
Chin. Phys. B Vol. 23, No. 11 (2014) 113404

Dissociative ionization cross sections of CO2
at electron impact energy of 5 keV∗

Wang En-Liang(王恩亮)†, Shen Zhen-Jie(沈镇捷), Yang Hong-Jiang(阳弘江),
Tang Ya-Guo(唐亚国), Shan Xu(单 旭), and Chen Xiang-Jun(陈向军)

Hefei National Laboratory for Physical Sciences at Microscale and Department of Modern Physics,
University of Science and Technology of China, Hefei 230026, China

Synergetic Innovation Center of Quantum Information and Quantum Physics,
University of Science and Technology of China, Hefei 230026, China

(Received 9 April 2014; revised manuscript received 13 May 2014; published online 17 September 2014)

The dissociative ionization of CO2 induced by 5 keV electrons in two-body and three-body dissociative channels
of CO2+

2 and CO3+
2 is identified by the ion–ion coincidence- method using a momentum imaging spectrometer. The

partial ionization cross sections (PICSs) of different ionic fragments are measured and the results generally agree with the
calculations made by a semi-empirical approach. Furthermore, the PICSs of the dissociative channels are also obtained by
carefully considering the detection efficiency of the micro-channel plates and the total transmission efficiency of the time
of flight system.
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1. Introduction
The electron impact ionization of molecules is of

fundamental importance in atmospheric physics,[1] plasma
processes,[2,3] mass spectrometry,[4,5] etc. In the studies of
these related fields, the reliable data of the total or partial
ionization cross sections (PICSs), which correspond to the
production of all ions or a specific kind of ion, are needed.
The data for CO2 are of special interest because CO2 plays
an essential role in the planetary atmosphere and interstellar
space.[6,7] In spite of the great importance, the data of the ion-
ization cross sections for CO2 are still quite scarce. Most of the
previous experimental studies on the electron impact PICSs of
CO2 were limited to the low-energy regime from the threshold
to 1 keV.[8–16] Only recently, were the PICSs of CO2 reported
at an electron impact energy of 10–26 keV by Bhatt et al.[17,18]

In recent years, the electron collision dynamics, as well as
the associated molecular dissociation dynamics, have captured
continuous interest.[19,20] It is very interesting to clarify the de-
cay pathways of the multiply ionized molecules, which is the
main topic of most of the related works. However, it would
also be meaningful to precisely determine the cross sections
for certain dissociation channels of the molecular ions. Con-
ventionally, a time of flight (TOF) spectrometer is adapted to
measure the PICSs. In order to obtain the PICSs for differ-
ent dissociative ionization channels, a multi-coincidence tech-
nique must be used to detect the ionic fragments in coinci-
dence. With the help of this technique, Bhatt et al. have mea-

sured the PICSs of CO2 for different dissociative channels of
the molecular ions at an impact energy of 12 keV.[18] Interest-
ingly, there is a large gap in the 1–10 keV region where al-
most no experimental data are available. In the present work,
channel-resolved PICSs of CO2 at the electron impact energy
of 5 keV are reported using a newly developed ion momentum
imaging spectrometer in our laboratory.

2. Experiments and data analysis
The experiment was carried out using an electron impact

ion imaging spectrometer. The experimental setup has been
described in detail elsewhere.[21] Briefly, a pulsed electron
beam from a thermal cathode electron gun is injected into the
reaction center to collide with the gas target. After the colli-
sion, a pulsed extraction field is applied to extract the ions. A
Wiley–Mclaren type TOF mass spectrometer[22] is employed
to collect the ions with 4π solid angle. The lengths of the
acceleration and the drift regions are 50 mm and 100 mm, re-
spectively. At the end of the TOF system, a multi-hit time
and position sensitive detector (RoentDek DLD 120) is used
to detect the TOFs and the positions of the ions. The position
resolution of the detector is better than 0.5 mm. The time reso-
lution of the data acquire system is calibrated to be better than
50 ps.[21] By using the pulsed electron beam, we are able to
eliminate the influence of the extraction field to the electron
beam, which perplexed Sharma et al.[23] and Singh et al.[24]

in their instruments. Furthermore, using the pulsed electron
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beam will also significantly reduce the background and, hence,
reduce the noise-to-signal ratio. In the present work, the target
gas beam system has been modified to improve the momen-
tum resolution. A capillary is mounted on a manipulator and
is then inserted in the center of the pushing and pulling elec-
trodes. The capillary is kept at the ground potential. With the
help of the manipulator, the capillary is adjusted to the position
of the ground potential of the extracted field to eliminate the
distortions of the extracted field. The inner diameter, the outer
diameter, and the length of the capillary are 0.1 mm, 0.3 mm,
and 50 mm, respectively. The high ratio of length to inner di-
ameter of the capillary enables a collimated gas beam. The
image size of CO+

2 is less than 2 mm×2 mm. The momentum
resolution of CO+

2 is about 15 a.u., which is approximate to
the thermal momentum spread at room temperature.

In the present work, the energy of the electron beam is
fixed at 5.0 keV. The pulse width and the repetition frequencies
of the electron beam are 10 ns and 15 kHz, respectively. The
beam current is kept at 1 pA. The extraction field is 50 V/cm.
The background vacuum is better than 5.0×10−6 Pa, and the
pressure rises up to 1.0×10−4 Pa when the gas is loaded. The
purity of the CO2 sample gas is better than 99.995%.

For the TOF spectrum of a single ionic fragment, the true
count rate N(X+) for a specific type of detected ion X+ is

N(X+) =
C(X+)−R

D(X+)
, (1)

where C(X+) is the detected count rate, R is the background
count rate, and D(X+) is the efficiency factor, which is the
product of the detection efficiency of the micro-channel plates
(MCPs) and the transmission efficiency of the TOF system. In
this work, for each type of ion of interest, the detected count
rate C(X+) is larger than the background count rate R by at
least two orders of magnitude. Consequently, the background
count rate can be omitted. In the following analysis, the fac-
tor D(X+) is considered to be a constant for all ions; that is,
D(X+) = D.

The following four predominant dissociative channels are
analysed for the double or triple ionization of CO2 in this
work:

CO2+∗
2 → O++CO+, (2)

CO2+∗
2 → C+O++O+, (3)

CO2+∗
2 → C++O++O, (4)

CO3+
2 → C++O++O+. (5)

For channels (2)–(4), the two associated ions X+ and Y+

must be detected in coincidence. The relationship between the
true coincidence count rate N(X++Y+) and the detected co-
incidence count rate C(X+ +Y+) for these channels can be
expressed as

N(X++Y+) =
C(X++Y+)

D2 . (6)

For the three-body Coulomb explosion channel (5), the
true count rate of the triple coincidence is

N(C++O++O+) =
C(C++O++O+)

D3 , (7)

where C(C++O++O+) is the detected coincidence count
rate. In order to obtain the cross sections of channels (2)–(5),
the efficiency factor D must be assessed using an appropri-
ate method. In the study of Bhatt et al.,[17,18] the efficiency
factor D was taken to be the product of the open area ratio
(55%) of the MCPs and the estimated transmission efficiency
(30%–40%) of the meshes of the TOF system. However, the
absolute detection efficiency of the MCPs is actually less than
the open area ratio. As investigated in the work of Brehm et
al.,[25] the maximum absolute detection efficiency was deter-
mined to be less than 45% for the MCPs with an open area
ratio of 57%. In the present work, the detection efficiency of
the MCPs and the transmission efficiency of the meshes are
determined in more detail. On the one hand, the voltage ap-
plied on the front surface of the MCPs is kept at −2.1 kV,
which assures the ion impact energy of about 2.1 keV. The de-
tection efficiency of the MCPs is taken to be the same value
of Ar+, which is 30%±2%, as measured by Brehm et al.[25]

at the same impact energy. They also show that the detection
efficiencies of different ions have almost the same value at the
same impact energy. Therefore, the same value of 30%±2%
is applied to the other ions in this work. On the other hand,
a series of four meshes, M1, M2, M3, and M4, is introduced
in the present TOF system. M1 and M2 are single-layered
meshes with transmission efficiencies of 90% and 80%, re-
spectively. M3 is mounted at the end of the drift tube, and M4
is installed between the drift tube and the MCPs. Both M3 and
M4 are double layered to prevent field penetration. Although
the shielding effect is significantly improved by the doubled-
layered meshes, the transmission efficiency is almost the same
as the single-layered one (80%) for the thin mesh.[26,27] The
total transmission efficiency of the TOF system is 46.1%. As
a result, the efficiency factor D is determined to be 13.8%.

3. Results and discussion
The TOF spectrum of the single ionic fragment is shown

in Fig. 1. The most intense peak originates from the single
ionization of CO2. The mass resolution can be estimated from
the width of the CO+

2 peak. The full width at half maximum
(FWHM) of the CO+

2 peak is 16 ns, while the TOF center is at
6381 ns. This gives a mass resolution m/∆m = T/2∆T = 200,
which is much better than that in the previous work[21] and
which is comparable to the result of Sharma et al.[23] The peak
of CO2+

2 originates from the double ionization of CO2. The
other peaks, CO+, O+, and C+, originate from the dissociative
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ionizations. The C2+ and O2+ are not presented in this work
due to the poor data statistics. The peak at 5460 ns, which can
be ascribed to O+

2 , which is the parent ion of O2, may be due
to the background impurity. Fortunately, there is no inference
of O+

2 with the ions from the interested dissociative channels
in this work.
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Fig. 1. TOF spectrum of ionic fragments arising from the electron im-
pact ionization of CO2.

In the present experiment, only the relative cross sections
are obtained. The data are put on the absolute scale by normal-
izing the PICS for CO+

2 to the calculated ones using a semi-
empirical approach (SEA),[28] which is based on the Born–
Bethe and Møller formula.[28,29] The PICS of SEA can be ex-
pressed as

Qi(E) =
∫ ∫

Qi(E,W,θ)2π sinθ dθ dW, (8)

with

Qi(E,W,θ)

=

{
a2

0R2

E

∫
𝐾→0

E−W
E− Ii

1
W

d fi(W,𝐾,θ) ln[1+Ci(E− Ii)]

+
E− Ii

E(ε3
0 + ε3)

Si

[
ε− ε2

E− ε
+

ε2

(E− ε)2

]}
sinθ , (9)

where W , a0, R, 𝐾, S, θ , and d fi are the electron energy
loss, the first Bohr radius, Rydberg’s constant, the momen-
tum transfer, the number of ionizable electrons, the scattering
angle, and the differential generalized oscillator strength, re-
spectively. Here d fi(W,𝐾,θ) in the optical limit (𝐾 → 0)

has been used. The SEA requires the input data of the opti-
cal oscillator strengths and converts the photoionization cross
section data to PICS.[28] The results of the SEA are adopted
here because, on the one hand, the ab-initio calculations of the
PICSs for the molecular system are not available at present.[28]

On the other hand, the SEA has been successfully applied to
calculate the total ionization cross sections and the PICSs for
different molecules,[28,30] which agree well with the experi-
mental results.

The same normalizing factor of CO+
2 is then applied to

the other ionic fragments and the dissociation channels. So we
have

PICS(X+) = PICS(CO+
2 )

C(X+)

C(CO+
2 )

, (10)

PICS(X++Y+) = PICS(CO+
2 )

C(X++Y+)

C(CO+
2 )D

, (11)

PICS(C++O++O+) = PICS(CO+
2 )

C(C++O++O+)

C(CO+
2 )D

2 . (12)

The PICSs of CO2 for the productions of CO+
2 , CO+,

CO2+
2 , O+, and C+ at the electron impact energy of 5 keV to-

gether with the results of Bhatt et al. at 10 keV,[17] 12 keV,[18]

and those of Straub et al.[14] at lower impact energies are
shown in Table 1. To compare the experiments with the cal-
culations, the measured PICSs together with the results of
the SEA are plotted in Fig. 2. As can be seen in the figure,
the present results of PICSs for CO+

2 (shown by squares) and
CO2+

2 (stars) at 5 keV and the data of Straub et al. at lower en-
ergies generally agree with the theoretical calculations, while
the results of Bhatt et al. at 10 keV and 12 keV seem much
larger if we extrapolate the theoretical curves to the relevant
energies. As for the PICSs of the fragments O+ (circles), C+

(diamonds), and CO+ (triangles), the consistency between the
experiments and the calculations becomes poorer. Our result
for C+ agrees quite well with the calculation, while the one for
CO+ is lower and the one for O+ is larger than the theoretical
predictions. All of the PICSs for these three ionic fragments
obtained by Bhatt et al. at 10 keV and 12 keV again are much
higher than the theoretical predication. Interestingly, there are

Table 1. Partial ionization cross sections (in units of 10−18 cm2) for ionic fragments of CO2 at the electron impact energy
from 0.1 keV to 12 keV. Errors (in percentage) are given in brackets.

Present 5.0 keV 12 keVa) 10 keVb) 1.0 keVc) 0.5 keVc) 0.1 keVc)

CO+
2 24 (9.4) 13.9 (8) 18.5 89.0 138 237

CO+ 4.0 (9.4) 1.95 (8) 2.8 10.5 18.3 41.0

O+ 6.8 (9.4) 3.55 (8) 4.4 21.2 37.1 67.5

C+ 3.3 (9.4) 1.38 (8) 1.4 9.79 17.3 32.7

CO2+
2 0.44 (9.4) 0.17 (9) 0.248 0.735 1.45 2.80

a)Ref. [18], b)Ref. [17], c)Ref. [14].
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intersections between the theoretical curves for the three frag-
ments at the impact energies of 4–5 keV, which is contradic-
tory with our experiments and those of Bhatt et al. In this
respect, further precise measurements and calculations are re-
quired.
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Fig. 2. (color online) Partial ionization cross sections for different
ionic fragments from the multiple ionized CO2 induced by electrons
at different impact energies. The solid and open symbols correspond
to experimental and theoretical results, respectively. The experimental
results at electron energy 0.1–1.0 keV, 10 keV, and 12 keV are from
Refs. [14], [17], and [18], respectively. The theoretical results are from
Ref. [28].

In order to identify the dissociative channels (2)–(5), the
ion–ion coincidence method[31] is introduced. The coinci-
dence can be achieved by drawing the two-dimensional TOF
spectrum of the detected ions. The ions originating from one
dissociative channel are scattered along the diagonal lines.
The ion–ion coincidence spectra are shown in Fig. 3. The co-
incidence islands a1 and a2 in Fig. 3(a) correspond to channels
(2) and (3), respectively. Both channels (4) and (5) contribute
to the coincidence island a3 in Fig. 3(a). Channel (5) can
further be identified by using the triple coincidence method,
which has been described in detail in Ref. [21]. Briefly, the
coincidence island between C+ and the first O+ (island a3 in
Fig. 3(a)), together with the coincidence island between C+

and the second O+ (island b1 in Fig. 3(b)), can jointly deter-
mine channel (5). The coincidence count rate of dissociative
channel (4) can thus be expressed as

N(C++O++O) = N(C++O+)−N(C++O++O+)

=
Ca3

D2 −
Cb1

D3 , (13)

where N(C++O+) is the true coincidence count rate of island
a3, and Ca3 and Cb1 are the detected coincidence count rates
of islands a3 and b1, respectively.

The PICSs for dissociative channels (2)–(5) are presented
in Table 2. The results of Bhatt et al.[18] at 12 keV are also
summarized in this table. For channels (2) and (3), which con-
tribute solely to islands a1 and a2, respectively, the measured
PICSs of this work at 5 keV are about 2–3 times larger com-
pared to those of Bhatt et al. at 12 keV. The present PICS of

channel (5), which leads to three final fragment ions, is about
3.4 times larger than that of Bhatt et al., where a factor of D2

should be taken into account in obtaining the absolute value of
the PICS, as shown in Eq. (12). Then, according to Eq. (13),
the PICS of channel (4) can be deduced, which is 2.4 times
larger than the result of Bhatt et al. at 12 keV. As mentioned
above, D is determined to be 13.8% in this work, while it was
estimated to be about 24%, which is simply the product of the
open area ratio of the MCP and the estimated transmission ef-
ficiency of the TOF system in the work of Bhatt et al. The
likely overestimation of D in their work will lead to the lower
estimations of the PICSs. If 13.8% is used instead, the rele-
vant PICSs should be approximately 1.7 times higher for the
two-body dissociative channels (2)–(4) and 1.72 ∼ 2.9 times
higher for the three-body dissociative channel (5). Consider-
ing the decrease of the PICSs with the increase of the impact
energy, Bhatt et al. may also have overestimated the PICSs for
all four dissociative channels. Actually, if we investigate the
branching ratios, both works obtain similar values for these
channels.
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Fig. 3. (color online) Ion–ion coincidence spectrum of the ionic frag-
ments from the multiple ionized CO2. (a) The first versus the second
ions. The coincidence islands a1 and a2 correspond to dissociative
channels (2) and (3), respectively. Both dissociative channels (4) and
(5) contribute to coincidence island a3. (b) The first versus the third
ions. Coincidence island b1 corresponds to dissociative channel (5).
The signals along the diagonal in the two spectra are caused by the
miss-trigger of the same single time signal of the first hit ion due to its
oscillating tail.
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Table 2. Partial ionization cross sections (in units of 10−18 cm2) and branching ratios (%) for the major dissociative channels
of CO2+

2 and CO3+
2 . Errors (in percentage) are given in brackets.

Dissociative channel
Present 5 keV 12 keVa)

PICSs Branching ratios PICSs Branching ratios
O++CO+ 0.74 (9.4) 37.8 0.3730 (8) 45.8

C+O++O+ 0.35 (9.4) 18.2 0.1060 (8) 13.0
C++O++O 0.69 (9.4) 35.3 0.2850 (9) 35.1

C++O++O+ 0.17 (9.4) 8.7 0.0500 (10) 6.1

a)Ref. [18].

4. Conclusion
The investigation on the dissociative ionization of CO2

induced by 5 keV electrons is carried out using a momentum
imaging system combined with a multi-hit time and position
sensitive detector. The PICSs for ions CO+

2 , CO+, CO2+
2 , O+,

and C+ are obtained and put on the absolute scale by normal-
izing the PICS for parent ion CO+

2 to the calculated values by a
semi-empirical approach.[28] The PICSs for CO+

2 , CO2+
2 , and

C+ agree quite well with the calculation results, while those
for CO+ and O+ are, respectively, lower and larger than the
theoretical predictions. The PICSs for the three major disso-
ciative channels of doubly ionized CO2, as well as the PICS
for the Coulomb explosion channel of triply ionized CO2, are
also obtained. The 5 keV results are 2–4 times larger than
the reported data of Bhatt et al.[18] at 12 keV. Considering the
possible overestimation of the efficiency factor D, as well as
the decrease of the PICSs with the increase of the impact en-
ergy, Bhatt et al. may have overestimated the PICSs for the
dissociative channels.
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R and Schmidt-Böcking H 2000 Phys. Rep. 330 95
[5] Ullrich J, Moshammer R, Dorn A, Dörner R, Schmidt L P H and
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