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Abstract. Using a high resolution (∆E ≈ 1 meV) laser photoelectron attachment method, we have stud-
ied the formation of (CO2)−q ions (q = 4−22) in collisions of low energy electrons (1–180 meV) with
(CO2)N (q ≤ N) clusters. The previously reported “zero energy resonance”, observed at much larger
electron bandwidths, actually consists of several narrow vibrational Feshbach resonances of the type
[(CO2)N−1CO2(νi)]

− which involve a vibrationally-excited molecular constituent (νi ≥ 1 denotes vibra-
tional mode) and a diffuse electron weakly bound to the cluster by long range forces. The resonances occur
at energies below those of the vibrational excitation energies of the neutral clusters [(CO2)N−1CO2(νi)];
the redshift rises with increasing cluster ion size q by about 12 meV per unit; these findings are recovered
by a simple model calculation for the size dependent binding energies. The size distribution in the cluster
anion mass spectrum, resulting from attachment of very slow electrons, mainly reflects the amount of
overlap of solvation-shifted vibrational resonances with zero energy; the cluster anion size q is identical
with or close to that of the attaching neutral cluster.

PACS. 34.80.Ht Dissociation and dissociative attachment by electron impact – 36.40.Wa Charged clusters
– 34.80.Gs Molecular excitation and ionization by electron impact

1 Introduction

It is well-known that temporary negative ion states XY−,
formed in low energy electron collisions with molecules
XY, are crucial for vibrational excitation as well as for
formation of anions X− through dissociative attachment
(DA) [1–7]:

e−(E) + XY → XY− → X− + Y. (1)

Both shape resonances (electrons trapped within a
centrifugal barrier) and Feshbach resonances (electrons
attached to electronically excited states XY∗ of the neu-
tral molecule) are representatives of such temporary nega-
tive ion states in which the incoming electron is captured
for a time interval long compared to the collision time
and often similar to or even larger than a typical vibra-
tional period. In special cases, such as molecules with a
sufficiently strong permanent dipole moment, resonances
attached to vibrationally excited levels of the electronic
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ground state (here addressed as vibrational Feshbach res-
onances VFR) may occur [8–10]. Recently, a clear VFR
has been detected in a joint experimental and theoretical
study of dissociative attachment (DA) to methyl iodide
(CH3I) [11] yielding I−: below the onset for excitation of
the symmetric stretch C–I vibration (ν3 = 1), a promi-
nent peak is observed (width about 10 meV), followed by
a cusp at threshold. Subsequent DA experiments involving
methyl iodide clusters revealed a strong influence of the
cluster environment: for the smallest cluster ion CH3I·I−
the clear VFR present in DA to the monomer was found
to change into a weak, broad shoulder shifted to lower en-
ergy [12]. Very recently, astoundingly narrow resonances
(width few meV) were observed in electron attachment
collisions with (N2O)N clusters (yielding (N2O)qO− ions
(q < N)) and interpreted as vibrational Feshbach res-
onances of the type [(N2O)N−1N2O(νi)]− which involve
a vibrationally-excited molecular constituent (νi ≥ 1 de-
notes vibrational mode) and a diffuse, weakly-bound elec-
tron [13]. The resonances were found to be located at ener-
gies slightly below those of the νi excitation energy of the
neutral clusters [(N2O)N−1N2O(νi)] with redshifts rising
weakly with increasing cluster ion size q = 5−8. Previous
low resolution work on negative cluster ion formation from
N2O clusters [14–17] as well as clusters of other molecules
with negative electron affinities, e.g. CO2 [14–18], had
shown a resolution-limited “zero energy resonance” (width
about 0.5 eV) whose influence increased with cluster size,
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but the nature of this intriguing phenomenon had re-
mained uncertain. To investigate the possible generality
of the occurrence of VFRs in DA to molecular clusters we
extended our studies to clusters of carbon dioxide (CO2).

Pioneering work on anion formation in energy-
controlled electron collisions with CO2 clusters was carried
out by Klots and Compton [14], by Knapp et al. [15–17],
and by Stamatovic et al. [18, 19]. The well-known DA
resonance for the CO2 molecule, located at 4.4 eV [20]
and yielding O− ions, is also active in heterogeneous
(CO2)qO− (q ≥ 1) and homogeneous (CO2)−q (q ≥ 2)
cluster anion formation, but appears shifted to lower en-
ergies with increasing cluster size [14,16,17,19]. The mass
spectrum of homogeneous (CO2)−q ions exhibited max-
ima at q = 10, 14, and 16 (most clearly at low elec-
tron energies) [15,19]. Similar mass spectra were observed
by Alexander et al. [21] as well as Haberland et al. [22]
with electrons of undefined energy mixed into the con-
densation zone of a supersonic expansion and by Kondow
et al. [23, 24] as well as Kraft et al. [25] in Rydberg elec-
tron transfer (RET). Studies of the (CO2)−q ion intensities
as a function of stagnation pressure by Stamatovic et al.
revealed similar growth curves for (CO2)−3 ions produced
at an electron energy of about 3 eV and for (CO2)−9 ions,
formed with electrons of near-zero energy. This result was
interpreted to indicate [19] that only little or no evap-
oration of CO2 molecules occurs in attachment at very
low electron energies (the excess energy being distributed
among the large number of degrees of freedom) while at
E = 3 eV several molecules leave the cluster following
electron capture:

e−(E) + (CO2)N → (CO2)−q + (CO2)N−q. (2)

In contrast, Kondow et al. [23, 24] interpreted their
(CO2)−q mass spectrum due to RET from (unse-
lected) Kr∗∗ Rydberg atoms (principal quantum num-
bers around 25) somewhat differently: from the width of
the region of weak cluster ion intensities (q = 11−13)
the average number (N − q) of CO2 molecules, evapo-
rated in the stabilization process, was estimated to be
at least 4, and from the smallest cluster ion detected
(q = 3), the threshold size for the primary electron at-
tachment process was estimated to be at least NL = 7, in
agreement with a theoretical model promoted by Tsukada
et al. [26]. These authors developed a theory for elec-
tron attachment to van der Waals clusters and applied
it to CO2 clusters. According to their model, initial at-
tachment proceeds to “extended affinity” (i.e. delocal-
ized) states, from which quick stabilization occurs to a
state where the electron is localized on a few molecu-
lar centers (cluster ion core). The released stabilization
energy is transferred to inter- and intramolecular vibra-
tional modes (“phonon modes”), corresponding to heating
of the cluster and inducing evaporation processes which
lead to intensity anomalies related to cluster-ion stabil-
ity. Tsukada et al. found that the (primary) attachment
cross-section is negligibly small for N < 7 (“threshold
size” NL = 7) and that the attachment cross-sections de-
crease sharply from zero with rising electron energy (no

analytical expression for the threshold energy dependence
was given). Information on the size of the cluster ion core
has been provided by photoelectron spectroscopy of stabi-
lized (CO2)−q ions (q = 2−16) [27, 28]: the (CO2)−2 dimer
ion forms the cluster core for q = 2−5 and for q = 14−16
while the CO−2 ion is the cluster kernel for q = 7−13 (for
(CO2)−6 both the monomer and the dimer ion coexist as
cores).

These partly contradictory findings and claims war-
rant more direct experimental evidence in order to clarify
the nature of the “zero energy resonance” and the mech-
anism of cluster ion formation at low electron energies.
Weber et al. [29] have recently shown in a high resolution
experiment (∆E ≈ 1 meV) involving small water clusters
that non-evaporative (q = N) attachment yielding long-
lived cluster ions with q = 2, 6, 7 does in fact occur in
free electron capture collisions at a few meV energy. In
the present paper, we demonstrate that (CO2)−q ion for-
mation (q = 4−22) from (CO2)N (q ≤ N) clusters largely
proceeds through vibrational Feshbach resonances of the
type observed for electron attachment to N2O clusters.
For CO2 clusters, however, the widths and the redshifts
are substantially larger than for N2O clusters, thereby al-
lowing clear statements on the relation between the size
N of the neutral cluster and the resulting cluster ion size
q and on the origin of substantial changes in the shape
of the (CO2)−q anion mass spectra at near zero electron
energies.

2 Experimental

Our experiment is based on the Laser Photoelectron At-
tachment (LPA) method introduced by Klar et al. [30,31]:
energy-variable, monoenergetic electrons are created by
photoionization of atoms in a collimated beam; they
interact with the target molecules (clusters) of interest
in the region where the photoionization process takes
place. While in our previous LPA investigations, pho-
toionization of laser-excited Ar∗(4p, J = 3) atoms yielded
electron currents up to 1 pA, we have now used an anal-
ogous scheme with a demonstrated potential for nA
currents, namely photoionization of laser-excited
K∗(4p3/2) atoms [13, 29]. Both hyperfine compo-
nents of ground state 39K(4s, F = 1, 2) atoms in a
collimated beam of potassium atoms (collimation 1:400,
diameter 1.5 mm) from a doubly differentially pumped
metal vapour oven are transversely excited to the
39K∗(4p3/2, F = 2, 3) states by the first sidebands of
the electro-optically modulated (frequency 220.35 MHz)
output of a single mode CW titanium: sapphire laser
(λ1 = 766.7 nm). Part of the excited state population
is transferred to high Rydberg levels (nd, (n + 2)s,
n ≥ 12) or photoionized by interaction with the intra-
cavity field of a broadband (40 GHz) tunable dye laser
(power up to 5 W), operated in the blue spectral region
(λ2 = 472–424 nm, dye Stilbene 3). The energy of the
photoelectrons can be continuously varied over the range
0–200 meV by tuning the wavelength of the ionizing laser
(λ2 < 455 nm).
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Electrons, created in the overlap volume of the potas-
sium atom beam and the laser beams, may attach
to molecules and clusters in a collimated, differentially
pumped nozzle beam (diameter in the reaction region
3 mm; nozzle diameter d0 = 60 µm, stagnation pressures
p0 up to 5 bar, nozzle temperature T0 = 300 K), propa-
gating in a direction perpendicular to both the potassium
and the laser beams. Anions, generated by electron attach-
ment and drifting out of the essentially field free reaction
chamber, are imaged into a quadrupole mass spectrometer
(m/q ≤ 2000 u/e) and detected by a differentially pumped
off axis channel electron multiplier. For the sake of nor-
malization and resolution testing, using the well-known
cross-section for SF−6 formation from SF6, the target gas
mixture (50% CO2 seeded in He) contains 0.15% of SF6

molecules. The reaction volume is surrounded by a cubic
chamber made of oxygen free, high conductivity copper,
the inner walls of which are coated with colloidal graphite.
By applying bias potentials to each face of the cube, DC
stray electric fields are reduced to values FS ≤ 70 mV/m.
Magnetic fields are reduced to values below 2 µT by com-
pensation coils located outside the vacuum apparatus. The
electron energy resolution is limited by the bandwidth of
the ionizing laser (∆EL ≈ 150 µeV), residual electric fields
(∆EF ≤ 105 µeV), the Doppler effect caused by the tar-
get velocity (∆ED ≈ 0.07

√
E, ∆ED and electron energy

E in meV), and space charge effects due to K+ photoions
generated in the reaction volume (depending on the K+

current). An upper limit to the overall energy spread close
to E = 0 eV can be estimated by comparison of the
SF−6 ion yield, measured under the same conditions as
the cluster ion yield, with the cross-section measured by
Klar et al. [30] at sub-meV resolution and is determined to
be ∆Emax ≈ 1.2 meV in the present experiment (electron
current around 20 pA).

3 Results and discussion

Only homogeneous ions (CO2)−q (q ≥ 4) were ob-
served in the negative ion mass spectra, both in Rydberg
electron transfer (RET) for principal quantum numbers
n = 12−300 and in free electron attachment for the en-
ergy range E = 1–200 meV. In Figure 1 we show the
(CO2)−q cluster anion size distribution (q = 4–24), ob-
served for RET at n = 30 (a) and n ≈ 300 (b), i.e.
for electron collisions at practically zero energy [32, 33].
The results for n = 30 are in good agreement with those
reported by Kraft et al. [25] (at q > 17, the intensities
in the present spectrum are smaller than those of Kraft
et al. [25] which we attribute to differences in the neutral
cluster size distribution); this mass spectrum shows max-
ima at q = (9, 10), 14, and 16, as observed before in RET
with a broad n distribution by Kondow et al. [23, 24] and
in free electron attachment at low energies [15,19,21,22].
We note that both anion cluster size distributions shown
in Figure 1 are completely different from the expected
size distribution of neutral clusters (slow decrease towards
larger N , see also [25]). The spectrum in Figure 1b, which
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Fig. 1. Anion cluster size distributions ((CO2)−q , q = 4−24),
as measured for Rydberg electron transfer (RET) to neu-
tral carbon dioxide clusters ((CO2)N , N ≥ q); (a): Rydberg
electron principal quantum number n = 30 (binding energy
En = 15 meV, i.e. effective collision energy E ≈ 3 meV [32]),
(b): n ≈ 300 (En ≈ 0.15 meV, i.e. E ≈ 0 meV).

represents a genuine threshold electron attachment mass
spectrum (n ≈ 300, E ≈ 0 meV), is reported for the first
time. In view of the rather small change in effective elec-
tron energy from n = 30 (E ≈ 3 meV [32]), the spectrum
in Figure 1b is quite different from that in Figure 1a. The
minima around q = 7 and q = 13 are now very deep, in-
deed; the maximum at q = 10 stands out clearly whereas
maxima at q = 14 and 16 are no longer observed. The free
electron attachment spectra, studied for q = 4−22, will
provide insight to understand the shape of the anion size
distributions in Figure 1.

In Figure 2 we present the energy dependent yield for
(CO2)−q (q = 5−12) ions over the energy range from 1 meV
up to 180 meV, using an intensity scale common to all q.
Two clearly separated series of resonances are observed
which exhibit redshifts increasing by about 12 meV per
monomer unit. The key spectrum observed for q = 5
shows a distinct zero energy peak (indicative of s-wave
attachment), a rather sharp resonance peaking at about
52 meV and a double-peak structure with a center-of-
gravity around 134 meV. We interpret these three peaks
to be associated with vibrationally excited temporary neg-
ative cluster ion states (vibrational Feshbach resonances
VFRs) of the type [(CO2)N−1CO2(νi)]− with (ν1 ν2 ν3) =
(010) and (020)/(100), respectively, which evolve into the
observed long-lived (CO2)−q=5 anions either by redistribu-
tion of the vibrational energy among soft modes of the
cluster with formation of a metastable cluster ion with
q = N or by evaporation of a small number of CO2 units
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Fig. 2. Ion yields for the formation of homogeneous (CO2)−q
anions (q = 5−12) in free electron attachment to neutral car-
bon dioxide clusters ((CO2)N , N ≥ q). The spectra have a
common intensity scale. For q = 5, the energy positions of
the (ν1ν2ν3) = (010), (020) and (100) vibrational modes in
the CO2 monomer are indicated by vertical dash-dotted lines.
For q = 5, 7, 9 and 11, the respective positions of vibrational
Feshbach resonances are connected by dashed lines, illustrating
a redshift of about 12 meV per monomer unit.

(most likely N − q = 1, see below). As expected for VFRs
their respective energies are redshifted from those of the
neutral [(CO2)N−1CO2(νi)]N precursor. In contrast to the
case of N2O clusters, however, the redshift is substantially
larger for CO2 clusters indicating a stronger interaction of
the resonantly-captured electron with CO2 clusters than
with N2O clusters. In line with this observation the res-
onance widths are larger for CO2 clusters than for N2O
clusters. For any particular (CO2)−q cluster ion, the width
of the observed resonances contains contributions due to
the intrinsic resonance widths and resonance positions of
all involved neutral precursors which participate in VFR
formation, i.e. the observed resonances are in general in-
homogeneously broadened. In view of the substantial red-
shift of about 12 meV per added CO2 unit and the com-
paratively narrow intrinsic width of the VFRs, the width
in conjunction with the redshift of the VFR allows rather
direct conclusions to be drawn on the size range of the in-
volved neutral precursors. For q = 5 the resonances exhibit
the smallest widths and it is plausible that the attachment

0

1

2

3

4

5
(CO2)q

-

 

q = 11

 

  

q = 12

 

0

1

2

3

4

5

 

q = 13

 

 

 

 

 

q = 14

 

0

1

2

3

4

5

 
 

 

 

q = 16

 

q = 18

 
C

LU
S

T
E

R
 A

N
IO

N
 Y

IE
LD

 [a
rb

. u
ni

ts
]

 

0 40 80 120 160
0

1

2

3

4

5

 

 

ELECTRON ENERGY [meV]

 

 

q = 20

0 40 80 120 160
 

 

q = 22

 

*50

 

 

(030)/(110)

*50

 

 

*50

 

 

*50

 

 

Fig. 3. Ion yields for the formation of homogeneous (CO2)−q
anions (q = 11−14, 16, 18, 20, 22) in free electron attach-
ment to neutral carbon dioxide clusters ((CO2)N , N ≥ q). The
spectra have a common intensity scale. For q ≥ 16, additional
vibrational Feshbach resonances, attributed to the (030) and
(110) vibrational modes of CO2, are clearly observed.

spectrum is predominatly associated with a single neu-
tral precursor size (with the possibility of inhomogeneous
broadening due to contributions from different conforma-
tions for that cluster size). For q ≥ 6, the (010) resonances
appear to be significantly broader than for q = 5; this may
indicate contributions from two neighbouring neutral pre-
cursor sizes, but could also be caused (at least in part)
by the influence of different conformations for a particu-
lar N . In Figure 3 we show the attachment spectra for
(CO2)−q anion formation for the cluster sizes q = 11−22.
The trends are similar to those observed in Figure 2; the
redshifts per added molecular unit decrease somewhat at
higher q. In the attachment spectra for q = 16, 18, 20, 22
vibrational resonances which we attribute to the bending
overtone (030) and the combination vibration (110) are
weakly, but clearly observed.

In Figure 4 we summarize the resonance positions
ER of all experimentally observed vibrational Feshbach
resonances (including those for q = 4 not shown in
Figs. 2 and 3). The positions labelled by full symbols cor-
respond to the respective center-of-gravity for the (010)
sequence (circles), the average of the two (020) and (100)
series (squares), and the average of the two (030) and
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Fig. 4. Center-of-gravity energy positions of experimen-
tally observed vibrational Feshbach resonances; full circles:
(ν1ν2ν3) = (010) series, full squares: average of the two (020)
and (100) series (the individual positions of which are indicated
by open squares), full triangles: average of the two (030) and
(110) series (see text).

(110) series (triangles). For each vibrational series, the
resonance position ER of the VFR mirrors the binding
energy EB (EB < 0, i.e. redshift) of the captured electron
in the [(CO2)N−1CO2(νi)]− anion state relative to the en-
ergy EN of the neutral [(CO2)N−1CO2(νi)] cluster which
carries the same quanta of intramolecular vibrational en-
ergy (ER = EN+EB). If the geometric arrangement of the
cluster constituents does not change upon capture of the
electron, the binding energy EB can be estimated with
a simple calculation, based on the long-range attraction
between the electron and the cluster, including an appro-
priate short range interaction U0 at distances smaller than
the cluster radius RN . We only take into account the po-
larization attraction Vpol = −Ne2α(CO2)/2r4 (assuming
that the effects associated with the quadrupole moment of
the CO2 molecules can be neglected in the average over the
cluster) and cut it off at the cluster radius; moreover, we
set U0 constant at electron-cluster distances smaller than
RN = R0(1.5N)1/3 (R0 = effective radius of a monomer)
and treat U0 as a parameter. Figure 5 shows the results
of these calculations for the electron binding energies to
clusters with N = 4−22, using six constant values of short
range potentials U0, the isotropic monomer polarizability
α(CO2) = 20a3

0 [34] and R0 = 3 a0 (a0 = 52.9 pm).
For comparison with the calculated binding energies

(lines), the experimentally derived binding energies EB,
calculated from the resonance positions ER (Fig. 4)
through EB = ER −EN are included in Figure 5. In view
of the fact that the intramolecular excitation energies
EN in CO2 clusters deviate from those in the CO2

monomer E1 by no more than about ±1 meV [35–40]
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Fig. 5. Model calculation of electron binding energies to
(CO2)N clusters (N = 4−22) for different short range inter-
actions U0 in comparison with experimental data (assuming
q = N); full circles: (ν1ν2ν3) = (010) series, open squares: av-
erage of the two (020) and (100) series, full triangles: average
of the two (030) and (110) series (for details see text).

we approximate EN by E1 for all sizes N of interest:
E(010) = 82.7 meV, E(020)/(100) = 165.7 meV, and
E(030)/(110) = 248.5 meV [41], using the average energies
for (020)/(100) and (030)/(110), respectively. One
observes reasonable agreement between the thus
calculated and the observed resonance positions for
U0 = −0.5 eV, if one assumes q = N (although we do
not take this agreement as a proof that q = N , the
comparison indicates that it is reasonable to assume
that q is close to N). The calculated average radius
of the electron in these resonance states is quite large
(about 20a0 for cluster sizes N around 12) and only
weakly dependent on N . Our model is consistent with the
theory of electron affinity of clusters [42], however it does
not take into account the variation of the depth of the
potential inside the cluster with the cluster size. Ab initio
calculations discussed in [42] show that this dependence
can be approximated by

U0 = aN−1/3 + b. (3)

The curve “var” in Figure 5 represents the results for the
binding energy obtained by using (3) with a = 0.7 eV and
b = −0.866 eV. We see that the inclusion of the variable
depth leads to a faster variation of the binding energy with
N and improves agreement with the experiment.

We note that the results of the model calculation with
U0 = 0.2 eV (Fig. 5) are in qualitative agreement with
the observations of small redshifts for the VFRs in N2O
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clusters. This may be taken as indication that the afore-
mentioned difference between the VFRs in CO2 and N2O
clusters (larger redshift for CO2) lies in the average short
range interaction between the electron and the respective
molecular constituents (the polarizabilities of N2O and
CO2 agree to within 5% [34]). This conclusion is con-
firmed by analysis of experimental results and theoreti-
cal calculations of low-energy electron scattering by CO2

and N2O molecules. Cross-sections for low-energy electron
scattering by CO2 are rapidly increasing towards lower en-
ergies [43–45] approaching 200 Å2 which corresponds to a
large negative scattering length of about −7.5a0. More re-
cent experimental data [46] on e−–CO2 scattering confirm
earlier swarm results [43], but do not cover the low-energy
region important for our discussion. Two recent calcula-
tions [47, 48] also do not give enough details about the
cross-section behaviour below 0.1 eV. Moreover, it seems
that both calculations strongly underestimate the cross-
sections in the low-energy region because of the low ef-
fective polarizability. In particular, excited configurations
included in calculations in [48] account only for 10% of
the long range polarizability. To show the importance of
the polarization interaction in low-energy electron scat-
tering by nonpolar molecules, we write down the first two
terms of the modified effective range expansion [49] for the
elastic scattering cross-section σ

σ = 4π(A2 + (4/45)Q2 +Bk + ...) (4)

where k = (2E)1/2, A is the scattering length, Q is the
quadrupole moment, and B is a coefficient which depends
on A, Q, and the isotropic and anisotropic polarizabili-
ties α0 and α2, respectively. The term linear in k controls
the low-energy behavior of the cross-section. In particular,
the Ramsauer-Townsend minimum exists if B < 0. The
quadrupole moment contribution to B is less than 10% for
CO2 [49], and the second term in (4) can be considered as
a renormalization of the scattering length. Therefore our
model for clusters (short-range well plus polarization tail)
can also describe electron scattering by monomers. Indeed,
the discussed results [43–45] on low-energy e−−CO2 scat-
tering can be reproduced by including the short-range in-
teraction in the form of an attractive potential well with a
depth of about 0.1 eV, although it should be emphasized
that a more realistic pseudopotential for the e−CO2 in-
teraction should include a strong repulsive part [50] which
takes into account the Pauli exclusion principle.

On the other hand, experimental [51] and theoreti-
cal [52,53] data on electron scattering by the N2O molecule
show that the low-energy cross-section in this case is much
smaller and does not exceed 8 Å2 below E = 1 eV. At ul-
tralow energies, the cross-section should increase due to
the (albeit very small, µ = 0.16 D [34]) dipole moment,
but this effect should not be important for clusters. The
observed behavior can be reproduced by modelling the
e−−N2O interaction potential as a repulsive barrier with
a polarization tail which is consistent with our findings for
N2O clusters.

The attachment spectra shown in Figures 2 and 3 of-
fer the following explanation for the strongly q-dependent
ion intensities in the mass spectrum resulting from thresh-
old electron attachment (Fig. 1b) with a clear maximum
at q = 10 and another broad maximum for q around 21.
Enhanced cluster ion intensities are found for q-values for
which a substantial overlap of a VFR with zero electron
energy exists. For q = 9, 10, the (010) resonance has moved
close to zero energy, for q = 16−22, the (020) and (100)
resonances have more or less substantial overlap with zero
energy. The intensity rise in the threshold attachment
mass spectrum (Fig. 1b) from q = 6 to q = 5 may be at-
tributed to an influence of (CO2)−N capture states without
intramolecular excitation (but possibly some intermolec-
ular excitation). One would expect such an influence to
be even stronger for (CO2)−4 formation, but on the other
hand the lifetimes of (CO2)−N anions are expected to de-
crease at small N . With the sensitivity of our experiment,
(CO2)−4 ions were the smallest anions observed.

4 Conclusions and outlook

Using a crossed beams apparatus a high resolution (energy
width about 1 meV) laser photoelectron attachment study
of negative ion formation involving CO2 clusters has been
carried out. Attachment spectra measured for (CO2)−q
ions (q = 4−22) over the energy range 1–180 meV reveal
that — similar to our previous findings for N2O aggre-
gates — cluster ion formation is largely mediated through
temporary negative ion states (vibrational Feshbach reso-
nances VFRs) of the type [(CO2)N−1CO2(νi)]− associated
with intramolecular vibrational excitation. The “zero en-
ergy resonance”, observed some time ago at low electron
energy resolution [17,19], is thus explained by a superposi-
tion of several contributing VFRs which — when shifted to
zero energy — enhance threshold electron attachment and
thus produce and explain the strongly q-dependent thresh-
old attachment mass spectrum. The widths and redshifts
of the VFRs observed in (CO2)−q formation are substan-
tially larger than those found in negative ion formation
from N2O clusters. Experiments on clusters of OCS and
CS2 are in progress. For CS2 clusters no VFRs, but a
strong increase of the attachment yield towards zero en-
ergy is observed. For OCS clusters preliminary results in-
dicate the presence of VFRs.
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