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Our experimental progresses on the reaction dynamics of dissociative electron attachment
(DEA) to carbon dioxide (CO2 ) are summarized in this review. First, we introduce some
fundamentals about the DEA dynamics and provide an epitome about the DEAs to CO2 .
Second, the experimental technique developments are described, in particular, on the highresolution velocity map imaging apparatus in which we put a lot of eﬀorts during the past
two years. Third, our ﬁndings about the DEA dynamics of CO2 are surveyed and brieﬂy
compared with the others’ work. At last, we give a perspective about the applications of the
DEA studies and highlight the inspirations in the production of molecular oxygen on Mars
and the catalytic transformations of CO2 .
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I. DISSOCIATIVE ELECTRON ATTACHMENT
A. Theoretical fundamentals

Dissociative electron attachment (DEA) is one of
electron-molecule collisional reactions, in which a lowenergy (typically 0−20 eV) electron is captured to form
a temporary negative ion (TNI), and then the molecular TNI dissociates into a negative ion and neutral
fragment(s). DEA plays important roles in various processes such as atmospheric chemistry, astrochemistry,
plasma technique, radiation damage and therapy, and
nano-fabrication [1–8]. As described in Eqs.(1, 2) and
FIG. 1, electron autodetachment (AD) of TNI is a competitive process of DEA,
DEA process :
(
)∗
XYZ + e− → XYZ− → XY + Z−
(1)
AD process :
(
)∗
XYZ + e− → XYZ− → XY(ν) + e− (2)
The resonant AD is a typical inelastic collision process, and as shown in FIG. 1(B) the target XYZ can
be pumped to high vibrational (ν) states.
If the potential energy curve of (XYZ− )∗ is of a repulsive Morse type, as described in FIG. 1(B), the electron attachment has a neutral-to-TNI transition probability which is proportional to the Franck-Condon factors (i.e., the square of an integral of the vibrational
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FIG. 1 (A) Two typical pathways after electron attachment
to XYZ and Morse potential curves of XYZ and XYZ− (left)
and (B) differential cross sections of σEA and σDEA (right).

wave functions of the neutral ground-state target and
the resonant-state TNI). R0 is the equilibrium internuclear distance of the neutral molecule XY−Z, and Rc
is the crossing point of the neutral and anionic potential energy curves along XY−Z bond. The AD only
occurs as R≤Rc ; while beyond Rc , DEA is an available
channel with high possibility. The electron attachment
c
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cross section (σEA ) comprises the components of DEA
and AD, and
)
(
τd
σDEA = σEA × exp −
(3)
τa
where τa is the AD time and τd is the dissociation time.
The exponential term, exp(−τd /τa ), represents the survival probability
AD, and it is also
( ∫ of the TNI against
)
Rc
Γa (R)
dR where Γa (R) is the AD
given as exp −
Rε ~v(R)
energy width, v(R) is the radial velocity between XY
and Z− , and Rε is the internuclear distance of the electron attachment [9]. The thermodynamics threshold of
the DEA process leading to fragments Z− and XY is,
( )
(4)
Eth Z− = D (XY−Z) + EA (Z)
where D(XY−Z) is the bond energy of XY−Z, and
EA(Z) is the electron aﬃnity of Z. If the electron attachment energy Ee is higher than Eth , then the excess
energy E ∗ will deposit into multiple degrees of freedom,
transforming to translational or kinetic energy Ek of
fragments and possibly to internal energies Eint (electronic, vibrational or rotational energy) of XY. Therefore, in practice, the appearance energy (AE) of Z− is
frequently used in experiment,
( )
AE Z− = D (XY−Z) + EA (Z) + E ∗
(5)
At a given Ee , the Ek (Z− ) is determined as,
( )
mXY
Ek Z− =
(Ee − Eth − Eint )
MXYZ

(6)

where mXY and MXYZ are the masses of the XY
fragment and the parent molecule XYZ, respectively.
Eqs.(4−6) describe the two-body dissociation. For
three-body or many-body dissociations, Eq.(4) should
be extended as,
∑
( ) ∑
Eth Z− =
D (Broken) −
D (Formed) + EA (Z)
(7)
where the right ﬁrst two terms denote the energy difference of the bond cleavages and formations in the dissociation.
Besides above thermodynamics analyses, in the sixties of the last century the DEA process was investigated with quantum scattering theory. O’Malley and
Taylor [10] derived the angular diﬀerential cross section
for the DEA to diatomic molecule on the basis of the
symmetry arguments by Dunn [11]. Tronc et al. [12]
simpliﬁed the expression as,
σDEA (k, θ, φ) ∝

∞
∑

al,|µ| (k) Yl,µ (θ, φ)

l=|µ|
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(8)

where k is the incident electron momentum, al,|µ| (k)
is the energy-dependent expansion coeﬃcient, and
Yl,µ (θ, φ) are the spherical harmonics. Here, µ is the
diﬀerence in the projection of the angular momentum along the internuclear axis for the neutral molecular state and the TNI’s resonance state, given as
|µ|=|Λf −Λi |; l is the angular momentum of the incoming electron with values given as l≥|µ|. This equation
requires axial-recoil approximation [13] and assumes
that the TNI states do not interfere or couple with each
other. If more than one uncoupled TNI states are involved in the DEA process, σDEA equals a summation
over diﬀerent |µ| valves. In principle, the target’s electronic state, usually the electronically ground state, is
known, the resonant state symmetry of the TNI can be
obtained by ﬁtting the experimental angular distribution of the negative fragment. This also provides us an
experimental method to evaluate the quantum scattering predictions about TNI states.
Although Eq.(8) is derived for diatomic molecules, it
is still applicable for polyatomic molecules if the axialrecoil approximation is valid or in an impulsive dissociation. The majority of the excess energy is transformed into the fragments’ translational motions along
the dissociating axis [14, 15]. If the experimental angular distribution of the negative fragment may have a
remarkable diﬀerence from the axial-recoil prediction,
the axial-recoil approximation is invalid, which implies
that TNI undergoes bending and conical intersections
involved in dissociation dynamics [16]. If the lifetime of
a resonance is long enough to allow the intramolecular
nuclear motions in TNI, then understanding of angular distributions should resort to sophisticated dynamic
simulations of the nuclear motions that need to be performed on the multi-dimensional potential energy surface of the TNI state.

B. Previous studies of DEA to CO2

The DEA process was ﬁrstly discussed in 1920s
and an experimental study about the DEA to I2
(e− +I2 →I+I− ) was reported by Buchdahl [17]. Research interest on this topic continues and is extended
for gas-phase molecules [18–20], molecular clusters [19,
20], and molecular ﬁlms [21, 22]. As an important atmospheric molecule, CO2 emission by burning fossil fuels leads to global warming and diverse environmental
crisis [23]. Its reduction into value-added chemicals or
fuels has been a long-standing issue in both heterogeneous and homogeneous catalysis [24–26]. In the catalytic reduction of CO2 , DEA to CO2 can be considered
as a fundamental step to produce CO which is one constituent of Fischer-Tropsch syngas. Moreover, the DEA
to CO2 profoundly inﬂuences the C and O cycles in the
interstellar atmosphere [27]. Thus, it is vital to understand the mechanism of DEA to CO2 , especially the
kinetic energy, state, and angular distributions of the
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FIG. 2 (A) O− and (B) C− production efficiency curves of
the DEA to CO2 (reproduced from [32, 34]).

fragments.
DEA to CO2 has been extensively studied [16, 27–
45]. These studies mainly focused on the production
eﬃciencies of the anionic fragments of O− , C− , and
O2 − [32, 34]. FIG. 2(A) indicates a typical eﬃciency
curve of O− which primarily consists of three bands,
i.e., two strong bands around 4.4 and 8.2 eV and a
much lower one around 13.0 eV [32]. As shown in FIG.
2(B), only one band around 18.7 eV together with a
broad shoulder from 15.0 eV to 22.0 eV was observed
in the C− eﬃciency curve [34]. Two peaks around 11.3
and 12.9 eV were observed with the large uncertainties
in the O2 − eﬃciency curve and the total production
cross-section was in the order of 10−24 cm2 which was
four or ﬁve orders lower than that of O− [34].
It is well known that the O− production at 4.4 eV
is attributed to the DEA process around a shape resonance 2 Πu of CO2 − , but the arguments about some
ﬁne structures of this O− eﬃciency band continues
for a half century [16, 33, 36, 40, 42]. Stamatovic
and Schulz assigned these structures with the vibrational states of CO (v=0−3) fragment produced in
CO2 − (2 Πu )→CO(1 Σ+ )+O− (2 P) [33]. However, using
the same technique, Abouaf et al. [36] observed the
diﬀerent structures which are attributed to the nuclear
motions of intermediate CO2 − . Some ensuing studies
tried to bridge this divergence, for example, the ﬁne
structures with an energy spacing of 0.26 eV were observed by ﬁltering all O− yields with non-zero kinetic
energy and assigned with the CO vibrational states,
DOI:10.1063/1674-0068/cjcp2008152
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while additional much narrower structures (with a spacing of 0.10 eV) appeared when the kinetic energy discrimination was removed; the latter was attributed to
the nuclear motion of intermediate CO2 − [40, 42]. However, more dynamics information is still encouraged due
to the limitation of anion eﬃciency curve measurement.
A recent experimental study by using the anion velocity map imaging (VMI) technique brought new information but the results were still puzzling [16]. Since
this DEA process undergoes the 2 Πu shape resonant
state of CO2 − , the O− angular distribution should exhibit a typical Π-symmetric feature. On the contrary,
the forward-backward scattered distribution of the O−
yields, i.e., Σ-symmetric feature, was observed [16].
The nature of the CO2 − resonance(s) around 8.2 eV
was debated for a long time. Firstly it was regarded
as a 2 Σ+
g shape resonance [31, 37], but afterwards was
recognized as a 2 Πg Feshbach resonance [38, 40, 41].
Recently a conical intersection between 2 Πg state at
8.2 eV and 2 Πu state at 4.4 eV was proposed, and the
axial-recoil approximation should be invalid in the DEA
process around 8.2 eV [43, 44]. Accompanying the O−
production at 13.0 eV and the higher energy, the coyield CO was proposed to be in electronically excited
states and this DEA process might undergo the highlying resonance 2 Φg of CO2 − [32].
At the higher attachment energy, the C− ion
was proposed as the yield of three-body dissociation
CO2 − →C− +O+O, and two C−O bonds were simulta2
−
neously broken around 2 Σ+
u and Πg states of CO2
−
locating between 15 and 20 eV [34]. O2 was also reported as the yield of a two-body dissociation, but the
competitive pathway leading to C− +O2 was denied [34].
Considering that the much faster C− ions could be produced in the above pathway, we conjecture that most
of these fast ions might ﬂy away and could not enter
the quadrupole mass ﬁlter (QMF) spectrometer used in
their measurements [34]. Therefore, the collection efﬁciency of the C− ions should be enhanced and threeand two-body dissociations are hopefully disentangled
by the Ek (C− )-resolved measurements.

II. DEVELOPMENTS OF THE DEA EXPERIMENTAL
METHOD

The Ek -resolved experiment was partially realized by
modiﬁcations of the QMF or time-of-ﬂight (TOF) apparatus [46, 47], but the energy resolution was unsatisﬁed.
On the other hand, the angular distributions of anionic
fragment were measured using a mechanically rotating
analyzer [48–50]. The detectable angle range was usually restricted, and the forward (near 0◦ ) and backward
(near 180◦ ) directions were inaccessible due to the geometrical limitations of the conventional turn-table arrangement. The Ek distribution in full scattering angle
range can be obtained with ion imaging technique innovated by Chandler and Houston [51], and this technique
c
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was further developed into VMI by Eppink and Parker
[52], and time-sliced velocity imaging by Townsend and
Gebhardt et al. [53, 54]. In the VMI and time-sliced
imaging techniques, the product ions at diﬀerent positions (e.g., in a volume of 2 mm×2 mm×2 mm) but with
the same velocity can be eﬀectively focused in an inhomogeneous extraction ﬁeld and expanded to be a Newton sphere in the downstream homogeneous ﬁeld. A
two-dimensional (2D) velocity image is recorded when
the ions within a Newton sphere are projected onto a
2D position-sensitive detector, while time-sliced image
at the center of the Newton sphere is recorded when the
detector is working in a pulsed mode. Complete kinetics
information, i.e., the Ek and full angular distribution
of the fragment ions, can be obtained with the Abel
transformation from 2D velocity image [52, 55], while
it is directly viewed in the central time-sliced image.
The VMI and time-sliced imaging techniques have been
extensively used in photodissociation, photoionization,
and crossed-beam reaction. Recently, these state-ofthe-art techniques were introduced into the DEA studies by diﬀerent groups [56–61].
The pulsed electron beam in the anionic velocity
imaging apparatuses (including ours [57]) is produced
with a thermal ﬁlament, and the energy spread of these
thermally emitted electrons is about 500−600 meV.
Our ﬁrst VMI apparatus was developed in 2012 [57]
and schematized in FIG. 3(A). Brieﬂy, the low-energy
pulsed electrons are collimated and guided into the reaction region by a pair of Helmholtz coils, then collide
with an eﬀusive molecular beam which is perpendicular
to the electron incident direction. The anionic fragments are periodically pushed out and then ﬂy through
the TOF-VMI tube, afterwards are detected by the detector which consists of a set of microchannel plates
(MCPs), phosphor screen, and a CCD camera. The
time-sliced imaging is realized by applying a high voltage pulse (typically with a time width corresponding
to 1/5−1/10 diameter of a Newton sphere) on the rear
MCP, meanwhile, this voltage pulse serves as a mass
gate to selectively detect the anionic yields. Since there
are millions of electrons in each bunch of the electron
beam, the combinational usage of phosphor screen and
CCD camera is more suitable in the case of the multiple
anionic yields in each pulse, indicating the detection efﬁciency higher than that of position- and time-sensitive
detectors (e.g., the wedge-and-strip anode [56] or the
delay-line anode [59]). Lots of the DEA studies were
accomplished with this apparatus and some interesting
results have been reported [27, 28, 62–70].
Currently, the velocity- or momentum-resolution of
the anionic image of DEA process suﬀers from the energy spread of the thermal electrons. The eﬀects of rovibrational motions of the target XYZ or the molecular
fragment XY are blurred or invisible in the Z− images.
Several types of electron monochromator, such as hemispherical electron monochromator [73], Wien ﬁlter [74],
and trochoidal electron monochromator (TEM) [75], are
DOI:10.1063/1674-0068/cjcp2008152
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FIG. 3 Schematics of our (A) low- and (B) high- resolution
VMI apparatuses.

applicable in the DEA experiments. TEM, as a typical
one in combination with a QMF or TOF mass spectrometer, is frequently used to measure the cross sections or production eﬃciency curves of the DEA anionic
fragments [32–34, 41, 42, 46, 47, 50, 76–78]. Using the
TEM and a retarding ﬁeld ﬁltering lens, we established
a high-resolution apparatus [58] (while the previous one
[57] is named as low-resolution apparatus). As schematized in FIG. 3(B), the monochromatized electron beam
is perpendicular to a continuous supersonic molecular
beam. A retarding ﬁeld analyzer and a Faraday cup installed at the downstream of the TEM are used to determine the electron beam energy resolution and dump the
scattered electrons, respectively. The current 1.5 nA of
the continuous monochromatized electrons is almost invariable at the energy above 3 eV, and the derivatives
in terms of the retarding ﬁeld strength of the analyzer
show the FWHM (full width at half maximum) values
in a range of 60−110 meV below 10 eV while a little
larger at the higher energy. Sometimes, to improve the
anionic counting rate, we enhanced the electron beam
current by increasing the electron energy spread up to
250 meV [71, 72]. The ion detection system is similar
to the previous one [57], but the anionic VMI optics
is updated. The kinetic energy resolution (∆E/E) of
the image is about 2% for the O− anion with the kinetic energy less than 3.5 eV but reaches 5.5% at a very
low kinetic energy (0.1 eV) [58], which is much better
than our previous design (∆E/E=5% when E≤1.0 eV)
[57]. As we proposed previously [57], the image can be
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zoomed in or out by adjusting the voltages of the VMI
lenses with a certain proportion. This ﬂexible VMI system has two beneﬁts for the MCP detector with a ﬁxed
size (here is 75 mm diameter, while the pervious one
is 40 mm): the large Newton sphere of the fast anionic
products can be contracted without any deformations
by increasing the voltages of the lenses; on the contrary,
more structures in the small Newton sphere of the slow
anionic products can be observed in the magniﬁed image by decreasing the voltages [57, 58].
III. DEA DYNAMICS OF CO2
A. O− yields around 2 Πu resonance of CO2 −

Considering the half-century controversy on the DEA
process (e− +CO2 →CO2 − (2 Πu )→CO(1 Σ+ )+O− (2 P),
Eth =3.988 eV) around 4.4 eV, we reinvestigate it using
our high-resolution apparatus (FIG. 3(B)). The timesliced images of O− are recorded at Ee =4.15, 4.55 and
4.95 eV and shown in FIG. 4(A−C). The images at 4.55
eV (FIG. 4(B)) and 4.95 eV (FIG. 4(C)) distinctly show
an asymmetric feature about the relative intensities in
the forward-backward directions, which is in line with
the previous observations [16]. However, the image at
4.15 eV (FIG. 4(A)) exhibits the relatively stronger intensity in the forward direction, which is a little diﬀerent from the previous result at 4.1 eV [16]. Besides the
double-petal distributions in the forward (down) and
backward (up) directions, some ﬁne structures stand
out in the present images, owing to the high resolution
of our apparatus. Moreover, one can ﬁnd the dramatic
changes of the images with the Ee increase, which is definitely related to the Ee -dependence of the intramolecular nuclear motions of the intermediate CO2 − (2 Πu ).
According to Eq.(5), we have
( )
E ∗ = Ek O− + Ek (CO) + Eint (CO)
(9)
where the excess energy E ∗ =Ee −Eth and Ek (O− ) is
determined experimentally in images, thus the internal
energy Eint (CO), corresponding to diﬀerent vibrational
(v) and rotational (j) states of the electronically ground
state X 1 Σ+ of CO, is derived. The images of 4.55 and
4.95 eV can be assigned with the vibrationally excited
states v=0, 1 and v=1, 2 of CO respectively, as denoted
in FIG. 4 (B) and (C). Only the vibrationally ground
state (v=0) CO is observed in FIG. 4(A). Furthermore,
the rotational states j=0−25 of CO (v=0) in the forward (from −15◦ to 15◦ ) and backward (from −165◦
to 165◦ ) directions are assigned in FIG. 5. Although
the present resolution is not high enough to disentangle the isolated rotational states of CO, the undulating
Ek (O− ) proﬁles indicate the non-Boltzmann distributions of these rotational states.
The O− angular distribution of 4.15 eV is plotted in
FIG. 6 for the ion intensities within an annular area
of the image which corresponds to certain rotational
DOI:10.1063/1674-0068/cjcp2008152

FIG. 4 High-resolution O− velocity images of the DEAs to
CO2 at the electron energies of (A) 4.15, (B) 4.55, and (C)
4.95 eV. The electron incident direction (along y axis) is
from top (backward) to bottom (forward) and through the
image center.

state(s) of CO. The fastest O− ions near the outside
edge of the image in FIG. 4(A) are related to j=0, 1,
2, 3 states of CO (X 1 Σ+ , v=0), while the slowest ones
corresponding to j=25 state locate in the most inside
region. FIG. 6 clearly exhibits that the O− angular distributions heavily rely on the CO rational states. The
O− ions corresponding to the highest rotational state
j=25 of CO indicate a nearly isotropic distribution,
while an anisotropy appears for the rotational states
j=23−25. Only the forward and backward distributions are observed for the lower rotational states j=0−3.
This forward-backward peaking proﬁle (roughly as a
function of 1/sin θ) is a typical feature of a reaction exc
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FIG. 6 Angular distributions of O− ions produced in the
DEA to CO2 at 4.15 eV. The co-product CO (X 1 Σ+ , v=0)
is populated at different rotational states (j).

B. O− yields of the DEA to vibrationally excited CO2

FIG. 5 Assignments with the rotational states j=0−25 of
CO (X 1 Σ+ , v=0) of the O− kinetic energy distributions in
the forward (A, θ from −15◦ to 15◦ ) and backward (B, θ
from −165◦ to 165◦ ) scattering directions. The solid circles
are the relative intensities of O− ions observed in FIG. 4(A),
the vertical lines show the intensities of different rotational
states, and the red curves show the fitting profiles of all
rotational states considered here. In the data fittings, a
gaussian function with an energy width of 0.03 eV is used
for each rotational state.

perienced with an intermediate complex with lifetime
long compared to its rotational period, thus the axialrecoil approximation is completely invalid. The period
of the slowest CO rotation is about 10−11 s, thus we
can conjecture that the lifetime of CO2 − at 2 Πu state
could be in this time scale. The nuclear motions in
the predissociative CO2 − lead to the intramolecular energy partitions and ﬁnally determine the asymptotic
energy distributions. Around the resonant state 2 Πu
of CO2 − , the vibrational excitations of the symmetric
stretching v1 (σg+ ), and the odd-quanta bending v2 (πu ),
rather than the asymmetric-stretching v3 (σu+ ), of CO2
are permitted [79]. Namely, the vibrationally excited
CO can be produced by the bond stretching via ν1 mode
of CO2 − , while the rotating CO is formed by receiving a
torque in the bond bending ν2 of CO2 − . The combination and Fermi coupling between ν1 and ν2 lead to the
ro-vibrationally excited CO [80, 81]. Our results support the previous conjecture about the quantum states
of the CO product [33] and clarify the long-time controversies [16, 33, 36, 40, 42] on the dissociation processes
of CO2 − at the 2 Πu shape resonant state.
DOI:10.1063/1674-0068/cjcp2008152

As mentioned above, the vibrational resonant excitation through AD is a competitive pathway of DEA.
In a previous experimental study, two CO2 vibrational
modes v1 and v2 were found to be activated at 3.5 eV,
namely (n, 0, 0) and (n, 1, 0) [80]. Due to the symmetry
selection rules [79, 81], the bond bending motion v2 =1
is forbidden. However, the excitation to (n, 1, 0) is attributed to the fact that the CO2 structure is slightly
bent at room temperature (v2 =1 is only about 0.065
eV above its ground state). With the energy losses of
0.5−1.0 eV in the electron inelastic collisions, the cross
sections of the excitations to n=3, 4, 5 and 6 of v1 were
quite larger [80]. These studies provide us for opportunities to investigate the DEA process of vibrationally
excited CO2 , although there are no satisfactory results
from the previous eﬀorts [38].
The DEA to vibrationally excited CO2 experiments
were performed with high-resolution apparatus, in
which a long 400 ns (while a typical value is 250 ns)
width of the pulsed electron beam was used [29]. In
comparison with the DEA to cold (vibrational ground
state) CO2 [40, 42], the O− production eﬃciency curve
for the present hot CO2 target shows the strong intensities below the Eth of 3.988 eV. More interestingly,
we observed three weak peaks at 2.95, 3.05, and 3.16
eV and three strong ones at 3.34, 3.59, and 3.83 eV.
The former are attributed to the vibrational nonresonant excitations [80] of CO2 , while the latter are closely
related to the vibrational resonant excitations around
2
Πu state. Besides the O− production eﬃciency curve
for the present hot CO2 , we also measured the O− momentum images and carried out the analyses of the O−
angular distributions [29].
Here some points deserve attention: First, the cross
section of the DEA to vibrationally excited target is
usually larger than that of the cold target; Second,
the hot molecules at high vibrational states can be eﬃciently prepared in the inelastic resonant collisions (i.e.,
AD process, see FIG. 1), moreover, speciﬁc vibrational
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FIG. 7 Renner-Teller split states coupling with the dissociation pathway in Franck-Condon region of electron attachment
(A). Time-sliced O− velocity images of the DEA to CO2 are recorded at electron energies of 7.7 eV (B), 8.2 eV (C), and 8.7
eV (D) [28]. The electron incident direction (along x aix) is from left (backward) to right (forward) and through the image
center.

modes of a polyatomic molecule can be selectively excited; Third, as discussed in our previous paper [29], the
long electron pulse is essential, because the front part is
responsible for the CO2 vibrational excitation and the
residual part is responsible for subsequent DEA process. This inspires a pump-probe method in our future
studies of the excited-state target.
C. O− yields around 2 Πg resonance of CO2 −

The DEA process, e− +CO2 →CO2 − (2Πg )→CO(1 Σ+ )
+O− (2 P), happens around Ee =8.2 eV. We performed
the VMI experiments with the low-resolution apparatus
(FIG. 3(A) and Ref.[57]) in 2012. In this work, we
stressed on the important role of dynamic Renner-Teller
eﬀect around 2 Πg resonance of CO2 − (FIG. 7(A)) on
the basis of the analyses of three O− images recorded
at 7.7, 8.2, and 8.7 eV (FIG. 7(B)−(D)) [28]. In the
2Πg -state splitting due to the Renner-Teller eﬀect,
neither Λ nor l is good quantum number, but the
vibronic angular momentum K about the axis is a
good quantum number, K=|±Λ+l|. Therefore, at the
2
Πg resonant state, when one quantum of the bending
vibration mode v2 is excited, and parities correspond
to K=0 and K=2 (Πg ×Πu =Σ+
u +Σu +∆u ), respectively. Since the excitation of the vibrational bending
mode v2 participates in the DEA, namely the nuclear
motions are involved in the dissociation processes, the
axial-recoil approximation will break down. However,
DOI:10.1063/1674-0068/cjcp2008152

if the dissociation happens at the moment of the slight
bond bending (as shown in FIG. 7(A)), the axial-recoil
approximation may be still valid. Thereby, the Σ and
∆ parities, rather than Π, control the O− momentum
distributions at 7.7 eV [28]. On the contrary, at 8.2
and 8.7 eV, the O− angular distributions were ﬁtted
well with the Π parity [28], implying the impulsive
dissociations around 2 Πg resonance of the linear CO2 − .
Slaughter et al. [43] and Moradmand et al. [44] reported their O− momentum images at 8.1 eV and 8.2
eV, which were similar to our image at 7.7 eV. They further inferred that the nonaxial recoil dissociations occurred at some speciﬁc bending angles [43, 44]. Nag and
Nandi [45] presented an incredible result and they still
believed that some Σ-symmetry resonance was responsible for the O− angular destitutions. The dominating
state of two anionic resonant states involved was a Σ
symmetry, instead of a Π symmetry with minor contributions coming from an additional ∆ state at lower
energy and a Π state at higher energy [45]. Their diﬀerences [45, 56] from ours [28] should be due to their problematic apparatus and operational mistakes that have
been pointed out in our work published in Ref.[67].
D. O− yields at the higher resonances of CO2 −

The O− ions produced in the electron energy range
10−20 eV were observed by Rapp and Briglia (two
peaks at 12 and 17 eV) [30], Chantry (one peak at 13
c
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FIG. 8 High-resolution O− image (A) and the O− kinetic energy distribution (B) for the DEA to CO2 at the electron energy
of 13 eV. In (A), the electron incident direction (along the y axis) is from top (backward) to bottom (forward) and through
the image center.

eV) [32] and Orient and Srivastava (three peaks at 13,
16.9 and 19.4 eV) [39]. An electronically excited CO
(d3 ∆ or a3 Π) may be produced in the DEA process
through 2 Φg resonance of CO2 − [32]. The O− kinetic
energy distribution measured at 13 eV showed a proﬁle
similar to that at 4.4 eV by Chantry [32]. Note that the
O− cross sections at 13 eV are two orders of magnitude
less than those at 8.2 eV. We performed the VMI experiments at this energy with the high-resolution apparatus, and the results are shown in FIG. 8. The present
O− kinetic energy distribution shows an agreement with
that of Chantry [32], and the tetrad-petal like pattern
is visible in the momentum image. At this electron
energy, the ion pair dissociation e− +CO2 →CO+ +O−
(Eth =17.99 eV [82]) is inaccessible, the DEA process is
only pathway to produce O− ion.

E. New pathway producing molecular O2

Using the QMF method, the C− production eﬃciency
curve (FIG. 2(B)) was assigned with the three-body
dissociation to C− +O+O [34]. In the electron energy
range 15−20 eV, the fast C− ions could be produced
with its co-product O2 in the two-body dissociation
(e− +CO2 →C− +O2 , Eth =10.18 eV). As pointed out in
the above description, a small aperture is usually set in
the front of the QMF, which largely reduces the collection eﬃciency of the fast C− ions. In the VMI apparatus of FIG. 3(A), the large aperture (with a diameter
of 20 mm) of the second lens is beneﬁcial to the fast
C− collection. This is a key to identify the existence of
the two-body dissociation in the electron energy range
15−20 eV. In the VMI measurements, the C− ions with
the kinetic energy up to 2.0 eV can be detected [27],
and we conﬁrmed that the two-body dissociation coexists with the three-body dissociation in the same energy
range [27]. As shown in FIG. 9, the C− momentum
image at 15.9 eV indicates that the center spot corresponds to the C− ions produced in the three-body
DOI:10.1063/1674-0068/cjcp2008152

FIG. 9 Three-dimensional image of C− of the DEA to CO2
at the electron energy of 15.9 eV. The red circle is the demarcation of three-body dissociation and two-body dissociation.

dissociation while the outside anisotropic distribution
is the yield of the two-body dissociation. It the latter,
the vibrationally excited and electronic ground-state O2
together with C− is produced in the symmetric bending
motion of CO2 − [27].
A profound importance of this ﬁnding arises from
the mystery of molecular oxygen origin in the prebiotic Earth. The three-body combination reaction,
O+O+M→M+O2 , is a widely acceptable mechanism
to produce O2 in atmosphere, where atomic oxygen is
produced in photolysis of CO2 [83]. CO2 is the predominant component (more than 95%) in the atmospheres
of the prebiotic Earth and the current Mars, and as
shown in FIG. 10 there are lots of the low-energy free
electrons in the ionospheres of the present Earth and
Mars [84, 85]. These low energy electrons are produced
in the ionizations of molecules or dust exposed to extreme vacuum ultraviolet light or collided with high energy particles [27, 84]. Considering the extensive presences of both the low-energy electrons and CO2 in atmosphere, we conclude that the two- and three-body
dissociations of the DEA process that were ignored previously should be incorporated into the general oxygencirculation model of atmospheric chemistry.
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FIG. 10 (A) Daytime photoelectrons spectrum in the Earth
ionosphere (reproduced from [84]), in which each line represents a different height. (B) Energy spectra of oversampled
photoelectrons in the Martian ionosphere, where the electron flows toward and away from Mars are marked in red
and green respectively. (reproduced from [85]). The vertical
bars shaded in blue correspond to the electron energy range
investigated in the DEA study [27].

FIG. 11 (A) Energetics comparison between the neutral dissociation and DEA processes of CO2 . (B) Surface catalytic
processes of CO2 .

IV. APPLICATIONS OF DEA STUDY

technique to control the electron-induced reactions.

We know that the Martian atmosphere is full of CO2
molecules while the O2 density is extremely low (less
than 2%). If the future explorers could produce O2 from
the Martian atmosphere for propellant and for breathing, immigration to Mars becomes highly possible. Recently, a NASA’s new project, MOXIE (Mars Oxygen
In situ Resource Utilization Experiment [86, 87]), was
launched in July, 2020. In virtue of the above issue and
the CO2 catalytic transformations [24–26], we need to
reexamine the dynamics bases of the catalytic reactions.
In thermodynamics, CO2 is quite stable and its reduction to CO+O is a highly endothermic process (with
an energy cost of 5.43 eV) and to C+O+O requires an
energy of 16.46 eV [88]. As shown in FIG. 11(A), the
reduction through DEA, such as, e− +CO2 →CO+O− ,
reduces about 1.46 eV of the energy cost, owing to the
high EA of atomic O. This is the real reason that charge
transfer mechanism plays a central role in the catalysis, which is applicable in catalyzing the other noble
molecules. As schematized in FIG. 11(B), the negative charge transfer to the CO2 absorbed on the substrate is a key step of the transformation catalysis. Besides improvement of the CO2 absorption eﬃciency on
a suitable substrate, an eﬃcient charge transfer or electron capture is essential, sometime, with help of the
injection of excess electrons (under radiation of electrons) or by using the electrochemical cathode. This
idea brings two terminological items, electron-induced
or electron-driven chemical reaction [89–91] and bondbreaking-by-a-catalytic-electron (BBCE) [92–94]. Owing to the bond-breaking speciﬁcity by tuning electron
attachment energy, the DEA process is a promising
DOI:10.1063/1674-0068/cjcp2008152

V. PERSPECTIVES

The combined application of VMI and TEM techniques enables us to have more insights into the complicated dynamics of the DEA processes. The experimental studies of the DEA to CO2 , as a typical example of this ﬁeld, are reviewed in this article, indicating
that the dissociative pathways and yields are primarily determined by the intramolecular nuclear motions
of CO2 − at diﬀerent states. Our recent progresses encourage us to introduce more techniques into the experiments, such as pump-probe technique to investigate the DEA dynamics of vibrational or electronic excited molecules, cavity-enhanced laser-induced ﬂuorescence and resonance-enhanced multiphoton ionization
techniques to detect the neutral radical products. The
latter helps us to realize a complete detection of all DEA
products, providing for a full and state-resolved picture
of the DEA dynamics. We also notice the potential
applications of the DEA process, and a project about
the electron-induced reactions in liquid and liquid-vapor
surface is being carried out in our group [95, 96].
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