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Highlights 

• A chemical kinetic model for the electron beam irradiation of methane was built 

• The G-value of stable products (H2, C2H4, C3H6, C3H4, C2H2, C3H8, C2H6, and C4H10) was 

reported 

• Reactions produce and destroy H2, C3H6, and C2H6 were identified 

• A mechanism reduction has been performed based on normalized sensitivity coefficients 

(NSC). 

Abstract 

We built a chemical kinetic model for the electron beam irradiation of methane and report 
simulation results with dose rates ranging from 2 to 200 kGy sec–1

 at 298 K and 1 atm pressure. The 
model contains 92 species and 778 gas-phase reactions. We report the time evolution of 
concentrations of stable products (including H2, C2H6, C3H8, C2H4, C3H6, C4H10, C2H2, and C3H4) as 
well as some radicals and ions. We discuss how yields of products depend on dose rate and how they 
change during the course of irradiation. To understand the processes controlling product formation, 
we quantify the extent to which various reactions produce and destroy major products and the key 
radicals and ions. Normalized sensitivity coefficients (NSC) are computed for the production of 
stable products to gain further insight into factors controlling product yields. We were able to reduce 
the mechanism to 63 species and 331 reactions while incurring less than 5% error in the final 
concentrations of stable products.  
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1. Introduction 

The irradiation of methane has a large potential for industrial applications1. Methane is the 

dominant component of natural gas, whose price has dropped in recent years due to increased 

production from hydrofracking2. Radiation-induced free radical chain reactions can convert methane 

to higher hydrocarbons3. Methane conversion to higher hydrocarbons could provide new options 

for chemical processes and decrease the cost of transportation fuels4. One of the most promising 

methods of irradiation of methane is electron beam irradiation. The electron beam is a mature 

technology with many industrial applications5 and can be designed for any of a wide range of 

energies (200 keV to 10 MeV)6. Electron beam exhibits high efficiency (approaching 80%) for 

conversion of electrical power to electron energy7. Unlike the discharge-based plasma technologies, 
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such as dielectric barrier discharges (DBD), radio frequency, and microwave8–10, which are mostly 

limited to small-scale applications, electron beam technology is already used for industrial-scale 

processing11, 12. 

Experimental research on methane radiolysis by electron beams has been carried out for over 

half a century. Potential valuable products from the radiolysis include H2 and C2 and C3 

hydrocarbons13–15. Experiments provide gas chromatographic measurements of yields for H2 and 

other hydrocarbons14–17. However, our understanding of methane radiolysis remains very 

incomplete. Experiments usually analyze no more than a handful of stable products or a few reactive 

species, and their proposed mechanisms of reactions of primary products of radiolysis are 

conjectures13–15. Plausible conjectures include the involvement of ions or radicals in the reactions 

forming stable products16, 17.  

Kinetic modeling is a powerful tool to study a complex reaction system18–22. The most 

commonly used CH4 plasma, dielectric barrier discharges (DBDs), has been modeled under various 

conditions18, 19. Kinetic modeling provides insight of radical–involved reaction pathways in 

combustion chemistry21, 22. Previous modeling works have been developed on the processing of 

methane by sources other than the electron beam. In addition to DBDs, Heijkers et al. built a kinetic 

model for CH4 conversion using microwave and gliding arc plasmas to understand reaction 

mechanisms, predicting that thermal conversion is more important than vibrational–translational 

nonequilibrium in CH4 plasmas23. However, there has not been a comprehensive modeling effort of 

electron beam of methane, though experimental data have being available for a long time 14–17.  

We developed a kinetic model for simulating methane radiolysis and carried out simulations for 

a wide range of dose rates. In a real-world scenario, there is a spatial variation of energy deposition 

inside the electron beam reactor. The energy is higher near where the electrons first interact with the 

gas than at longer distances and is also higher along the direct path of the beam than off to the sides. 

The range of dose rates simulated here can be used to shed light on the spatial variation of product 

yields, but does not account for the influence of fluid dynamics on concentrations or how the 

reactor walls would affect dose rates.  

Our major goal of this work is to identify the most important reactions forming products in 

electron-beam irradiation of pure CH4. The mechanism developed here could help guide the 

selection of experimental conditions for optimizing product yields. Additionally, our model could 

serve as a basis for radiolysis of mixtures of CH4 with other gases, such as CO2 to transform this 

greenhouse gas to commodity chemicals (methanol, acetic acid etc.), accompanying with production 

of syngas and H2 for fuel cells1, 24. Understanding methane radiolysis is a first step towards this goal. 

We will first report on the time history of concentrations of products, including radicals and 

ions. Yields of stable products are compared to experimental data. Our initial discussion focuses on 

the condition of a dose rate of 50 kilogray per second (kGy s–1, 1 Gy = 1 kJ of absorbed energy per 

kg of material), but we later discuss how results vary with dose rate. We then report the reactions 

controlling formation and destruction of stable products, and compare results to previously 

conjectured mechanisms. Finally, we report on efforts to condense the mechanism.  
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2. Methods 

Model description 

The simulations treat a wide range of dose rates: from 2 to 200 kGy sec–1. We use a fixed 

temperature at 298 K. The total initial pressure of CH4 is set to 1 atm. The gas residence time in 

most of the simulations will be 0.5 s. The software we used for our kinetic modeling was Kintecus 

(version 6.80 http://www.kintecus.com/index.htm). Kintecus is a compiler for modeling multiple 

types of chemical reactions25. The program uses a DASPK integrator to carry out numerical 

integration. We used a numerical accuracy of 1.0 × 10–5. 

The full model contains 782 reactions and 94 species. The complete set of reactions can be 

found in  Table S1. Yields of products from methane fragmentation to first-generation products by 

the electron beam were taken from the work of Okazaki et al.26:  

                                                                                                                                                 

7.24CH4 + 100 eV    3.94H + 2.34H2 + 2.05CH3 + 1.63CH4
+ + 1.43CH3

+ + 1.27CH2 + 0.48C

H + 0.32CH2
+ + 0.16C + 0.11H+ + 3.51e–                                                                                                                                      (1) 

 

Their results for NH3 and H2O, computed in the same paper, were fairly close to those compiled by 

Willis and Boyd20, so we believe they are fairly reliable.  

The “e–” in the products Equation 1 represents the hot electron with an energy of a few eV. 

Hot electrons are thermalized by collisions with CH4 molecules26. We treat the quenching of the hot 

electron to the thermal electron (et–) as a pseudo-first-order reaction27. Due to the complexity and 

lack of data, we do not include the physics of vibrational excitation of methane by the electron beam 

or the subsequent evolution of the vibrational population10, 28. Even at the highest dose rate (200 

kGy sec–1), the destruction of CH4 is less than 0.01% of total CH4; as a result, we neglect its loss to 

radiolysis in these simulations. 

For the simulations, we generate a set of reactions to represent the primary radiolysis events. 

For instance, one of the ionization reactions during the primary radiolysis can be represented as: 

                                                                      Source   CH3
+ + H + e–                                                       (2) 

where “Source” corresponds to the rate of energy deposition calculated from the dose rate in units 

of 100 eV cm–3 sec–1, and the rate constant is simply the number of molecules changed for each 100 

eV energy absorbed for primary products of radiolysis in Equation (1).  

Set of assumptions 

The reaction types in the model are electron-neutral reactions, ion-neutral reactions, ion-ion 

reactions, electron-cation reactions, and neutral-neutral reactions. We searched for rate constants for 

neutral-neutral reactions in the JPL Data Evaluation and NIST Chemical Kinetics Database. Rate 

constants for most of the reactions involving ions or electrons were obtained from the compilation 

of experimental data by Anicich (~ 42 reactions)29 or the Kinetic Database for Astrochemistry 
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(KIDA, ~ 440 reactions). To minimize bias in the selection of rate constants, we applied two rules: 

1) The rate constants from experimental works are selected over theoretical ones. 2) The most 

recent rate constants are selected over older ones. For thermodynamically favorable second-order 

ion reactions with no available product yield data, we assign a product set with a negative reaction 

enthalpy < 100 kJ mol–1. We do not account for species larger larger than C4, except for benzene, its 

cation, and protonated benzene. We do not keep track of isomers for C3/C4 species, and their 

concentrations are displayed as the total concentration. For example, the mechanism only includes 

on C3H4 species, which lumps together propadiene, methylacetylene and cyclopropane. Where rate 

constants have not been reported, we determine the value by reaction type: electron-neutral 

reactions (5 ×10–11 cm3 molecule–1 s–1), anion-neutral reactions (1×10–10 cm3 molecule–1 s–1), cation-

neutral reactions (1× 10–9 cm3 molecule–1 s–1), and anion-cation reactions (1 × 10–8 cm3 molecule–1 s–

1), respectively. These values are estimated based on other known rate constants within the same 

reaction category. The lack of kinetic and product yield data represents a major limitation of the 

current model. 

Production/destruction analysis 

To quantify the influence of various reactions on the production and destruction of key 

product species, we add “tracers” as products of selected reactions in the model. For example, we 

add the tracer R2 to the reaction (2): 

 Source   CH3
+ + H + e– + R2 (2)* 

R2 and other tracers are treated as a chemical species in the simulation. The concentration of 

the tracer at any time in the simulation corresponds to the time-integrated rate of reaction. Details of 

this method were described in Schmitt et al. (2009)30.  

Model reduction 

We perform a mechanism reduction using the Atropos software 

(http://www.kintecus.com/atropos.htm). A detailed explanation of the software can be found in 

Ianni and Didion et al.31, 32, but we present a short explanation here. The first step is to compute 

normalized sensitivity coefficients (NSCs). NSCs show how the rate constants in the model 

influence a product’s concentration at a given time. The NSC at any one time during the simulation 

is defined as the value of 25: 

    (

          

         

  

 

)
   

 (
            

     
)
   

   (3) 

where [Species] is the concentration of species of interest, k is the rate constant of a specific 

reaction, and k’ are all other rate constants. The NSC forms an array S at each selected time point. 

Eigenvalue-eigenvector decomposition is obtained by the diagonalization of the matrix STS. Atropos 

eliminates unimportant reactions that are elements of eigenvectors25 corresponding to eigenvalues 

less than 10-4. 
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3. Results and discussion 

Performance and validation of the model 

As mentioned in the Methods section, the initial CH4 concentration is set to be 1 atm. through 
all our simulation, and only ~0.01% of CH4 has been destroyed in the end of our simulation. The 
time evolution of the concentrations of the eight most abundant stable products at a dose rate of 50 
kGy sec–1 is shown in Figure 1. These eight products account for over 99% of total products at the 
end of the simulation. H2 constitutes 62.0% of the products, followed by C2H6 (ethane, 22.6%) and 
C3H8 (propane, 6.5%). Other hydrocarbon species produced in decreasing order of abundance are 
C2H4, C3H6, C4H10, C2H2, and C3H4. The concentrations of all the most abundant products increase 
steadily with time.  

Figure 2 shows the time evolution of the concentrations of the five most abundant neutral 
radicals (CH3, H, C2H5, C3H3, and CH2) at 50 kGy sec–1. These five radicals account for over 90% of 
total radicals produced. Note that [H] and [CH3] in Figure 2 are shown at 1/10th their actual value, 
so their concentrations are much greater than those of other radicals at all simulation times. The 
concentration of atomic hydrogen increases rapidly in the first 0.016 seconds, then decays by ~93% 
over the remainder of the 0.5-sec simulation. By contrast, the concentration of methyl radical 
reaches an approximate steady-state by 0.016-second. Concentrations of C2H5, C3H3, and CH2 do 
not exhibit a quick rise, rather, their concentrations rise steadily over the course of the simulation.  

Let us consider the reasons for this behavior. Atomic hydrogen and CH3 radicals form directly 
from the radiolysis of CH4, which produces them at a fast and constant rate. Because these radicals 
react only very slowly with CH4, at short times their loss is dominated by reaction with each other. 
Thus, the increase in [H] prevents the accumulation of CH3, as the reaction with H is a sink for CH3. 
But why does [H] increase rapidly and then decrease? Looking back at equation (1), we see that the 
rate of production of H is ~two times higher than the rate of CH3. However, atomic hydrogen 
reacts more rapidly than CH3 with second-generation radicals (those formed from first-generation 
reactive species rather than from radiolysis). Because of the accumulation of second-generation 
radicals and ions after 0.016 seconds, the concentration of H decreases sharply by reaction with 
these species. 

 

Figure 3 depicts the time evolution of concentrations of the most abundant ions (C2H7
+, C3H7

+, et–, 
C3H5

+, C2H5
+, and H–) at 50 kGy sec–1. Thermalized electron dominates the concentration of 

negatively charged species and that its concentration changes little after its initial spike. This is 
because CH4 and H2 possess negative electron affinities, so thermalized electrons can only react with 
trace species. Turning our attention to the cations, we see that C2H7

+ has the highest concentration 
(over 8.0 × 1010 molecules cm–3) among cations, followed by C3H7

+, C3H5
+, and C2H5

+. 
Concentrations of the first-generation cations H+, CH4

+, CH3
+, and CH2

+ (Figure S1) reach a steady 
state in less than one microsecond and constitute less than 10–6 of the total ion concentration. 
Unlike the first-generation radicals, first-generation ions react rapidly with CH4, thereby keeping the 
first-generation cations at low concentrations.  

To evaluate the model’s performance, we compare its results (as G-values) to those obtained in 

experimental work under a range of experimental conditions (Table 1)14–17. Figure 4 shows a 

comparison of G-values between the model’s result and electron beam experiments. G-values of 

products variy  among the four experiments. This variation could be caused by pressure, gas 

residence time, energy input, etc. The relative abundance of stable products from the model’s 
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prediction agrees with experimental results. In general, the model predicts higher G-values than the 

corresponding experiment, especially for C3H8. Since information about the radiolysis time is not 

always clearly stated in these papers15–17, some of this discrepancy might be attributed to our choice 

of a simulation time. As shown in Figure S2, G for the production of C3H8 decreases from 0.89 to 

0.57 in changing from a 0.5-second to a 6-second simulation. Similarly, G for the production of 

stable products decreases as increasing in dose rate, with the exception of C4H10 (Figure S3). 

 

Production/destruction mechanism of H2 and C2H6  

Above, we discussed the processes controlling the product concentrations and G-values of                                                  
classes of products. In the following section, by the use of tracers, we quantify the role of individual 
reactions in the production and destruction of particular products. In the text we discuss results for 
the two most abundant products (H2 and C2H6,), but results for other stable products are presented 
in the Supporting Information. The source reaction (radiolysis of CH4) directly produces 27% of the 
H2 for 0.5-second simulations at 50 kGy/sec. Although 225 chemical reactions contribute to its 
production, 95% of H2 production comes from only 12 reactions, of which the top three reactions 
account for 48%, (Figure 5). These production reactions are sorted by rank in Table 2. 

 

Anicich evaluated rate constants for reactions (4) and (5)29. Although these reactions appear 
analogous (both involved alkyl cations reacting with CH4), reaction (4) has a much smaller rate 

constant than (5). The reason might be that reaction (5) is a highly exothermic reaction (ΔrH
⦵ 

= -117.8 kJ mol–1, 298 K) and reaction (4) is much less exothermic (ΔrH
⦵ = -22.8 kJ mol–1, 298 K)29, 

33. 

Curiously, reaction (4), the reaction in Table 2 with the smallest rate constant, contributes more 
H2 (19%) than reaction (5) (18%) for 0.5-second simulations at 50 kGy sec–1. As mentioned earlier, 
the concentration of C2H5

+ (reactant in reaction (4)) is much higher than that of CH3
+ (reactant in 

reaction 5). The higher abundance of C2H5
+ more than offsets the effect of smaller rate constants in 

reaction (4). Reactions (4) and (5) had previously been suggested as important sources of H2
14, 15. 

Sieck and Johnsen proposed two H2-producing mechanisms: 

H + CH4  H2 + CH3     (k = 9.0 × 10–14 cm3 molecule–1 s–1)                          (7)                                                            

 H + H + M  H2 + M    (k = 1.7 × 10–17 cm3 molecule–1 s–1)                          (8)  

which are included in our model. However, our simulations indicated that reactions (7) and (8) 
contribute less than 0.3% of total H2 production. The relative lack of importance of these reactions 
is due to high barrier of reaction (7) and the dependence of the rate of reaction (8) on the square of 
the (low) concentration of H.  

Our simulation predicts the destruction of H2 only removes 0.1% of the total H2 formed. In 
contrast to the enormous number of reactions producing H2, only 32 reactions destroy H2, as shown 
in Figure S4. Reactions between H2 and first-generation radicals are the most important destruction 
mechanisms of H2.  

Table 3 shows the relative importance of C2H6 production reactions at 50 kGy sec–1. Five 

reactions (out of a total of 16) contribute ~99% to total C2H6 production. Reactions (9), (10), and 
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(12) account for 65%,16%, and 12%, respectively, of total C2H6 production in the 0.5-second 

simulation. The importance of reactions (9) and (10) decreases in the 6-second simulation (to 52% 

and 13%), while the contribution of reaction (11) rises from 5% to 20%. Our results confirm the 

conjectures of previous work about the importance of reactions (9) and (10)13, 15, 34, 35 and reaction 

(12) (see Table 3)14. As reactions (11) and (13) show, the production of ethane is also affected by 

reactions between cations and stable products. The increase in the relative importance of reaction 

(11) with increasing radiolysis time reflects the accumulation of propane with time. 

A previous paper claimed that reaction (14), involving the singlet excited state of CH2:  

1CH2 + CH4 + M   C2H6
* + M   C2H6                                            (14) 

is important for ethane production13, 14. However, the influence of 1CH2 is uncertain. There are 
multiple potential products of the reaction 1CH2 + CH4, including quenching to 3CH2 + CH4 and 
formation of CH3 + CH3; the branching ratios between these products are not well-known36. Also, 
the only likely source of 1CH2 is radiolysis, and it is unclear to what extent radiolysis form 1CH2 
versus ground state CH2 (

3CH2). Consequently, we exclude 1CH2 and reaction (14) from the model to 
avoid introducing bias while acknowledging the resulting uncertainty. Our analysis indicates that the 

reaction CH4 + C2H5  CH3 + C2H6, suggested by Arai et al. and Cahill et al.13, 16, contributes 
negligibly to ethane formation, on account of its very low rate constant (~10–24 molecules-1 cm3) at 
room temperature. The rate constant does increase at higher temperatures; however, it does not 
increase enough to make this reaction significant even at the 120 °C conditions of Arai et al. (120 
°C).   

Although destruction of H2 scarcely affects its concentration (Figure S4), our simulation 

predicts the destruction of ethane significantly reduces its final concentration (by 29%, see Figure 

S5). Our model suggests the destruction of ethane comes from the reactions of ethane with CH5
+ 

cation, which drew little attention in previous papers:  

C2H6 + CH5
+   H2 + CH4 + C2H5

+                                         (15) 

C2H6 + CH5
+   CH4 + C2H7

+                                            (16) 

Thus, a good estimate of [C2H6] can be achieved by considering just four production reactions 

and one destruction reaction:  

d([C2H6])/dt = k9[CH3]
2
 + k10[H][C2H5] + k11[C2H5

+][C3H8] – (k15 + k16)[C2H6][CH5
+]                      

(17) 

Due to the lack of other comprehensive electron beam modeling of CH4 radiolysis, we 
compare our important reaction pathways alternatively to a most recent DBD CH4 modeling work 
by Heijkers et al.23 in Table 4. According to Heijkers et al., electron-neutral reactions account for 
the loss of H2 and C2H6

23. However, because of the low extent of CH4 loss in our simulation, 
electron-neutral reactions contribute <0.1% to overall C2H6 destruction process in the electron 
beam model (assuming the primary radiolysis rate of C2H6 is as same as CH4) and the ethane 
destruction is mainly caused by CH5

+ ion in our model (Reactions 15 and 16). 

 10974601, 2022, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/kin.21555 by O

ffice O
f Scientific A

nd T
echnical Inform

ation, W
iley O

nline L
ibrary on [04/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



  

 

This article is protected by copyright. All rights reserved. 

8 

 

Model reduction 

          We performed a mechanism reduction using the program Atropos32. Table 5 shows the 

percent difference in concentration of stable products between the original model of 778 reactions 

and reduced mechanisms containing 186 to 359 reactions. The model size decreases as we apply 

increasingly loose accuracy thresholds in Atropos. These simulations modeled a dose rate of 50 kGy 

sec-1 for six seconds. None of these reduced mechanisms introduced significant deviation for H2 

(<2%). For other stable species, there is very little difference between the full mechanism and a 

mechanism of as few as 331 reactions (63 species instead of 92) at any time during the simulation. 

Reducing the model to 247 and 300 reactions causes significant (-7% to -36%) deviations for C2H4 

and C2H2. Further reducing the model to 186 reactions increases the deviation to more than -95% 

for these two species, corresponding to underestimates of 36 and 67 for C2H4 and C2H2, 

respectively. To this point, we are confident to say one can condense the model to 63 species and 

331 reactions while incurring no more than 5% error in the final concentrations of stable products. 

 By the standards of chemical mechanisms routinely used in fluid dynamics simulations of 

combustion, 331 reactions is rather large37–39. However, radiolysis has modest spatial and temporal 

gradients in chemical composition and energy deposition as compared to combustion, so we suspect 

that this reduced model can be combined with 3-dimensional fluid dynamics in simulations. 

4. Conclusion 

  We built a model of electron beam radiolysis chemistry of pure methane. We performed kinetic 
modeling  of radiolysis across a wide range of dose rates (2-200 kGy sec–1) at 298 K and 1 
atmosphere. The most abundant stable product is H2, with C2H6 being the next most abundant at 50 
kGy sec–1. The relative abundance of stable products from the model’s prediction agrees with 
experimental results. We investigated the production of other important stable products, as well as 
radicals and ions. Except for C4H10, The G-value of the stable products decreases modestly when 
varying the radiolysis time from 0.5 to 6 seconds and from 2 to 200 kGy sec–1 of the simulation. We 
suggest that the production of H2 is largely controlled by reactions between cations and CH4, instead 
of previous conjectured reactions H + CH4 or H + H + M. The relative lack of importance of these 
reactions is due to high barrier of H + CH4 and the dependence of the rate of H + H + M on the 
square of the (low) concentration of H. We confirm that CH3 + CH3 and H + C2H5 as important 
C2H6-producing mechanism. Our analysis indicates that the previous conjectured reaction CH4 + 

C2H5  CH3 + C2H6, contributes negligibly to ethane formation, on account of its very low rate 
constant (~10–24 cm3 molecules-1s1) at room temperature. Our model suggests the destruction of 
ethane comes from the reactions of ethane with CH5

+ cation, which drew little attention in previous 
papers. We find that the contributions of reactions directly producing or destroying H2 and C2H6 are 
highly concentrated, with over 90% of production or destruction of these products being due to 
only a few reactions.  

A sensitivity analysis (see Supporting Information) was used to generate reduced models, which 
should simplify efforts to improve the chemical mechanism. We successfully reduced the size of the 
model from 92 species and 778 reactions to 63 species and 331 reactions while incurring no more 
than 5% error in the final concentrations of stable products. This reduced model could help 
overcome the challenges imposed by small integration time steps when modeling pulsed radiolysis. 
The reduced mechanism could also be coupled with fluid dynamics in future studies of continuous 
methane radiolysis. 
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Limitations on the reliability of this work include: 1) the lack of literature data on rate constants 

and products of many relevant reactions 2) ignorance of the influence of fluid dynamics on 

concentrations or how the reactor walls would affect dose rates. Nevertheless, we hope that this 

serves as a steppingstone towards more reliable modeling of methane radiolysis. 
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Table 1. Simulation conditions of four CH4 electron beam radiolysis experiments. 

 Temperature Dose rate Simulation time G values reported 

Arai et al. (1982) 393 K 50 kGy sec–1 6 seconds H2, C2H6, C2H4, C2H2, C3H8 

Hummel 1963 288 K 4.3 kGy sec–1 *10 seconds H2, C2H6, C4H10 

Cahill et al. (1967) *298 K 112 kGy sec–1 *10 seconds H2, C2H6 

Sieck and Johnsen (1963) *298 K 1 kGy sec–1 *10 seconds C2H6, C3H8, C4H10 

* We use 298 K and 10 seconds for any temperature and simulation time not provided, respectively.  

 

Table 2.  Major sources of H2 and their rate constants. “Number” refers to the order of appearance 

of the reaction in our mechanism, not the order of importance. 

Rate constant (cm3 molecule–1 s–1) Reaction Number 

9.0 × 10–14 C2H5
+ + CH4  H2 + C3H7

+ (4) 

1.1 × 10–9 CH3
+ + CH4  H2 + C2H5

+ (5) 

2.7 × 10–10 H + CH2  H2 + CH (6) 

 

Table 3.  Major sources of C2H6 and their rate constants. 

Rate constant 

(cm3 molecule–1 s–1) 
Reaction Number 

% contribution 

at 0.5-second 

% contribution 

at 6-second 

5.5 × 10–11 CH3 + CH3  C2H6 (9) 65 52 

1.7 × 10–10 H + C2H5  C2H6 (10) 16 13 

4.8 × 10–10 C2H5
+ + C3H8  C3H7

+ + C2H6 (11) 5 20 

1.5 × 10–7 e– + C2H7
+  H +C2H6 (12) 12 14 

4.9 × 10–10 C2H4
+ + C3H8  C3H6

+ + C2H6 (13) 1 1 
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Table 4.  Comparison of relative importance of reaction pathways of H2 and C2H6 between our 

model (50 kGy sec–1, 0.5 seconds) and Heijkers et al.23 The “N/A” indicates the reaction is not 

contained in the model. Note that e– as reactants in this Table correspond to thermal electons for 

our model (except where noted), whereas Heijkers et al. explicitly treat the full range of electron 

energy loss in interactions with CH4 and other species. 

 
Rate constant (cm3 molecule–1 s–1) Reaction DBD Our model 

H
2
  

𝑓(𝜎) a e– + CH4  e– + CH2 + H2 34% 20% b 

9.0 × 10–14 C2H5
+ + CH4  C3H7

+ + H2 N/A 19% 

1.1 × 10–9 CH3
+ + CH4  C2H5

+ + H2 0.3% 18% 

2.7 × 10–10 CH2 + H  CH + H2 20% 11% 

𝑓(𝜎) e– + CH4  e– + CH + H2 + H 0.3% 7% a 

1.5 × 10–7 e– + C2H7
+  C2H5 + H2 N/A 6% 

1.0 × 10–9 C2H6 + CH5
+  C2H5

+ + H2 + CH4 3% 2% 

1.5 × 10–7 e– + C2H5
+  H + C2H2 + H2 3% <0.1% 

𝑓(𝜎) e– + C2H6  e– + C2H4 + H2 34% N/A 

𝑓(𝜎) e– + C2H4  e– + C2H2 + H2 6.7% N/A 

𝑓(𝜎) e– + C3H8  e– + C3H6 + H2 0.3% N/A 

6.9 × 10–15 CH2 + H2  CH3 + H <0.1% 76% 

6.3 × 10–21 H2 + C3H7  C3H8 + H >90% <0.1% 

C
2
H

6
  

c 2.2 × 10–26 CH3 + CH3 + M  C2H6 + M 91% 65% 

2.3 × 10–10 C2H5 + H  C2H6 9% 16% 

𝑓(𝜎) e– + C2H6  e– + C2H4 + H2 >90% N/A 

1.0 × 10–9 C2H6 + CH5
+  C2H5

+ + H2 + CH4 0% 81% 

a) Rate coefficients of electron impact reactions calculated using cross sections data23 

b) Reaction 1 

c) Rate constant unit : cm6 molecule–2 s–1 
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Table 5.  Percent difference in concentration of stable products between the original model and 

reduced mechanisms at 50 kGy sec–1 for 6-seconds. 

Model size H2 C2H6 C2H4 C2H2 C3H8 C4H10 

186 1.0% -23.9% -97.2% -98.5% 159% 29.1% 

247 -1.7% 2.9% -12.2% -36.6% 3.3% 2.5% 

300 -0.6% 3.0% -7.1% -18.6% 1.3% 0.3% 

331 -0.3% 0.7% -3.8% -4.8% -0.5% -0.1% 

359 -0.4% 0.7% -3.7% -4.7% -0.2% 0.3% 

 

 

FIGURE 1 Concentrations vs. time for a set of major products during a 0.5 seconds simulation under a 

dose rate of 50 kGy sec–1. Note that [H2] and [C2H6] have been divided by ten 
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FIGURE 2 Concentrations vs. time for the major radicals during a 0.5-second simulation at a dose rate of 

50 kGy sec–1. Note that [CH3] and [H] have been divided by ten 
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FIGURE 3 Concentrations vs. time for the of major ions during a 0.5 seconds simulation at a dose rate of 

50 kGy sec–1. Note that [et–] has been divided by ten 
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FIGURE 4 Comparison of simulated to experimental G-values for product formation in continuous 

irradiation experiments in pure CH4. For each experimental paper, we carried out a simulation (black 

symbols) specific to the dose rate and irradiation time of that paper, so for each product we present 

experimental results paired with the corresponding simulation result. Different experiments are coded 

by different shapes. Gvalues for C3H6 and C3H4 are not available in the literature 
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FIGURE 5 Relative importance of reactions contributing over 2% to the total production of H2 during a 

0.5- second simulation at a dose rate of 50 kGy sec–1 
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