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Dissociative recombination of the cation and dication of CO2

K. Seiersen, A. Al-Khalili,* O. Heber,† M. J. Jensen,‡ I. B. Nielsen, H. B. Pedersen,§ C. P. Safvan,i and L. H. Andersen
Department of Physics and Astronomy, University of Aarhus, DK-8000 Århus C, Denmark

~Received 6 February 2003; published 22 August 2003!

Dissociative recombination of CO2 ions has been studied at the heavy-ion storage ring ASTRID. Electrons
were scattered on both singly and doubly charged positive ions of the molecule, and the absolute cross sections
were measured in the energy range of 1023–101 eV. Thermal rate coefficients ofa(CO2

1) 5(6.561.9)
310273(300/T@K#)0.8 cm3 s21 anda(CO2

21) 5(6.262.1)310273(300/T@K#)0.5 cm3 s21 were extracted.
Furthermore, branching ratios for molecular breakup into neutral product channels have been measured using
a grid technique. The branching ratios were measured at;0 eV for CO2

1 , and in the entire energy range from
1023 eV to 50 eV for CO2

21 . This measurement reveals pronounced structure in the CO2
21 branching ratios.

DOI: 10.1103/PhysRevA.68.022708 PACS number~s!: 34.80.Ht, 34.80.Lx
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INTRODUCTION

Dissociative recombination~DR! is the reaction in which
a positively charged molecular ion recombines with an el
tron to form an excited intermediate complex, which sub
quently dissociates into smaller fragments:

ABCn11e2→$ABC(n21)1%* →Multichannel dissociation.
~1!

The excited intermediate complex can be a dielectronic
excited system~the direct DR mechanism@1#! or an elec-
tronically and vibrationally excited Rydberg system~the in-
direct DR mechanism@2#!. DR is a complex molecular pro
cess that occurs in any plasma cold enough to con
molecular constituents. It is typically one of the domina
processes in both naturally occurring and man-made plas
relevant not only to, e.g., planetary atmospheres@3,4#, fusion
plasmas@5#, chemistry of interstellar matter@6–8#, and the
comas of comets@9#, but also to laser physics, reentry v
hicles, plasma processing, and combustion science. A rev
of dissociative recombination can be found in Refs.@10–12#.

Experimental developments over the last couple of
cades have made possible detailed studies on the stru
and spectroscopy ofsingly charged molecular ions, and
substantial body of information now exists on positive
charged diatomic and polyatomic molecules. However,
spite the fact that long-livedmultiply charged molecular ions
have been observed in mass spectrometry experiments
ducted over a period of more than 80 years@13,14#, studies
of such species continue to pose a significant theoretical
experimental challenge.
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Multiply charged molecular cations differ from singl
charged species in fundamental ways. The long-range C
lomb repulsion lifts the potential-energy surfaces as the
ternuclear distance is decreased. Small multiply charged
are thus unstable towards dissociation because their en
levels are embedded in the continuum. The bonding pro
ties of dications give rise to interesting topologies of th
potential-energy surfaces: The short-range binding inte
tions within a molecule may form a local minimum in th
otherwise repulsive Coulomb barrier, resulting in a me
stable system. This system will eventually decay through
ther direct dissociation~preceded by tunneling through th
barrier!, or by electronic predissociation by another state.

The high density of electronic states encountered in m
multiply charged molecular systems makes accurate calc
tions difficult and demands the use ofab initio quantum
chemical methods well beyond the simple Hartree-Fo
level. The relatively high energy required for their formatio
~at least 20–40 eV with respect to the neutral ground st!
and the intrinsic instability of such ions complicate expe
ments@15,16#.

Electron capture by multiply charged molecular ions h
been proposed@17# as a mechanism for generating ions
the Earth’s upper atmosphere. Molecular double photoion
tion has been proposed as a source of energetic, cha
particles in the terrestrial ionosphere and in the interste
medium@18#. Furthermore, multiply charged molecules m
be found in various astrophysical environments@15,19#.

The CO2 molecule in particular has attracted much atte
tion in the past two decades, primarily due to the importan
of both the neutral and the ionized form in high-power las
and in terrestrial and planetary atmospheres (CO2 being the
dominant molecular constituent in the atmospheres of b
Mars and Venus!. The molecule is quite abundant not only
the interstellar medium, especially as a solid componen
frozen grain mantles, but also in the gaseous phase@21,22#.
Furthermore, the dication of CO2 has just recently been pre
dicted ~using results presented in this paper! to exist in the
atmosphere of Mars in densities detectable by future sp
missions to the Mars@20#.

Doubly charged positive ions have been known sin
1899 with the discovery of atomic He21 ions (a particles!.
The first multiply charged molecules were discovered by A
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ton @13#, and later Thomson@23# found evidence for N2
21 or

CO21 . Later again, Conrad@14# identified several doubly
charged ions, e.g., CO21 and CO2

21 ; the latter being the
subject of this paper. A metastable state of CO2

21 was dis-
covered in 1964@24#, and storage ring experiments about
years ago@25,26# on CO2

21 and other dications showed th
multiply charged positive ions can contain long-lived co
ponents with lifetimes longer than a few seconds. In the
periment it was found that the lifetime was limited by r
sidual gas collisions, and the ions were practically stable
least on the time scale of a storage ring experiment, wh
thus allowed further storage ring investigations of the io
as presented in this paper. Today, even small thermodyn
cally stable dications, i.e., dications stable with respect to
dissociation channels, are known@27#.

DR of CO2
1 has been studied using both the station

and the flowing afterglow techniques since 1967, but to
best of our knowledge, this is the first study of the CO2

1 DR
rate coefficient using the storage ring technique. Further,
is believed to be the first determination of the DR rate co
ficient for CO2

21 . DR measurements on CO1 @28# and
CO21 @29# have been performed earlier.

EXPERIMENT

The present study comprises two independent exp
ments at the heavy-ion storage ring ASTRID@30# in Århus,
Denmark. The ring has a square geometry with two 4
bending magnets in each of the four corners~see Fig. 1!, and
a total circumference of 40 m. In short, each experimen
composed of producing, storing, and accelerating the des
ions ~in this case CO2

1 and CO2
21), bombarding them with

FIG. 1. Schematic diagram of the ASTRID heavy-ion stora
ring. Ions are injected in the right hand side of the figure, circulat
counterclockwise in the ring. The electron target is shown in
bottom of the figure, and in the dipole magnet following the ele
tron target, the neutral detector is shown.
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electrons of a particular energy, and extracting the cross
tion from the measured number of reactants and produc

Ions were produced by electron-impact ionization of
CO2 gas in a Nielsen-type plasma ion source@31# and ion
currents of about 1mA of CO2

1 and 60 nA of CO2
21 were

extracted. The ions were preaccelerated and mass select
a 150-kV ion separator and then injected into the stor
ring. The ions were further accelerated to the final stora
energy by means of a radio-frequency acceleration syst
CO2

1 was stored at 3.35 MeV and CO2
21 at 6.50 MeV. At

these energies, the lifetimes, which were limited by co
sions with the background gas in the ring, were 2 sec an
sec, respectively. The time spent in storing and accelera
the beam~several seconds! will normally allow the stored
ions to decay to the electronic and vibrational ground sta
but as both CO2

1 and CO2
21 ions have no dipole moment

some rovibrational excitation is believed to exist in t
stored beams.

In one of the straight sections of the ring the ions we
merged with an essentially mono-energetic electron be
which was provided by an electron cooler@32#. Ions and
electrons interact in an'1 m interaction region, and neutra
particles created in this section are detected by an ene
sensitive surface-barrier-type solid-state detector~SSD! lo-
catedafter the bending, magnet following the interaction r
gion. By chopping the electron beam, we can distinguish
neutrals created by background gas collisions from those
ated by ion-electron interactions.

If an event fully neutralizes the ion, the product fragmen
will deposit the full ion-beam energy in the SSD. This is f
instance the case for dissociative recombination of a sin
charged ion. For DR of a dication, however, a full neutr
ization of the ion~i.e., a double recombination! is very un-
likely due to the relatively low-electron density in our e
periment (106–107 cm23). In this case~and in the case of
dissociative excitation!, the reaction leads to the formation o
both charged and neutral fragments. The neutrals will o
deposit a fraction of the beam energy in the SSD, while
rest of the energy is carried away by the charged fragme
This is clearly seen in the two SSD pulse height spectra
Fig. 2: The full energy peak at mass 44, which is seen for
monocation, is missing in the dication spectrum. A sm
impurity peak at mass 24 was discovered in the spectr
Though we could not identify this impurity, we were able
remove it before the actual experiment by switching to
different ion source. The impurity is believed to be due to
memory effect in the initial ion source. The peak is seen
Fig. 2, which demonstrates the power of ASTRID as a di
nostics tool for determining the constituent ions coming fro
the ion source, thus ensuring the correct ion target for
experiment.

Cross sections were measured as a function of the rela
energy by varying the energy of the electrons while keep
the ion energy constant. This relative or center-of-mass
ergyE is related to the ion and electron energies in the la
ratory frame,Ei andEe , in the following way:

E5
1

2
me~v i2ve!

25FAme

Mi
Ei2AEeG2

, ~2!
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DISSOCIATIVE RECOMBINATION OF THE CATION . . . PHYSICAL REVIEW A68, 022708 ~2003!
whereMi andme are the ion and electron masses, andv i and
ve are the ion and electron velocities. The absolute rate
efficient for a given process can be written in terms of m
surable quantities as

^vs&5
Ns2Nb

Nion

v i

neDLe
, ~3!

wherev is the relative velocity,s is the cross section,v i is
the ion velocity,ne is the electron density,DL is the length
of the interaction region, ande(51) is the detection effi-
ciency. Ns and Nb are the rates of neutrals~particles per
second in a given detector energy window! recorded with the
electron beam on and off, respectively.Nion is the number of
ions passing through the electron cooler per second.

Note that the relative ion-electron velocities in the toro
regions where the beams are merged are different from th
inside the interaction region. This produces a small~less than
a factor of 2! toroid contribution to the measured rate coe
ficients, but the data presented in this paper are all corre
for this.

In practice, we replace the rate of ionsNion in Eq. ~3!
with the rate of background events, which is proportiona

FIG. 2. Output from the energy-sensitive solid-state detec
Neutral fragments impacting the detector will result in a signal p
portional to the energy carried by the particle. This makes it p
sible to distinguish between carbon atoms, oxygen atoms, and c
binations of these. The spectrum shows the signal for b
background induced and electron induced reactions.
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the number of ions in the ring, thus only measuring a relat
rate coefficient. To put this relative measurement on an
solute scale, we choose one specific center-of-mass en
where we repeat our measurement, but with the correct
solute rate coefficient of ions inserted. This absolute r
coefficient was measured by two different methods. T
CO2

1 current was measured with a beam charge mon
~BCM! from Bergoz@33# capable of measuring ion curren
down to;50 nA with a resolution below 10 nA. The store
ion currents of CO2

21 did not exceed 10 nA and the BCM
technique could not be used. Instead we used the signal f
a set of pick-up electrodes in ASTRID. This signal was fed
a spectrum analyzer that monitored the input at the revo
tion frequency of the ions, thus providing a measure of
number of ions in the ring. The signal was calibrated to
known ion current. For this method to be exact, the two
beams~the calibration ion beam and the CO2

21 beam! have
to be stored with identical ion bunch shapes, which is
always guaranteed. We thus estimate the uncertainty of
technique to be about 30%. Indeed, the main contribution
the uncertainties of our results comes from the absolute m
surement of the stored ion current.

RESULTS AND DISCUSSION

Cross sections

The total DR rate coefficients of the present experim
are shown in Fig. 3. What we measure is the signal in eac
the peaks of the spectrum in Fig. 2. Without the grid meth
to be described in the following section, we cannot dist
guish the fragment identity in each of the peaks, i.e., the p
at mass 28, for instance, will contain both CO molecules a
C1O atoms arriving simultaneously. Because of this,
only label the channels by the individual atoms in the ch
nel in Fig. 3.

For CO2
1 , the rate coefficient is observed to drop tw

orders of magnitude up to a center-of-mass energy of abo
eV. A wide resonance is seen at about 7 eV, and the
coefficient then drops at higher energies. Above'10 eV we
start to see dissociative excitation channels, i.e., chan
containing charged fragments where not all constituent
oms of the molecule hit the detector. The CO2

21 rate coef-
ficients drop continuously up to 10 eV, and resonancel
structures are seen in the total rate coefficient at 0.3, 0.7,
3 eV. Notice the sharp drop near 8 eV in the~C,O! channel
~i.e., the SSD peak at mass 28!, which will be discussed late
in connection with branching ratios.

The electron distribution in the electron cooler is n
equal to that of a thermal plasma@32#. It is an anisotropic
velocity distribution, of which we estimate a longitudin
temperature ofkT51 meV, and a transversal temperature
kT525 meV. To compare the measured rate coefficients
the thermal rate coefficients~which is the parameter relevan
to plasma physics!, the cross section must first be unfolde
from the electron cooler velocity distribution and then reco
voluted with a thermal electron distribution; that is, we fin
s from ^sv&cooler and then calculatea5^sv& thermal.

In practice, we compare the measured rate coefficie
with model cross sections that have been convoluted with

r.
-
-

m-
h
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SEIERSENet al. PHYSICAL REVIEW A 68, 022708 ~2003!
known electron cooler velocity distribution. This yields th
following cross sections~see Fig. 4 for the CO2

1 data!:

sCO
2

1~E!54310216
1

~E@eV# !1.3
cm2,

sCO
2

21~E!51.5310215
1

~E@eV# !
cm2. ~4!

FIG. 3. Measured absolute rate coefficients for CO2
1 and

CO2
21 . The curves show the different rate coefficients measu

for each individual neutral fragment peak in Fig. 2. Each curve
denoted by the atomic constituents of the neutral particles. Fo
stance, the curve denoted by ‘‘~C,O!’’ includes channels such a
(CO1O1) and (C1O1O1).
02270
This allows us to extract a thermal DR rate coefficient
accordance with the relation@34#

a~T!5
8pme

~2pmekT!3/2E0

`

s~E!e2E/kTEdE. ~5!

Using the cross sections given in Eq.~4!, this integral can be
calculated analytically, yielding the following rate coeffi
cients:

CO2
1 :~6.561.9!310273S 300

T@K# D
0.8

cm3 s21,

CO2
21 :~6.262.1!310273S 300

T@K# D
0.5

cm3 s21. ~6!

This is to our knowledge the first measurement of the D
rate coefficient for the CO2 dication. The DR rate coefficien
for the monocation has, however, been measured before.
result compares to previous stationary and flowing afterg
results as listed in Table I. It can be seen that the present
is almost a factor of 2 higher than previous measureme
yet we are still well within a two-standard-deviation range
these results. We cannot, however, rule out the possib

d
s
n-

FIG. 4. Model cross section convoluted with electron coo
velocity distribution compared with measured^vs& for CO2

1 .
Measured data show good overlap with the model cross sectio
the energy range from 1023 to 1021 eV.
TABLE I. Thermal rate coefficient (T5300 K) for DR of CO2
1 .

Method Thermal rate coefficient (cm3 s21) Reference

Microwave afterglow (3.860.5)31027 @35# ~1967!
Microwave afterglow (4.060.5)31027 @36# ~1973!
FALPa (3.160.6)31027 @37# ~1991!
FALP (3.560.5)31027 @38# ~1997!
Storage ring (6.561.9)31027 This work

aFALP denotes flowing afterglow with Langmuir probe.
8-4
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DISSOCIATIVE RECOMBINATION OF THE CATION . . . PHYSICAL REVIEW A68, 022708 ~2003!
that remaining rovibrational excitation has some influence
the rate coefficient, which is not present in the aftergl
experiments.

Branching ratios

The possible outcome of the DR process is different
the two ions. For CO2

1 , the following channels can b
considered atErel50:

CO2
11e2→5

CO2, DE513.8 eV ~Na! ,

C1O2, DE52.3 eV ~Nb! ,

CO1O, DE58.3 eV ~Nc! ,

C1O1O, DE522.8 eV ~Nd!,

~7!

where DE is the kinetic-energy release for production
ground-state fragments. Note that the three-particle brea
channel~d! is energetically closed. For CO2

21 , the situation
is somewhat different. As with CO2

1 , we only observe
single capture of electrons, which—contrary to the mo
cation—leaves charged fragments. Further, several disso
tive excitation channels are energetically allowed even
Erel50:

CO2
211e2

→

¦

O21C211e2, DE529.9 eV

O21C1, DE514.4 eV ~Na! ,

O1O1C211e2, DE5215.1 eV

O1O1C1, DE59.3 eV ~Nb! ,

CO1O211e2, DE5217.0 eV

CO1O1, DE518.1 eV ~Nc! ,

O1C1O211e2, DE5228.2 eV

O1C1O1, DE56.9 eV ~Nd! ,

O1C11O11e2, DE54.3 eV

O1CO211e2, DE529.6 eV

O1CO1, DE517.7 eV ~Ne! ,

C1O11O11e2, DE56.7 eV

C1O2
211e2, DE5210.4 eV

C1O2
1 , DE513.6 eV ~Nf !.

~8!

As expected, the DR of a doubly charged system release
average more kinetic energy than the singly charged equ
lent.

From the SSD output~Fig. 2! it is not possible to distin-
guish between for instance channelsa andb in Eq. ~8!. Both
reactions will produce an event in the peak correspondin
two oxygen atoms hitting the detector. If, however, we ins
a mesh grid of known transmissionT in front of the detector,
the two channelsa andb will contribute to the double oxy-
gen peak with different probabilitiesT andT2. The grid thus
differentiates between different channels that would oth
02270
n
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wise deposit the same energy in the solid-state detector
an example from the CO2

1 system@Eq. ~7!#, the full energy
peak of the SSD spectrum contains contributions from
channelsa, . . . ,d as follows:

RCOO5@aT1bT21cT21dT3#R0 , ~9!

whereRCOO is the rate of events detected in the full ener
peak, andR0 is the total rate of events. Similar equations c
be formed for the four remaining peaks in the SSD spectru

In our experiment we used two grids of transmissio
;68% and;24%. These transmissions have been de
mined in previous experiments@39#, and repeated analysi
shows that the branching ratios are quite insensitive
changes in the transmission values. We thus obtain 16 e
tions@equations from each of the five peaks with three valu
~100%, 68%, and 24%! of T, and a1b1c51] and 3 un-
knowns (a,b,c). This overdetermined system of equations
solved using a standardx2 minimization routine.

For CO2
1 , we found the signal in each peak by fittin

Gaussian functions to the SSD pulse height spectra in Fig
and from these the branching ratios were calculated.
result forErel50 is given in Table II.

The branching ratios clearly show that channelc (CO
1O breakup! is dominant at low energy with channelb con-
tributing a little. This is interesting, because the linear O-C
molecule thus may break up into a O2 molecule. The recom-
bination energy of CO2

1 is much more than the dissociatio
energy of the molecule, and thus channela is believed to be
0. This is consistent with the present result within the er
bars. Furthermore, nondissociative recombination has to
knowledge so far never been observed in any experimen

FIG. 5. Dissociative recombination and dissociative excitat
branching ratios of CO2

21 . The branching ratios for the six reac
tion channels listed in Eq.~8! are measured as a function of th
relative electron-ion energy.

TABLE II. Result of branching ratio analysis for CO2
1 .

a b c

(463)% (963)% (8764)%
8-5
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For CO2
21 , the peaks from the SSD were so well r

solved that we could use our standard data acquisition
tem ~using single-channel analyzers! to count the signal
events in all peaks. This allowed us to calculate branch
ratios as a function of relative energy. The branching ra
are seen in Fig. 5. The DR process appears to resu
mainly two channels;c ~CO production! and e ~O produc-
tion!. The latter dominates at all energies, but it abrup
increases to almost 100% just below 10 eV. As seen in
~8!, this could be the result of the opening of the O1CO21

dissociative excitation channel.

CONCLUSION

To summarize, we have measured dissociative recomb
tion cross sections for CO2

1 and CO2
21 in the energy range

from 1023 eV to 101 eV. From these data, thermal rate c
efficients of the same magnitude are extracted. Further, p
e

-

J.P

Jr.

C
n

r-

-

02270
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d-

uct branching ratios have been measured for both ions
zero center-of-mass energy, and for the CO2

21 ion in the
energy range from 1023 eV to 50 eV. CO1O breakup is
dominant for DR of CO2

1 , while neutral O is the main
product of dissociative excitation and recombination
CO2

21 . The measured thermal rate coefficient of CO2
21 DR

has recently been applied in calculations, predicting a CO2
21

ion layer in the atmosphere of Mars@20#.
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