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Glossary 
 

CS   Cross section 
CR   Cosmic Radiation 
eV   Electron volts 
TDEACS  Total dissociative electron attachment cross sections 
PDEACS  Partial dissociative electron attachment cross sections 
MDICS Metastable double ionization cross sections 
PICS   Partial ionization cross section 
TICS   Total ionization cross section 
RIMS   Recoil ion momentum spectrometer 
MCP   Microchannel plate 
DLD   Delay-line anode 
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1 Summary 
This report contains a user guide which is dedicated to elucidate the data provided in the 
zenodo repository [https://doi.org/10.5281/zenodo.15398189]. In this database cross 
sections are provided for electron impact ionization and dissociation of a number of atomic 
and molecular gases. The species contain the main constituents and trace gases in the 
Earth's stratosphere. The motivation is to collect and provide absolute cross sections to 
enable the simulation of the interaction of secondary electrons produced by primary 
extraterrestrial radiation. Such simulations require accurate data for an energy range from 
low threshold energies up to several hundred electron volts (eV) of energy. The data 
provided can be used to do more detailed and potentially more accurate calculations than 
presently available.  

Furthermore, the collection of data on atmospheric relevant electron scattering prcesses 
within the BIOSPHERE project is summarized. This concerns data collected from literature 
and new measurements and calculations of the consortium.   

.   

2 Introduction 
The influence of extraterrestrial particles like cosmic radiation (CR) on the chemistry and 
ozone density in the Earth’s stratosphere are not well understood and normally neglected 
in atmospheric chemistry models. Cosmic radiation (CR) which can have higher energies 
but has lower flux. Most primary and secondary particles are stopped in the ionosphere, 
which concerns essentially all solar particles. Only particle showers initiated by the more 
energetic CR (> 1 GeV) can reach lower atmospheric layers like the stratosphere. Here 
ionization rates are up to 100 per second and per cm3 and the ion density is around a few 
thousand per cm3. There are observations that CR influences atmospheric properties such 
as cloud formation and ozone in the stratosphere [1]. In particular Liu demonstrated that 
stratospheric ozone concentration varies with the 11-year periodicity of the CR flux [2]. The 
significance of these observations and the mechanisms are under debate. Liu suggested a 
reaction model where anthropogenic chlorofluorocarbons (CFC) reaching the stratosphere 
are efficiently dissociated in reactions with secondary electrons from CR [3].   

On the modelling side there are simulations of the atmospheric ionization density as, e.g., 
the AtRIS code [4] which is a GEANT4 based simulation of CR induced atmospheric 
particle showers providing ionization densities as function of the incoming radiation energy 
and the altitude. In principle this data can be the basis for modelling the atmospheric ion 
chemistry and the influence of CR showers on the relevant quantities like the ozone 
column density. On the other hand existing simulations of the ionization densities use the 
so-called W-value to convert the kinetic energies of the secondary electrons in the particle 
showers into the resulting number of electron-ion pairs. The W-value is a mean energy 
value required to produce an electron-ion pair which for atmospheric processes is normally 
determined for the nitrogen molecule. Here no specific molecular reactions are considered 
and, therefore, this approach strongly simplifies modeling but it cannot accurately 
reproduce the collisional products of the numerous atmospheric constituents.  

Here we quantify the molecular processes involving low-energy electrons that affect the 
atmospheric dynamics. Fundamental data on the interaction of low-energy electrons with 
atmospheric gases of both natural and anthropogenic origin is provided. These include 
cross sections for ionization, dissociative electron attachment and fragment-ion production 
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of atmospheric constituents and trace gases. The data are collected from literature and 
also include data measured within the BIOSPHERE project/Work Package 3 [5].  The data 
provided can be used to do more detailed and more accurate calculations [6]. 

 

3 User guide for electron interaction cross sections collected in the repository 
 

The data repository includes cross sections for the reactions (I) ionization and (II) electron 
attachment. One data file contains data for a particular reaction and a specific molecule.   

Electron scattering data for the following species are included: N2, O2, O3, H2O, CO2, Ar, 
Ne, H2, He, Xe, N2O, NO2, NO, CH4, CHF3, CHClF2, CCl2F2, CClF3, CF4, CH2Cl2.  

The species considered include the standard main constituents of the Earth atmosphere. 
Furthermore, trace gases are included which are relevant for ozone-chemistry and ozone 
depletion.  

Data are provided for electron impact ionization (providing positive ions) and dissociation. 
Furthermore, total cross sections for dissociative electron attachment (providing negative 
fragment ions) for a number of chlorofluorocarbons and chlorofluoromethanes are 
included. 

  

3.1 Ionization 
 

Ionization describes reactions of electrons with kinetic energy E0 with a molecule ABC of 
the following form 

     e- (E0) + ABC →  2e- + ABC+   (ionization) 

→  2e- + AB+ + C (dissociative ionization) 

→  2e- + A+ + B + C 

: 

Each individual reaction is described by the partial ionization cross section (PICS). The 
sum of all reactions is described by the total ionization cross section (TICS).  

For each species a file in ASCII format is provided. As an example, in Fig. 1 the top part of 
the file with total single and double ionization cross sections for CF4 is shown. The file 
name includes the general reaction and the species (e.g. “ionization CF4”). The first 8 lines 
of the file contain the following information: 

Line 1: general reaction considered (e.g. ionization) 

Line 3: species (e.g. CF4) 

Line 4: type of cross section “total ionization” 

Line 5: reference where the data is found 

Line 6: information on accuracy of the data 

Line 8 and higher: table with cross sections 
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After the first table with total cross sections, tables for partial ionization cross section data 
are given in the same format. 

 

 

Figure 1. ASCII data file for the CF4 cross sections showing the total single ionization cross 
section (top part) and the total double ionization cross section. For details see text. 

 

3.2 Electron attachment 
 

Electron attachment describes reactions of electrons with kinetic energy E0 with a 
molecule ABC of the following form 

     e- (E0) + ABC →  ABC-   (attachment) 

→  AB- + C  (dissociative attachment) 

→  A- + B + C 

: 

The first reaction is negligible for small molecular species since the autodetachment 
reaction, i.e. the reverse process, happens within a short time.  On the other hand the 
dissociative electron attachment (DEA) can be faster than autodetachment and provide an 
ion and radicals. The processes occur at low energies E0 typically below 10 eV and for 
many species there is DEA at energies below 1 eV. Therefore, DEA is potentially 
important for atmospheric particle showers, where abundant low energetic electrons are 
produced.  
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Each individual reaction is described by the partial DEA cross section (PDEACS). The sum 
of all reactions is described by the total DEA cross section (TDEACS). 

For each species a file in ASCII format is provided. The file name includes the general 
reaction and the species (e.g. “total DEA CCl2F2”). The first 8 lines of the file contain the 
following information: 

Line 1: general reaction considered (e.g. dissociative electron attachment (DEA)) 

Line 3: species (e.g. CCl2F2) 

Line 4: type of cross section “total DEA cross section” 

Line 5: reference where the data is found 

Line 6: information on accuracy of the data 

Line 8 and higher: table with cross sections 

 

3.3 Final remarks 
 

The data is being updated regularly. E.g. in the first version (Version 1.0.0, May 13, 2025) 
only data for ionization was included. The second version (Version 2, July 18, 2025) data 
for dissociative electron attachment of the various halocarbons was included. Presently 
these include TDEACS. The next version will include available PDEACS. 

 

4 Report on collected cross sections and measurements of ionization cross 
sections 

 

Important for ozone depletion are such substances which are stable in the troposphere 
and can make their way to the stratosphere (which is valid for the banned substances). 
There, chlorine and bromine release by interaction with UV radiation and low energy 
electrons will affect ozone chemistry. The mechanism of halogen release by interaction 
with low energy electrons is dissociative electron attachment (DEA) where the incoming 
electron is captured by the molecule forming a negative ion which dissociates, e.g., into Cl- 
and a residual radical. Above 15 – 20 eV electron impact energy ionization (EI) and 
subsequent dissociation is possible.   
 

4.1 Literature review on existing cross sections 
 

PTB, MPG and NOVA have reviewed literature on the electron scattering cross sections 
on abundant atmospheric gases and CFC compounds. Following publications are the most 
relevant. The cross sections for atoms and diatomic molecules are collected in [12]. 
Relevant for the atmosphere are argon, N2, CO, O2 and NO. [14] reviews polyatomic 
molecules. Atmospheric relevance have CH4, H2O, HCl, NH3, CO2, N2O, NO2, O3, OCS, 
SO2, ClO2. Furthermore [13] reviews important chlorofluorocarbons (CFCs). CF4, CF3Cl, 
CF2Cl2, CFCl3, CCl4. An important work on electron interactions with gases relevant for 
plasma processing is authored by Christophorou and Olthoff [15]. These gases include 
some carbonhalides and CFCs like CF2Cl2. A most recent compilation for the 
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nitrogenoxides N2O, NO2 and NO is given by [16]. There is much more literature on 
ionization and DEA of various species. Part of it is listed in table 1. In conclusion there is 
comprehensive and precise data for many molecules. 
 

 

 

Table 1. Collected most important publications for electron impact ionization and DEA of 
atmospheric relevant gases. Included are molecular species (first column), process (second and 
third columns), Type of cross section (fourth column), experimental or theoretical work (fifth and sixth 
column), reference (seventh column).  

 

 

4.2 The measurement apparatus for MPG data  
 

The MPG measurements are performed with a recoil ion momentum spectrometer (RIMS) 
[7]. A schematic drawing of the setup is shown in Fig. 2. The whole system is placed in a 
high-vacuum chamber at 10-8 mbar residual gas pressure. An electron gun produces a 
pulsed electron beam whose kinetic energy can be adjusted from a few eV up to 2 keV. 
The pulses have a repetition rate of 15.75 kHz and the pulse duration is 20 ns. The beam 
is guided by means of an axial magnetic field of 20 Gauss into an effusive gas beam 
exiting from metallic capillary with an inner diameter of 1.0 mm placed perpendicular to the 
electron beam. The effusive gas flow is controlled by a precision leak valve and the 
pressure in the chamber is kept around 1.5 × 10-7 mbar during operation of the gas beam. 
The target density in the effusive beam is around 1013 cm-3. The ions produced in 
collisions are collected by a short 
two-stage spectrometer with a total length of 11 cm and nine electrode rings of 9 cm inner 
diameter, each set at 10 mm apart, divided into three sections. The drift length is twice the 
acceleration length satisfying the Wiley–McLaren geometry [8] for the time-focusing 
condition. This is needed to prevent the spread of flight times of the ions with different 
starting positions due to the size of the interaction region of 2 mm along the spectrometer 
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axis. The first two electrodes, as shown in Fig. 2, define the pusher region, where the 
needle is positioned at half the distance between them. While the projectile pulse traverses 
the spectrometer, the interaction region is kept field-free to avoid any deflection of the 
electron beam. With a delay of 100 ns, voltage pulses of +100 V and +40 V are applied to 
the first pusher electrode and the needle, respectively. Thus, the ions are extracted from 
the interaction region and pushed into the acceleration section. This region is defined by 
the set of four electrodes, which are connected in series by 100 kΩ resistors, where 
electrode two is on ground and electrode five at -184 V. The voltage gradient of 224 V/35 
mm accelerates and drives the ions into a field free region of 70 mm defined by the 
following electrodes and two subsequent grids kept at -184 V. A strong electric field is 
applied between the final grid and front of the MCPs set at -184 and -2600 V, respectively, 
accelerating the ions to higher energies for good detection efficiency before hitting the 
front MCP. 

 

 

Figure 2. Illustration of the electron gun, the ion momentum spectrometer (sections allow views of 
electron and ion trajectories), and the gas mixing setup. The supersonic gas jet above the 
spectrometer was not in operation in this work. 

 

All pulsed voltages are triggered by the electron pulses. Different voltage settings on the 
pusher and needle were probed with commitment to optimize the time-focusing condition 
as well as the detection of the full momentum distribution of the ions. 
The time difference between the electron pulse signal and the detector MCP signal 
provides the time-of-flight information. The amplified electron cloud produced by the MCPs 
hits on a position-sensitive delay-line anode (DLD configuration), which records the X and 
Y-hit position distribution of the ions on the detector.19 The time and hit position signals 
are fed to a multi-hit time-to-digital converter, and the raw data events are recorded in list 
file mode by the Cobold data acquisition and analysis software.20 The X–Y coordinates of 

Gas inlet 
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the setup are defined as follows: the X-axis (horizontal) is along the electron beam and the 
Y-axis (vertical) is perpendicular to the electron beam and the extraction direction (Fig. 2). 

 

4.3 Absolut normalization of the cross sections 
 

The number of detected ions depends on many experimental parameters. In addition to 
the cross section, these are the electron beam current, the gas density, the size of the 
interaction volume between the electron beam and the gas target, the duration of the 
measurement and the detection efficiency. Most of these parameters are difficult to 
determine with sufficient accuracy. Therefore, many experiments in the past were 
conducted using the relative flow technique [9, 10]. Here the gas under investigation is 
mixed with a reference gas for which the cross section is known. Therefore, for both gases 
the geometrical interaction volume, the electron beam current and the measurement time 
are identical. Then, the cross section 𝜎𝑇+(𝐸) for the probe gas T at impact energy E is 

determined by the formula: 

𝜎𝑇+(𝐸) = 𝜎𝑅+(𝐸)
𝑁̃

𝑇+(𝐸)

𝑁̃𝑅+(𝐸)
     (1) 

Here 𝜎𝑅+(𝐸) is the cross section for the reference gas R. 𝑁̃𝑅+(𝐸) and 𝑁̃𝑇+(𝐸) are the 
corrected count numbers for the reference gas R and the test gas T, respectively. The 
measured count numbers for the reference and the test gases 𝑁𝑅+ and 𝑁𝑇+ must be 

corrected for two effects. One is the different detection efficiencies 𝜀 of the detector MCPs 
for the various ions which result essentially from different impact velocities on the detector. 
The detection efficiencies can be found from literature [11]. The second is a simple factor 
due to the mass dependence of the gas densities due to different molecular velocities.  

 

𝑁̃
𝑇+(𝐸)

𝑁̃𝑅+(𝐸)
= √

𝑚𝑅

𝑚𝑇

𝜀
𝑅+

𝜀𝑇+

𝑁
𝑇+(𝐸)

𝑁𝑅+(𝐸)
     (2) 

Here 𝑚𝑅 and 𝑚𝑇 are the molecular masses of the gases and 𝜀𝑅+ and 𝜀𝑇+ are the detection 
efficiencies for the reference gas ions and the test gas ions, respectively.  

 

4.4 Exemplary data measured for CF4 and CHF3 
 

In the following exemplary data for CF4 and CHF3  are presented, which are measured 
within the BIOSPHERE project.  
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Figure 3. 2D-map of the Y-position on the detector and time-of-flight of a 200 eV electron collision 
with CF4. The different islands shown correspond to different singly charged fragment ions which 
according to their masses vary in time-of-flight. The vertical spread of the islands is due to the 
initial velocities of the ions which results in a broad position distribution on the detector. 

 

For measuring ionization cross sections for molecular gases it is important to detect all 
ions produced. This is a major challenge since due to their considerable kinetic energies 
which they obtain from the molecular dissociation the ions can easily escape the 
acceptance range of the spectrometer. Therefore, we apply relatively high extraction fields 
in combination with a short flight path and a large detector size (8 cm). In case of CF4 gas 
the majority of the dissociating ions of CF4 can have kinetic energies that can reach up to 
15 eV which occurs, e.g.  in dissociative double ionization channels. Figure 3 shows a two-
dimensional map (2D-map) of the detected ion intensity as function of their y-position on 
the detector and time-of-flight for 200 eV electron impact energy. This diagram shows that 
essentially all ions with low to high momenta/kinetic energies are collected on the 
acceptance range of +/- 40 mm. There are no significant losses due to the kinetic energy 
of the ions. The ion time-of-flight spectrum is shown in Fig. 4.  The TOF peaks of CF3

+, 
CF2

+, CF+, F+, CF3
2+, CF2

2+ are clearly separated. Also seen are the krypton ions Kr+, Kr2+, 
and Kr3+, are clearly discriminated in the gray filled pattern in Fig. 4. The time resolution of 
the setup allowed the separation of krypton isotopes, which occur as a mixture of six 
different, stable isotopes with masses of 78 (0.4%), 80 (2.3%), 82 (11.6%), 83 (11.5%), 84 
(57.0%), and 86 (17.3%). The parent ion CF4

+ is not expected to be found because its 
ionic states are not stable but dissociate within femtoseconds. The production of CF3

+ 
dominates over other dissociation channels. 
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Figure 4. Time-of-flight spectrum for 200 eV electron impact ionization of CF4 gas mixed with 
equal amount of krypton gas. The yields are shown on a linear scale. Ions from krypton are 
highlighted by gray regions. 

 

From the integrated areas of the peaks the partial ionization cross sections are derived 
according to eqns. (1) and (2). The total ionization cross section is obtained from the sum of 
all partial ionization cross sections. One more correction is required since double ionization 
of the molecules can also yield the same singly charged fragment species and therefore 
falsify the cross sections. Therefore, in the present project coincidences between to singly 
charged ions originating from double ionization where measured. From these data the 
contribution of double ionization to the measured ion intensities was derived and used to 
correct the single ionization data. 

For CF4 the results are shown graphically in Fig. 5 and in tabular form in Table 2. The 
respective cross sections for CHF3 are presented in Table 2. Here the mass resolution of 
the present setup is not sufficient to clearly identify hydrogen loss. Therefore, data are given 
as the sum of ionization cross section for processes with and without hydrogen loss.     
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Figure 5. Absolute partial single ionization cross sections (PSICS) all observed fragments of CF4.  

 

 

Table 2: TSICS, PSICS and MDICSs for CF4 (in 10-20 m2) as function of electron impact energy in 
eV  

 

 

Table 3. TSICS and PSICS for CHF3 (in 10−20 m2) as function of electron impact energies in eV. 



 

 

 
21GRD02 BIOSPHERE 

 

 

 
 

 

 
 

14 of 17 

 
 

 
 

 

 

 

A more elaborate discussion of the measured cross sections in particular in comparison with 
existing published data is given in [24, 25].  

 

4.5 Measurements on aerosols and smallest water droplets 
 

Interactions of CR generated electrons and aerosols and water droplets might be of 
relevance for the stratospheric chemistry. BIRA-IASB provided data on sooth aerosols in the 
stratosphere. It turned out that respective targets are not available with sufficient density for 
the conduction of electron collision studies. On the other hand MPG succeeded in 
constructing a water cluster beam which consisted of aggregates of water molecules H2On 
(n = 1-10). These clusters can be considered the smallest water droplets and electron 
collisions with these should be relevant for stratospheric processes. Figure 6 shows a time-
of-flight spectrum taken by MPG which allows to identify the ionic reaction products. It shows  
that after ionization of a water molecule it abstracts a proton which is binding to the 
neighboring molecules while a OH radical is emitted. Therefore, for cluster ionization only 
protonated ions are observed. In addition neutral water molecules can be emitted depending 
on the energy transferred by the colliding electron. These findings were enabled by the 
simultaneous (coincident) detection of the scattered and the ionized electrons. The details 
of these studies on ionization of small water droplets are published in [19].     

 

 

Figure 6. Time of flight spectrum for electron impact ionization of small water clusters. For each 
peak the according ion is indicated by its chemical formula and a graphical representation. 
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4.6 Angular differential cross sections measured by PTB 
 

Measurements and calculations on electron scattering processes for various molecular 
species were carried out by PTB. The measurements where carried out with an electrostatic 
electron spectrometer which has high angular and energy resolution. Important in these 
studies was that PTB could demonstrate that theoretical models can reproduce the 
experimental data with sufficient good accuracy such that these calculations potentially can 
replace tedious measurements for molecules relevant for atmospheric modeling. First 
results were obtained for elastic electron scattering cross sections of ethanol [21]. In elastic 
scattering the projectile does not transfer energy but changes direction. More results were 
obtained for nitrous oxide for both processes, elastic scattering and ionization [23]. Here 
also angular differential cross sections were obtained which is relevant if particle tracks 
through a medium like the Earth atmosphere have to be simulated. As a highly relevant 
molecule for ozone depletion trichlorofluoromethane was studied by measuring elastic and 
inelastic electron scattering cross sections [17].  

 

4.7 Electron scattering and O2
− collisions measured by CSIC 

 

CSIC has access to several unique measurement apparatuses. One is used to measure 
absolute total electron scattering cross sections with high accuracy. Within the BIOSPHERE 
project data for atmospheric relevant nitrogen oxides were taken. These are nitrogen dioxide  
N2O and nitrous oxide N2O for which electron scattering cross sections were measured over 
a large energy range from 1 up to 1000 eV [27, 28].   

An important contribution was to perform measurements for peroxide anions (O2
−) colliding 

with atmospheric gases. After free electron have lost their kinetic energy they are most likely 
captured by oxygen molecules. It is important to understand the subsequent reactions of 
O2

−. CSIC have performed experiments for collisions of O2
− with CO2 molecules over a large 

energy range. At high impact energies beyond 500 eV they found so far unobserved 
reactions with the target molecule forming compound ions [20]. 
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