates
are the formyl bond lengths. These are set at their equilib-
FIG. 7. Upper panels: select@&space distribution®, (coség) calculated  rium values, since the Jacobi anglg after the Coulomb
for DCO" and DOC'. Lower panels: simulatedv-space densities explosion, being the quantity of interest in the experiment,
P, (cosé,) for vibrational levels up tw,=9. depends only very little on the two bond lengths, i.e., the
fluctuations ofg due to the bond length distribution is ne-

: . ] glected. The initial velocities should also be specified for the
dimensional nuclear wave functiow, I, asthewave . . :

. _ _ (v3.05.03) . integration of the classical motion. Apart from the overall
function amplitude squared integrated over the radial coordiheam velocity pointing towards the target, all velocity coor-
nates and Euler angles dinates are set to zero. This approximation is justified by the

J fact that the Coulomb repulsion of the three fragments by far
P 1 (cosfbR) . . .
(vq.03.03) dominates the final velocities.

w (o (20 (7 (2w The equation of motion is integrated separately in the

:f f f f f W?v oo )|2dQ, (20 two regions of interest, inside the target foil and behind it. A
0JoJo JoJo 1 screened Coulomb potential is used to describe the repulsion
where() stands for the two radial coordinates and three EuleP€tween the fragments inside the target. Scattering processes

ang|es_ In the present Study, 0n|y t%space distributions of the individual fragment atoms with target atoms are ran-

p? | ,,(cos6p) for the first ten pure bending vibrational domly introdgced in the course of their motion through the
EERLPILE | ) target. The distance between two subsequent scattering pro-
levels (Ov3,0), withJ=1=0,1, are used for both deuterated ¢egqes is determined using a Monte Carlo method, which is

formyl isomers. The vibrational levels of the excited stretch-p,qed on the procedure developed byllbtp Pospiech, and
ing vibrations are not expected to be significantly populateds priedef* The scattering angle and the change of the
on the time scale of the present experiment due to their ShOEtharge state of the ion by electron stripping or capture are
radiative lifetimes. The angular distributions for low-lying yatermined for each scattering process. When the fragments
vibrational states are unaltered under rotational excitation, aS,yve |eft the foil, the interaction is changed to a Coulomb
shown by our calculations faf=1 and 2. In the following,  hotential between point-like fragments in fixed charge states.
the R-space distributions are therefore denoted byrhe jnegration is performed until the remaining potential
P, ,(costR). energy becomes smaller than a cutoff quargjtyielding the
TheP,_(cosédg) distributions for the vibrational levels of asymptotic velocity vectors of all fragments. Before the cal-
u'2=0°,31,6°, and 9 for DCO" and DOC" are shown in the culation of the quantity of interest, i. e., the Jacobi arjje
upper panels of Fig. 7. Both isomers are seen to be lineahe deflection in the magnetic field of the postdeflector and
molecules sincdy(cosdy) of the ground vibrational level is  the impact positions and times on the detectors are computed
peaked at the linear configuration (ags=*+1). The width and smeared by the experimental resolutions for each of the
of Pvz(cosaR) in Fig. 7 increases with the bend excitation coordinates. These resolutions were determined separately
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by measuring the response of the CEI detectors to alpha par- ’20)600 SN L P L Ilerl '2+'—L:
ticles and laser pulsés.Repeating these calculations for > 500 - 3+/02+_:
many events, one obtains a simulated data set which can then [<vg E e s T C2+/O3+_
be analyzed in exactly the same way as the experimental data 400 = . 83+;83+5
to yield the theoreticalV-space probability distributions 300 & =
P,,(cosé). 200 | =
The first tenR-space distribution®,_(coség) for both 100 = . E
isomers have been transformed iMespace distributions us- RN SN
ing the Monte Carlo model described above. The result of 00 001 0.02 003 0.04

this transformation is shown in the lower panels of Fig. 7.

)
<

Comparison of thé/-space andR-space distributions shows co
that theV-space distributions are much less structured than 300 T T T T AR I
the ones inR-space, which is predominantly due to the %250 - -
smearing caused by multiple scattering in the target foil; the - T
detector resolutions contribute only a minor part. Moreover, 200 N ]
the bending angles are spread over a much larger region in 150 |~ —
V-space than irR-space. This is a consequence of the Cou- 100 L ]
lomb potential and not due to any smearing, as confirmed by 50 B 7
Monte Carlo calculations where all target effects were ne- N = u
glected. In fact, the magnification of a given agsinterval 0 > Py

into a much larger interval iv-space allows one to sensi- 0 001 002 003 004

tively probe molecular bond angle distributions which are (0) Vp

subject to Only. small deyiati(.)ns from a ”.nea.r ponﬁgu.ration'FlG. 8. Measured distributiongiven by the squarg¢of the Jacobi veloci-
For the analysis of the Vlbratl_ona_l re_laxatlon IF is also IMPOT-jieg Vco (@) andVp (b) compared to different Coulomb explosion calcula-
tant to note that th&-space distributions for different bend- tions assuming point-like charge distributions for the repelling ions after
ing vibrational states lead té-space distributions which dif- leaving the target foil.
fer substantially in their shape and width.

The Monte Carlo model assumes point-like ion charge
distributions for the Coulomb explosion fragments. This is athe Monte Carlo calculations. These calculations are shown
good approximation when only strongly bound electrons arén Fig. 8 for charge state combinations-B+, 3+/2+, and
left with the exploding fragment ions. If this is not the case,3+/3+ of the carbon/oxygen fragments. Obviously, the ex-
then some electrons, while lowering the charge state of theitation of only one or two electrons into states where they
fragment, may only partially shield the nuclear charge andscreen the nuclear charge only partially is sufficient to ex-
the dissociation potential will therefore be steeper than explain the broad velocity distributions observed in the experi-
pected for a pure Coulomb potential based on point chargegnent.
This effect is expected to be active in the present Coulomb  While the velocity distribution® (Vo) and P(Vp) are
explosion measurement of formyl ions, because the chargstrongly affected, the angular distributioﬁgz(cosev) are
states 2- had to be used for the carbon and oxygen fragonsiderably less dependent on the exact shape of the disso-
ments in order to be able to identify them unambiguously. Ingjation potential. This is shown by performing Monte Carlo
fact, the effect is clearly seen in the measuedpace dis-  cajcylations ofP, (cos@,) for the higher effective charge

:r!gu?ons of thehrelatn_/e \Ié.elocét'fvccihand V?h ;Ir']hese d:ts [States observed to contribute to tRéV o) andP(Vp) dis-
rbutions are shown n F1g. © together wi € results olyihtions. For low lying vibrational levels, the resulting sys-

Monte Carlo calculations assuming various point-like ion . e
N . tematic changes of the,_(cosé) distributions turn out to
charge distributions. The Monte Carlo calculation based on 9 ”2( &)

the experimentally determined charge state$22- is shown ::)e smgller than tlhe dllfferecr;(;ﬁs n the dlstfrlbuk:!og bitweden
by a solid line. Clearly, the experimental distributions are Wo subsequent, levels, and they increase for higher bend-

strongly broadened towards larger relative velocities as comld excitations. This is de.p|c'ted '|n Fig. 9, where the medians
pared to this calculation. Neither smearing effects during th&€0Sé of the P, (cos&) distributions calculated with effec-

1 fs dwell time in the thin target nor a high stretching vibra- tive charge states2/2+, 2+/3+, and 3+/2+ are shown as
tional excitation of the molecule can account for these deviaa function of v,. The 2+/3+ charge state combination
tions. Instead, the broadening has to be attributed to devisghows smaller and thet32+ combination shows larger me-
tions from a pure Coulomb potential during the first stages oflian values than the-2/2+ result, while the cog, values

the explosion in the vacuum behind the foil when the frag-for the 3+/3+ effective charge state combinatiofmot
ments are still very close to each other. Monte Carlo calcushown coincide with the result for 2/2+. Therefore, the
lations that include this effect would require the dissociationMonte Carlo results for point-like & and G* ions are
potentials for all electronic states that lead to a fragmentatiomsed for comparison with the data and the deviations ob-
into D™, C2*, and G*. Since these potentials are not avail- served for the other charge state combinations are treated as
able, limiting cases of Coulomb potentials with the screeninga measure of the systematic uncertainty of the Monte Carlo
being reduced by one or two electrons have been assumed @alculation. Specifically, half the difference between the
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E:—(El\/,(2+/3+) and T:Esfv(3+/2+) values was assumed as
the systematic uncertainty of the most likely median values tiorage ()

for a given bending vibrational level. o
FIG. 10. Plot of the average bending vibrational quantum nurobaf (a)

the DCO' and(b) the DOC' ensembles as a function of the storage time in
C. Bending vibrational excitation of the formyl the TSR.
isomers ) ) ) o
complex fit to the data. Since the bending distribution

Using the theoreticaV-space results obtained in the pre- P(cosf,) and thus also their median value depend only on
vious section, one can now investigate the time evolution of,e mean vibrational populationy, the calculated depen-
the fundamental bending vibrational excitation of the DCO dence of the mediarTEié on the individual vibrational

and DOC ions. However, the method developed to extractbending vibrational quantum numbes shown in Fig. 9 can

the time dependence of the population of individual stretch-be reinterpreted as sampling the functional dependence of
ing vibrational levels, already successfully applied to hydro-

. . . .~ the median ofP n the mean vibrational lation
gen ions>*243%cannot be used in the analysis of the bendlngt—e edian oP(cosé,) on the mean vibrational populatio
vibrational excitations of DCO and DOC" as it relies on

v,. Thus, by interpolating between the results shown in Fig.
the linear independence of the theoretivaspace distribu- 9 one can transform the measured median values for differ-
tions, which is rather poorly fulfilled for the bending distri-

ent storage timegshown in Figs. 62 and Gb)] into the
butionstz(cose\,). In fact, it turns out that for,>0 each

mean vibrational populatiom, of the stored formyl ions
UV ) versus storage time. The result of this transformation is
Pvz(cosa\,) distribution can be approximately represented byshown in Fig. 10 for both DCO and DOC . The error bars
a superposition of the distributions with,—1 andv,+1, given include only the propagated statistical accuracies of
namely(see also the lower panels of Fig. 7 the experimental median values. The systematic uncertainty
caused by the deviations of the dissociation potential from a
Coulomb law can be estimated from Fig. 9 as well. Given a
As a consequence, the superposition fixed value of cos, the systematic errors % are about' 5
9 for v,~1, reaching values off for v,~8 in the case of
P(cost)= 3 Py, (taoragd P, (COSE), (4 DcCoO’ and'? atv,~8 for DOC'. It should be noted, how-
V=0 ever, that these systematic uncertainties do not explicitly de-
pend on the storage time and thus do not alter the general
timedependence of the observed vibrational relaxation pro-
cess.
° Both isomers show a fast relaxation of the bending vi-
U= X Py, (tstoragdV 2, (5)  bration during the fins2 s of storage, with the initial vibra-
v2=0 tional population involving even higher vibrational levels
and is[within the approximation of Eq3)] independent of thanv,=9, the highest level included in the analysis. For
all other moments of the vibrational level population. Calcu-large storage times, the DCQons are still left with a sig-
lations have verified that this approximation holds well for nificant vibrational excitation showing no significant sign of
Gaussian-distributed vibrational level populations with afurther relaxation; obviously, the radiative cooling time to
FWHM of up to ~4 vibrational levels. reach the 300 K temperature of the storage ring walls, which
The described property of the bending distribution&in  would correspondbased on the calculated energy ley®ls
space allows one to derive the mean vibrational populationo a mean vibrational population of only,~0.1, is long
v, from the measure®(cos#,) distributions without using a compared to the observation time of 12 s. For DQ@here

P,,(cosy)~ 3[P,, 1(coséy) + P, ;1(cosby)].  (3)

with vibrational level population@vz(tstoraga depends only
on the mean vibrational population B, age
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FIG. 12. Comparison of the calculated bending angle distributisnid

lines) to the DOC data for different storage times. In the last bin the

heoretical distribution that is expected at an equilibrium temperature of 300
(dashed lingis also shown.

FIG. 11. Comparison of the calculated bending angle distributisntd
lines) to the DCO data for different storage times. In the last bin the
theoretical distribution that is expected at an equilibrium temperature of 30
K (dashed lingis also shown.

DCO" and DOC', respectively. In the lowest panel, display-
may still be some vibrational cooling taking place after theing the data for storage times between 10 and 12 s, the the-
fast initial decay, but the statistics at late storage times doegretical expectation for a thermal ensemble at 300 K is also
not allow to resolve this clearly. Moreover, for the DOC shown as a dashed line.
ions the expected mean vibrational population for a 300 K The overall agreement of the shape of the theoretical and
ensemble is as high as,~1.4, due to the small energy experimental distributions is reasonably good for both iso-
spacing;® in agreement with the mean vibrational population mers, showing that the employed vibrational wave functions
observed in Fig. 10. together with the Monte Carlo model describe the Coulomb

Employing the measured mean vibrational populationexplosion of the DC® and DOC" isomers quite well. Only
valuesv,, a more detailed comparison of the experimentakor the first time interval(2—200 m$ are the experimental
P(cosd,) distributions to the corresponding theoretical dis-distributions considerably broader than the theoretical
tributions has been performed. For this purpose the vibracurves. This originates from the fact that only vibrational
tional population at a given storage time interval was dedevels up tov,=9 were used in thé/-space calculation,
scribed by a Gaussian distribution with a mean value givefwhile the experimentaP(cosé,) distributions clearly indi-
by the corresponding value, from Fig. 10 and a fixed vari- cate that during the first 200 ms of storage considerably
ance of 0.5 vibrational levels. Note that the latter assumptiomigher vibrational levels are populated.
is not critical because, as discussed above, the actual vibra-
tional population distribution has very little impact on the
resulting distributionP(cosé,). In Figs. 11 and 12 the com- V- DISCUSSION
parison of the measured distributiof®cosé,) (crossep The experimental results indicate a constant abundance
with the theoretical distributiongsolid line) is shown for  of DOC* molecules in the stored formyl ion beam of about
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10 % for storage times between a few ms and I8 Fig. ever, further relaxation seems to be stalled within the time
6(c)]. During this time interval the DOCions populate ex- span investigated<{12 s). A radiative lifetime of 13 s has
cited bending vibrational levels before the radiative coolingbeen calculated for the (3,D) vibrational level® Assuming

is finished. The data thus show that not only the {@p that the radiative lifetimes scale like 13s/, as for an har-
vibrational level of DOC but also the low lying excited monic oscillator, a good approximation for the low lying
bending vibrational levels (0'2,0) do not tunnel to the bending levels of DCO, the lifetimes of thev,=2 and 3
DCO" isomer. This is in agreement with the calculation bylevels are estimated to be about 6.5 and 4.3 s, respectively.
Mladenovic and Schmat?® They showed for the The experimental data indicate that the radiative lifetimes are
HCO"/HOC" system that only the vibrational levels which longer by at least a factor of 1.5, however, the statistical
lie less than 120 me\(for J=0) or 160 meV (for J=1) uncertainty of the present data does not really allow one to
below the energy of the saddle point have a finite wave funcfalsify the theoretical estimates. On the other hand, for the
tion amplitude on both sides of the potential barrier, and ardigher bending levels one finds that the lifetimes in the ex-
therefore expected to have a finite tunneling probability. Aperiment seem to be at least a factor of 2 shorter than the
more detailed calculation of the tunneling effects has beeitheoretical lifetime estimates from the 13 g/scaling law.
carried out by Grayet al. for the isoelectronic system This may be due to anharmonic contributions to the wave
HNC 3" Using the reaction path Hamiltonian model, they ob-functions or due to nonlinearity of the dipole moment func-
tained a tunneling decay constant for HNC of4§ ! at an tion. Furthermore, the excited stretching vibrational levels
energy of about 60 meV below the classical barrier tobecome energetically open for bending vibrational levels
isomerization, decreasing exponentially by about a factor oWith v,>3. Possible coupling of the (08) to the (1,8,0)

10 for every 40 meV. They conclude that starting at abouhas been discussed by Hirot al,* but Puzzariniet al.

400 meV below the classical barrier the vibrational relax-showed theoretically that this coupling may be weak and that
ation rate can be expected to exceed the tunneling ratéhe coupling of the (1,90) level to the (0,11) state is more
Moreover, they find that the tunneling time of the vibrationalimportant® Nevertheless, coupling of the (6,8) and
ground state is much longer than the age of the universdligher bending vibrational levels to the stretching levels may
Nevertheless, experimental information on these tunnelin€ strong enough to shorten their radiative lifetimes. Clearly,
times is valuable; changing the exponential dependence @iccurate lifetime calculations including these effects are
the DOC' tunneling times on energy by a factor of 3, then highly desirable.

tunneling times for low-lying vibrational levels would result __ The time dependence of the mean vibrational population
to be of the order of seconds. Our experimental limit ofvz for DOC" [Fig. 10b)] shows that this isomer decays
>60 s for the tunneling times of the low-lying bending vi- "adiatively within about 2—-3 s to an ensemblevgf-1 that

brational states of DOC to DCO' is probing this time is in agreement witlv,~ 1.4 expected for a 300 K thermal
range. distribution. A comparison of the short time behaviorwgf

The DOC' fraction of the molecular ion beam is most 1O theoretical lifetime calculations cannot be performed, be-
likely formed in a rapid isomerization from highly excited Cause such calculations are not available up to the present
DCO" ions. The DCO ions are produced in a collision of UMe.
the precursor anion C{® with nitrogen molecules in the
stripper gas target in the high voltage terminal of the tandem
accelerator. At a collision energy of 1.6 MeV, _this f:ollisio_n VI. CONCLUSION
can be assumed to occur fast compared to vibrational time
scales. The most probable DCMond angle is then given As a benchmark system for isomerization and bending
according to Franck—Condon considerations by@dkeC—-O  vibrational relaxation, the internal relaxation of stored
bond angle in CBO~, which amounts to 114% Since this DCO" and DOC™ molecular ions has been investigated on
angle deviates by only 17° from the geometry of the transithe time scale of several seconds using the technique of foil-
tion state in the DCO—DOC" isomerization procesgee induced Coulomb explosion imagin@El) combined with
Fig. 1), the collision must form formyl ions with very high the heavy ion test storage ringTSR). By measuring
bending vibrational excitation—very close to or even aboveasymptotic fragment velocities, the CEI technique allowed
the barrier to isomerization. The experimental data indicateis to infer information about the distribution of bond angles
that these highly excited formyl cations isomerize with ain the DCO" and DOC" molecules irR space. In particular,
10% chance to the DOC configuration while 90% of the by measuring the Jacobi angle distributidt{(cosé,) in
ions remain on the DCO side of the potential energy sur- V-space for molecular ions prepared in the TSR with storage
face. The Franck—Condon condition assumed for the striptimes between 2 ms and 12 s, the fractional abundance of the
ping collision also takes into account the high bending vibrametastable DOC isomer and the mean vibrational popula-
tional excitation (,>9) observed for both isomers at short tion of both DCO" and DOC" could be measured as a func-
storage times. tion of storage time. It was shown that isomerization of low-

For the DCO isomer, the relaxation of the bending vi- lying bending vibrational levels of DOC to the DCO
brations with the storage time occurs mainly during the firsisomer does not occur. The slow vibrational relaxation of the
6 s of storage time, as depicted in the decrease of the medow bending vibrational levels in DCOare found to be in
vibrational populationFig. 10@]. When the mean vibra- qualitative agreement with theoretical lifetimes. However,
tional population reaches a value of abayt=3+1, how- more detailed calculations of the radiative lifetimes for
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