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We report experimental studies of electron-impact ionization of nitrogen (N;) and oxygen (O,) molecules
using a cold target recoil ion momentum spectrometer (COLTRIMS, reaction microscope). The recoil ion is
detected in coincidence with one outgoing electron such that the momentum vectors and consequently the kinetic
energies for these final-state particles are determined. The ionization cross sections for producing the doubly and
singly charged parent ions were measured as a function of the incident electron energy ranging from 50 to 600 eV.
For molecular dications, e.g., 03", the cross sections are obtained by measuring both the ion time of flight and
two-dimensional position spectra, which is demonstrated to be an efficient way to suppress the contribution of the
dissociation channels with the O" products as both ions have the identical mass-to-charge ratios. The projectile
energy-loss spectra correlated to the final-state ions are obtained, which provide direct evidence of the ionization
mechanisms of N, and O, molecules. It is found that the 03" dication is produced mainly by Auger process after
single ionization in 20, inner-valence shell of O, molecule, while the N3* dication is generated by the direct
removal of two electrons from the outermost 3o, orbital of N, molecule.
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I. INTRODUCTION

Electron-impact ionization of atoms and molecules plays
an important role in a range of research fields, such as
quantum few-body dynamics [1,2], radiation biology and
chemistry [3—-6], plasma physics [7,8], and interstellar chem-
istry [9-12]. In particular, molecular double ionization in the
gas phase has attracted extensive interest due to the universal-
ity of cationic radicals in interstellar medium (ISM) [13,14].
As indicators of energetic processes, dications could play a
significant role in atmospheric escape and induce new types
of chemical reactions [10]. Although numerous studies have
been devoted to reveal the formation processes of doubly
charged molecular ions, the understanding of the detailed
mechanisms and dynamics remains very incomplete due to
the intrinsic complexity of the ionization reactions.

The dications can be formed by direct double ionization
(DI), in which two outer-valence electrons are ejected simul-
taneously, or a indirect process via inner-valence ionization
and subsequent autoionization, i.e., Auger process [15-18].
One promising way of characterizing the DI mechanisms
and dynamics of atoms and molecules is to measure to-
tal and differential cross sections of the dications, which
are often compared with the results of other products, e.g.,
singly charged ions [19-34]. The cross-section measurements
generally rely on the detection of ion time of flight (TOF)
to discriminate between specific products according to their
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mass-to-charge (m/q) ratios. For ionization of molecules,
there can be dissociation channels, which make it difficult to
distinguish between the intact dications and singly charged
fragment ions due to their identical m/q ratios, e.g., O%Jr and
O* or CeHZ™ and C;HJ ions [30-32]. Therefore, we need
to exclude the possible contributions of fragmented ions in
order to determine accurately the cross sections for the doubly
charged parent ions.

In previous studies, several techniques have been devel-
oped to measure the ionization cross sections for producing
the doubly and singly charged parent ions, such as the
experiments with heteroisotopic molecules, cycloidal mass
spectrometer, delayed extraction TOF technique, and veloc-
ity map imaging method [25-30]. As the most abundant
components of the Earth’s atmosphere, nitrogen (N;) and
oxygen (O,) molecules are regarded as two benchmark targets
whose ionization cross sections have been studied extensively
for understanding the reaction mechanisms and dynamics
[26-28,30,33,34]. Among them, the cross sections for N§+
show good agreement between different experiments. How-
ever, there exist considerable discrepancies in both magnitude
and tendency for the O§+ cross sections [26-28,30]. One pos-
sible reason is that the fragment O ions are not completely
separated from the O%’L yields, which remains a challenging
problem, and calls for more clarifications and experimental
studies with additional methods.

In the present work, electron-impact ionization of N
and O, molecules is investigated with cold target recoil ion
momentum spectroscopy (COLTRIMS) [35,36]. Final-state
products involving the scattered projectile electron and re-
coil ion are detected with an electron-ion double-coincidence
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FIG. 1. Schematic diagram of the experimental apparatus:
COLTRIMS reaction microscope with electron projectile beam.

method. To solve the problem mentioned above, we develop
an approach to efficiently suppress the contributions of singly
charged fragment ions from the intact dications, which can be
regarded as a general way to determine the cross sections of
doubly charged parent ions, in particular for the ionization of
molecules like O, N, C,Hy, CgHg, and so on. We efficiently
separate singly charged molecular dissociation products from
doubly charged parent ions by their high momenta from the
dissociation processes. The cross-section ratios between dou-
bly and singly charged parent ions for N, and O, molecules
are measured in the energy range of 50-600eV with high
resolution and excellent signal-to-noise ratio. In addition, we
determine the projectile energy-loss spectra correlated to ion
production, which can provide more insight into the ionization
mechanisms of the electron-impact processes [37-39].

II. EXPERIMENTAL DETAILS

The experiments were performed using a COLTRIMS re-
action microscope combined with a photoemission electron
source [35,36,40]. The schematic diagram of the setup is
shown in Fig. 1, where a well-focused (= 1-mm-diameter)
pulsed electron beam crosses perpendicularly with a super-
sonic cold gas jet formed by a 30-um nozzle and a two-stage
differential pumping system. The pulsed electron beam is pro-
duced by a photoemission electron gun with a tantalum pho-
tocathode, which is irradiated by ultraviolet-light pulses with
frequency of 40 kHz, wavelength of 266 nm, and pulse width
of 0.5 ns. The vacuum of the reaction chamber was maintained
at around 10~'°-10~° mbar, and thus we can obtain an excel-
lent signal-to-noise ratio for the final-state products.

The final-state ions and electrons created in the reaction
region for each ionization event are accelerated and guided
by homogeneous electric (2 V/cm) and magnetic fields (8
Gauss) to opposite directions and projected onto two position-
and time-sensitive microchannel plate (MCP) detectors with
hexagonal delay-line position readout. The detection solid
angle for the doubly and singly charged parent ions is 47, and
the acceptance angle for detection of electrons up to an energy

of 20 eV is also close to 47t. However, the fragment O and
N ions are not fully detected here due to the high momenta of
these ions from the dissociation processes. Two-dimensional
positions and TOFs of charged particles can be recorded by
time-to-digital converters. Finally, the initial momentum vec-
tors and consequently kinetic energies of the electrons and
ions are reconstructed from the measured TOFs and positions
of particle hits on the detectors.

The ions with different m/q ratios are first identified from
the TOF spectrum (called TOF condition) where the ion TOFs
are dependent on their initial momenta and m/q ratios. Indeed,
the TOF distributions are related to the longitudinal momenta
of the ions, while the transverse momenta can be determined
from the two-dimensional (2D) position (POS) distributions
on the detector. This momentum component is directly related
to the radial displacement in position spectrum with respect
to the position where ions with zero transverse momentum
hit on the detector [35,36,40]. In electron-impact ionization
reactions, the recoil ion momenta obtained from the colli-
sion process is normally much smaller than the fragment ion
momenta due to the dissociation process. Since the momenta
of fragment ions can be orders of magnitude higher than the
momenta of intact molecular ions, they can be discriminated
with momentum boundary conditions on both TOF and POS
spectra (called TOF + POS condition). Here, an efficient ap-
proach is developed to exclude the contribution of fragment
O* (N™) ions from the intact 03" (NZ1) dication yields, which
will be discussed in the following sections.

III. RESULTS AND DISCUSSION

As shown in Fig. 2(a), the ionic products can be identi-
fied from the measured TOF spectrum. For O, molecules,
the singly charged OF parent ions and its isotope products
160170* and '°0'80" are well separated in the TOF spec-
trum, which are located at TOFs of about 42.2, 42.8, and
43.5 us, respectively. In addition, we observe a shoulder at
the longer TOF region relative to the main peak of each ion,
which is attributed to the back-scattering process of the pro-
jectile [41] where the initial momentum of the ion is directed
away from the detector and thus leads to a longer TOF. In
particular, the relative intensity of the shoulder for the O§+
peak (centered at 29.8 us) is remarkable in comparison with
that of the OF peak. This is because the Coulomb potential of
the doubly charged O§+ ion is stronger than that of the singly
charged O; ion and consequently there is a higher probability
for the back-scattering process.

The broad distribution of the TOF spectrum around O%+
peak (29.8 £ 1.4 us) contains the contributions of both intact
O§+ and fragment O ions with identical m/q ratios. These
two cations can be produced from the following reaction
channels:

e+ 0, —> 3¢ + 05" (1)
— 3¢~ +0" + 0, )
"+ 0y = 2¢” + 05" — 3¢ + 03" 3)
— 3¢~ +0" 4+ 0, 4)
€7+02—>267+O;—>2€7+O++O, (®)]
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FIG. 2. (a) TOF spectra for electron-impact (Ey = 120eV) ion-
ization of O molecules. The OF peak is normalized to unity, while
the intensities for other peaks are multiplied by a factor of 100
for clarity; (b) position spectrum with a broad TOF condition, i.e.,
29.8 & 1.4 ps; (c) position spectrum with a narrow TOF condition,
ie.,29.8 £0.2 us.

where reaction channels (1)—(5) represent direct DI, direct
DI plus dissociation, indirect DI (Auger process), indirect
DI plus dissociation, and single-ionization plus dissociation
processes, respectively. As shown in Fig. 2(a), the narrow TOF
peak located at 29.8 + 0.2 us (red vertical lines) is mainly
caused by the reaction channels (1) and (3), which lead to
the intact O§+ dications. While the broad TOF distribution,
i.e., the gray shaded area (29.8 £ 1.4 us), can be attributed to
the fragment O™ ions resulting from the dissociative reaction
channels (2), (4), and (5).

The 2D position distributions of the ions on the detector
are presented in Figs. 2(b) and 2(c), which are obtained with
the broad (29.8 &+ 1.4 us) and narrow (29.8 £ 0.2 us) TOF
conditions [see Fig. 2(a)], respectively. These 2D spectra show
a small and intense elliptic structure (solid ellipse) located at
the same position in both figures. This structure becomes more
visible in Fig. 2(c) since the background of this figure is fur-
ther suppressed with a narrow TOF condition. It is well known
from Refs. [35,36,40] that the elliptic structure is mainly due
to the intact O§+ dications with small recoil momenta, while
the homogeneous backgrounds are attributed to the OT ions
from the fragmentation channels. It must be stressed that
the fragment O ions contribute substantially to the intact
O%*’ yields, which cannot be eliminated with only the TOF
condition, i.e., the narrow TOF peak in Fig. 2(a). Here, we
propose an additional momentum boundary condition on the
position spectrum of Fig. 2(c) (TOF + POS condition). First,
the events in the solid ellipse are selected as the intact Og*
yields, i.e., the fragment O ions beyond the solid ellipse are
excluded. In addition, we further consider the contributions of
O™ in the O%J’ yields by selecting the events in a equal-area
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FIG. 3. (a) Measured kinetic energy spectrum for 0; and (b) O§+
ions; (c) cross-section ratios between doubly and singly charged par-
ent ions as a function of the impact energy for O, molecules. Previous
measurements are also presented here for comparison [26,28,30].
(d) Projectile energy-loss spectra correlated to the detected ions at
the incident energy of 120 eV.

ellipse of the random background region (red dashed ellipse),
which are subtracted in the second step. In this way, the contri-
butions of fragment O" ions are considered to be suppressed
completely from the intact O§+ yields.

The momentum vectors and consequently, kinetic energies
of the O and O%+ ions are determined from the measured
TOF and position spectra, which are calibrated with the ion-
ization spectra of He' [shown in Fig. 3(d)]. The kinetic
energy distributions of the O and O3" ions are shown in
Figs. 3(a) and 3(b), respectively, for the broad-TOF, TOF,
and TOF 4 POS conditions, which exhibit a sharp distribution
due to the small recoil momenta of the ions and also the
finite temperature of the target. In addition, the spectra show
a tail structure in the higher energy region (5—400 meV), in
particular for the broad-TOF condition [see inset in Fig. 3(b)],
which is a signature of the O ions from the dissociation
processes.

For a quantitative comparison of the cross sections, both
TOF and combined TOF 4 POS conditions are applied to
obtain the yields of intact Og+ dications where the detection
efficiency is also taken into account, which mainly depends
on the incident energy and charge state for the individual ionic
species [42,43]. The kinetic energies of the ions are increased
at the time of impact on the MCP to improve the detection
efficiency, which are ~2200eV for OF and ~4400eV for
O%’L. Accordingly, the detection efficiencies are determined
as 42.6% and 52.8% for OF and for 03" ions, respectively
[42,43]. The cross-section ratios between doubly and singly
charged molecular ions, i.e., a(O%+)/a (O;L ), are presented in
Fig. 3(c) as a function of the impact energy; also included
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in the figure are the data from other experiments [26,28,30].
Here, we observe distinct differences between different exper-
iments, particularly for the cross-section ratios above 100-eV
impact energy. The data reported by Sigaud et al. [28,30]
are higher by a factor of roughly 3 than our measurements
with the TOF + POS method, while the cross-section ratios
obtained by Mirk [26] are in good agreement with the values
derived with the TOF condition of the present work, which
are higher than the present TOF 4 POS data by a factor
of about 1.5. This indicates that the background subtraction
with TOF + POS condition is roughly 50%. The deviations
of 0(03")/0(0J) ratios between different experiments are
mainly caused by the fragment O™ ions, which can contribute
to the O§+ yields. The delayed extraction TOF method of
Sigaud er al. allows the O" ions with higher transversal mo-
menta to leave the extraction zone, while the O ions with
lower transversal momenta would be retained and eventually
mixed with O§+ ions [28,30]. In addition, the deviations could
also be attributed to the different TOFs of the detected ions,
which are comparable to the lifetimes of the excited states of
O§+ (ns to ps scale) [27,44]. In the present work, the relatively
longer TOF of O3 (29.8 us) may cause a lower o(O3")
in comparison with the previous delayed extraction (TOF
~20 us) [28] and velocity map imaging experiments (X2 us)
[27]. The TOF + POS approach developed in this study is
considered to be an efficient way to exclude the contribution
of the O ions, which will be further verified in the following
sections with the measured projectile energy-loss spectra in
coincidence with different ionic products.

Apart from the differences in the magnitude, these exper-
imental data show an almost identical tendency where the
o(031)/0(0OF) ratios rise rapidly with the increasing of the
incident energy and reach to a constant value at higher en-
ergies (=120eV). According to the first-order perturbation
theory, the single-ionization cross-section of OF depends on
the impact energy as ~(InE)/E, while for the direct DI of O§+
in a two-step 2 (TS2) process where the projectile undergoes
two independent collisions with two target electrons, the cross
section follows a 1/E? behavior [28,45,46]. Consequently,
the 0(03")/0 (OF) ratios are supposed to follow a tendency
of ~1/(InE)E considering that O%* is produced through a
direct TS2 process. Furthermore, the InE can be consid-
ered to vary slowly in comparison with E at high incident
energies and thus, the tendency for G(O%+) / O’(O;—) is approx-
imately equal to ~1/E. Regarding the indirect DI process,
i.e., the inner-valence ionization and subsequent autoioniza-
tion, the dependency of G(O?)/U(Oj) is approaching to
a constant value with the increasing of the incident energy
[28,30]. As shown in Fig. 3(c), we obtain a constant ratio
for 0(03%)/0(07) at higher energies. This indicates that the
intact O§+ ions are mainly formed via the indirect DI (Auger)
process, which is further confirmed by the measured projectile
energy-loss spectrum.

To gain more insight into the ionization mechanisms for
formation of O%* dications, we measured the corresponding
projectile energy-loss Ejoss spectra, which are presented in
Fig. 3(d). Here, the Ej. is defined as the incident energy
minus the energy of scattered electron, i.e., Ey — E|. Ejpss =
24.6eV is obtained for the formation of He™ and shown in

Fig. 3(d) as the calibration for doubly and singly charged
parent ions. The Ejoss spectra correlated to O§+ dications are
obtained with both TOF and TOF + POS conditions. The
onset of Ej,s with TOF condition is determined as about
18.5 eV. This value is consistent with the appearance en-
ergy of O" ions originating from the dissociation processes
of O;*(b“Zg’) ion via f“l'[g and cz"‘Eu+ ionic states to the
first dissociation limit O (*S) + OCP) [37,47-49]. Note that
the higher lying ionization and dissociation states of szg_ ,

3%M,, and ¢*X, can also contribute to the fragment O ions
through reaction channel (5) [47,48]. For the Ejoss Spectrum
with the TOF + POS condition, its onset can be determined
as roughly 39.5 eV, which is lying above the DI thresh-
old of O, (36.13 V) [50] and can be attributed to the 20,
inner-valence ionization of O, molecule [51,52]. Here, after
the initial ionization, an outer-valence electron fills the 20,
inner-valence vacancy and the excess energy is released by
ionizing an outer-valence electron, leading to the formation
of the electronic ground state of the dications (X! Zg ) [44].
The direct DI is a minor channel here due to the geometrical
constraints of the outermost 7, orbital orientation of the O,
molecule that has low probability for the projectile to directly
interact with two electrons [28,53].

Compared with the TOF + POS result, the Ej,s spectrum
with TOF condition shows a significant enhancement for the
intensity between 18.5 and 39.5 eV, which is mainly caused
by the O" contributions produced through reaction channel
(5). The direct DI plus dissociation channel (2) and indirect
DI plus dissociation channel (4) can also contribute to the O
ions. The OY ions with kinetic energy of several eV through
the Coulomb explosion process [54] are barely collected in
the present experiment due to the low extraction field. For
indirect DI plus dissociation channel (4), the intermediate O; *
states are involved which do not autoionize to O§+ dications,
but dissociate to superexcited atomic O*. Subsequently, the
O™ ions are formed following atomic autoionization [55]. Tt
can be seen from Fig. 3(d) that the contribution of O ions
is well suppressed in the Ejys spectrum with the TOF 4 POS
condition, which provides an efficient way to obtain the yields
of the intact O3 dications.

The TOF and 2D position spectra for ionization of N;
molecules are shown in Figs. 4(a) and 4(b), respectively. Com-
pared with the TOF spectrum of O, [Fig. 2(a)], the N; result
shows a very weak background for the intact Ng* cations. This
indicates that the fragment N* ion is a minor contribution
to the TOF spectrum of N2*, which is also supported by
the better signal-to-noise ratio of the 2D position spectrum
shown in Fig. 4(b). The o (N5")/o(N5) cross-section ratios
derived with TOF and TOF + POS conditions are presented
in Fig. 4(c). Both spectra show nearly identical distributions,
and they are also in good agreement with the results measured
with other methods [28,29]. These results further demonstrate
that the experimental deviations observed for O, molecules
[Fig. 3(c)] are mainly caused by the incomplete suppression
of the O species in the O%+ yields. Furthermore, the ten-
dencies of the cross-section ratios are different between N,
and O, results. In the region with energies above 100 eV, the
o (N2T)/o (NS ratios decrease linearly in a log plot with the
increasing of the incident energy, which is consistent with
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FIG. 4. (a) TOF spectrum for N§+ ions in electron-impact ioniza-
tion of N, molecules. The peak of N3* is normalized to unity at the
maximum; (b) position spectrum with a narrow TOF condition (red
vertical lines), i.e., 26.35 4= 0.15 ys; (c) cross-section ratios between
doubly and singly charged parent ions for N, as a function of the
impact energy. Previous measurements are also presented here for
comparisons [26,28,29]. (d) Projectile energy-loss spectra correlated
to N2* at the incident energy of 120 eV.

the 1/E tendency. This indicates that the TS2 mechanism
contributes significantly to the production of N§+ ions, i.e., the
projectile removes two electrons in two subsequent collisions.

The energy-loss spectra provide direct evidence of the
ionization mechanisms for the N§+ dications. As shown in
Fig. 4(d), we determine the onsets of Ej.g as roughly 24.0 and
43.0 eV for the spectra with TOF and TOF + POS conditions,
respectively. These Ej.ss values are in line with the appearance
energies of Nt [23,34] and N§+ ions [56], respectively. It can
be seen from Fig. 4(d) that there is a small hump between
24.0 and 43.0 eV energy range of the Ej. spectrum with
TOF condition, which can be attributed to the contribution
of the fragment N ions produced through the dissociation
of C2x}, 221'Ig+, and D21'Ig ionic states to the first dissoci-
ation limit of N;’ (NT(P) + N(*S)) [38,57-59]. This small
contribution of N to the intact N%* dications (*5%) can
be further suppressed with the TOF 4 POS condition where
the onset of Ej. is found to be about 43.0 eV. This Ejys

value is consistent with the DI process for the removal of two
outermost electrons of N,, which forms a X‘E; dicationic

ground state of N§+ [56,58]. These results reveal that the
direct DI mechanism are responsible for the production of
the intact N5* ions. Note that the 20, inner-valence orbital
ionization of N (/38.22eV) does energetically not allow to
initiate an autoionization process [58].

IV. CONCLUSIONS

In summary, we have studied electron-impact ionization
processes of N, and O, molecules using a COLTRIMS re-
action microscope. The cross-section ratios between doubly
and singly charged parent ions are measured as a function
of the incident energy ranging from 50 to 600 eV. We devel-
oped a method to determine accurately the cross sections for
the doubly charged parent ions. Here, TOF conditions are
used to determine specific ion species with identical m/q
ratios, i.e., O§+ (OM) or N%* (NT). Then an additional POS
momentum boundary condition is utilized to exclude the pos-
sible contributions of the singly charged O" or N* fragment
ions. This work provides an efficient approach to determine
the absolute double-to-single ionization cross-sections of
molecules and points to the reasons for the remaining notice-
able discrepancies in previous measurements of the O%* Cross
sections.

Moreover, the projectile energy-loss spectra are measured
with an electron-ion double-coincidence method, which pro-
vides direct evidence of the ionization mechanisms of O,
and N, molecules. The minimum energies leading to specific
ionization channels are determined from the energy-loss dis-
tributions, where we found that N%*’ dications are formed by
the direct removal of two electrons from the outermost 3o,
orbital, while O§+ dications are produced mainly by Auger de-
cay following the 20, inner-valence ionization. Furthermore,
the methodology developed here can be generally applied to
the studies of other molecules for which doubly charged par-
ent ions and singly charged dissociation products have equal
m/q ratios like C,Hy, C¢Hg and so on.
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