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Abstract 

Hypersonic re-entry into a planetary atmosphere is characterized by high temperatures and a high 

probability of regions of chemical nonequilibrium. Current methods for modeling this situation 

use rate coefficient expressions for the most likely reactions. The hypersonic research community 

typically employs reaction models for each of their simulations, which are known to be lacking in 

experimental evidence. Furthermore, new research suggests that the afterbody radiative heat flux 

is highly sensitive to the reaction rate coefficient of electron-impact ionization of atomic nitrogen. 

A proper treatment of this reaction rate is therefore crucial to correctly modeling the re-entry 

process for accurate heating predictions. We present an attempt to rectify the current model, as 

well as an outline of the obstacles facing this task. Our findings suggest that there is an extreme 

lack of necessary data available for the reaction rate to be accurately quantified.  

 

1. Introduction 

 Re-entry of a space vehicle into a planetary atmosphere is a complex process which 

demands significant attention during vehicle design. This complexity is largely due to the high 

Mach speeds that vehicles re-enter with. For instance, the Apollo command module returning from 

the Moon had an incoming velocity of 11 km/s and a Mach number of 32.5 [1]. At these speeds, 

the vehicle is firmly in the realm of hypersonic flow. This flow is characterized by the formation 

of a strong shock wave in front of the vehicle. The flowfield, as illustrated in Figure 1, represents 

the air in the region behind this shock wave and around the vehicle. The characteristics of the air 

inside and outside the flowfield are quite different. At hypersonic speeds, the shock wave 

represents a sharp discontinuity in the thermodynamic properties of the gas and creates an 

extremely hot post-shock region, capable of ionizing the surrounding air [1]. For these reasons, 

the flowfield must be addressed as a chemically reacting plasma.  

 Re-entry at such a high speed will generate large amounts of heat. The high initial kinetic 

energy of the vehicle will dissipate through air friction, leading to a sizable amount of convective 

heating of the vehicle surface [2]. Furthermore, viscous interactions with the surface of the vehicle 

in the post-shock flow will also increase the quantity of heat transferred [1]. The chemical activity 

resulting from the hot, ionized plasma will excite atoms and molecules. These are capable of 

undergoing radiative relaxation. For this reason, radiative heating effects must also be properly 

accounted for. The matter is further complicated by the likelihood that the flowfield may include 

regions of chemical nonequilibrium [3].  
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 It has been found that both the forebody and afterbody of the flowfield can be in chemical 

nonequilibrium [3, 5]. As visualized in Figure 1, the forebody and afterbody represent the different 

regions of the vehicle surface. To handle all of these issues, current research in hypersonics rely 

heavily on simulations using computational fluid dynamics (CFD) codes, which account for the 

hypersonic flow and the chemical reactions that are most likely to occur during re-entry, given the 

chemical and thermodynamic conditions within the flowfield [3]. Specifically, simulations are 

carried out to quantify the amount of convective and radiative heating transferred onto the vehicle. 

The heating predicted by these codes is then considered when designing a re-entry capsule, where 

thermal protection systems (TPS) are installed to handle the heat [6]. In fact, heating considerations 

dominate the design of all hypersonic vehicles [1]. These TPS layers will often employ heat shields 

[3], designed to remove heat from the flowfield by ablation [1].  Current models are inexact in 

predicting the heat flux that a vehicle will experience, and designing heat shields requires these 

uncertainties to be accounted for. Thus a smaller uncertainty in the predicted heat flux would better 

equip engineers to design heat shields with improved confidence. 

 Panesi et al. [7] and Park [8] explained that of the few experimental re-entries carried out, 

it was found that a large portion of the heat flux in the forebody was due to radiative heating from 

the vacuum ultraviolet (VUV) range of the electromagnetic spectrum (i.e. 100 – 200 nm). Johnston 

and Brandis [9] have further postulated that afterbody heating may be dominated by radiation. The 

studies by Panesi et al. [7] and Johnston and Brandis [9] specify VUV emission emanating from 

specific N and O relaxations from excited states. The atomic nitrogen lines identified by Johnston 

and Brandis are presented in Table 1. Models indicate that these nitrogen lines play a critical role 

in the radiation of the vehicle in both the forebody and afterbody regions. West et al. [10] further 

 

Figure 1. Visual depiction of the forebody and afterbody of a re-entry vehicle, and the flowfield around it. Original 

image obtained from Scanlon et al. [4]. 
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found that the electron-impact ionization (EII) reaction of nitrogen presents one of the most 

significant uncertainties in the overall radiative heat flux: 

e− + N → N+ + e− + e−.            (1) 

This reaction is possible due to the high temperatures of the shock layer region, which causes N2 

molecules to dissociate. The extreme temperatures will also partially ionize the flowfield, and 

create a sufficient density of free electrons [11]. Electron-impact processes such as Reaction (1) 

then begin to play a major role in the flowfield chemistry [11]. Huo [12, 13] explains that this is 

due to the higher velocities of the light electrons compared to the heavy atoms, which cause the 

electron collisions with atoms and molecules to occur more frequently than other reactions 

involving only atoms and molecules. Additionally, the charged electrons induce stronger 

interactions with neutrals than do neutrals with other neutrals, leading to even higher collision 

frequencies [12].  

 The reaction described in (1) directly correlates with the radiation of atomic lines as 

described by Johnston and Brandis [9, 10]. With Reaction (1) significantly contributing to the 

chemical network within the flowfield, it is important that it be accurately modeled. The reaction 

rate coefficient will have a substantial impact on the radiative heating probability, which is directly 

tied to the number density of N. In general, the aerothermodynamics community employs the same 

set of rate coefficients for reaction rates, such as those described in West et al. [10]. In order for 

their CFD models to accurately describe the re-entry process, these reaction rates must be correct, 

especially for electron-impact ionization. Unfortunately, current models lack benchmarked data 

needed for the EII reaction [3]. Moreover, Surzhikov [14] highlights the need for correct chemical 

models based on experimentally or theoretically sound data. He also points out that the electron-

impact ionization reactions in the network are “stiff,” meaning that small variations in the values 

used could have large impacts on the CFD results. This notion is corroborated by the uncertainty 

analysis performed by West et al. [10]. For these reasons altogether, it is clear that a thorough 

investigation and possible correction of this reaction rate in hypersonic conditions is warranted. 

 The rest of this paper is organized as follows: A description of the technique employed is 

presented in Section 2, the results of which are presented in Section 3. These results are discussed 

in Section 4, and conclusions are drawn in Section 5.   

 

 

 

 

Table 1. Atomic radiation photon energies for radiative de-excitation processes in atomic nitrogen, identified by 

[9]. 

Atomic Transition 𝛌 (nm) 𝐡𝛎 (eV) 

2s22p2(3P)3s 2P  2s22p3 2Do 149.33 8.303 

2s22p2(3P)3s 2P  2s22p3 2Po 174.36 7.111 
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2. Chemical Modeling 

 Rate coefficients are a key parameter necessary for CFD modeling of chemical kinetics 

within a hypersonic flowfield. For the EII reaction presented in (1), the reaction rate is given by: 

Rate = 𝛼(𝑇) ∙ 𝑛N ∙ 𝑛𝑒             (2) 

Here, n represents the number densities of the reacting nitrogen and electron and T the electron 

temperature. The rate coefficient α is a function of this temperature. In general, the rate coefficients 

used in the CFD calculations underpin the entire network of population densities of each of the 

atoms, molecules, ions, and electrons present [3]. However, it is difficult to experimentally 

determine with complete accuracy the correct rate coefficients for hypersonic flight. Among other 

complications, current experiments can only measure reactions out of the ground term of nitrogen, 

whereas hypersonic conditions require reactions from many excited terms to be included. 

Additionally, the temperatures of hypersonic flowfields (i.e. ~10000 K) are difficult to achieve 

experimentally. As will be discussed, the variable distribution of electronic terms within the 

flowfield also provide a challenge. 

 

2.1 Current Rate Models 

 Rate coefficients presented in various aerothermodynamics literature for EII are of the 

Arrhenius-based form (e.g. [10, 15]): 

𝛼(𝑇) = 𝐴 ∙ 𝑇𝐵 ∙ 𝑒−𝐶/𝑇            (3) 

Where A, B, and C are parameters that vary from reaction to reaction. For the case of electron-

impact ionization, these values are derived from the reverse of Reaction (1), i.e. three-body 

recombination, by using detailed balance and the reaction equilibrium constant, Keq [15]. However, 

the reliability of the reverse reaction measurements is questionable. They are based on shock tube 

experiments done during the 1960’s, which involve many processes happening at once, making 

isolating a specific reaction rate difficult [11]. In Park [15], he explains that many of his rate 

coefficient expressions are estimations. Yet without any new experimental developments, the field 

as a whole has continued to use these models to the present day. The model developed by Park 

[15, 16] is a popular choice in the literature. This model will be the basis of comparison for further 

developments in this study.  

 

2.2 Hypersonic Considerations 

 An equilibrium scenario in air at elevated temperatures would result in a distribution of 

electronic terms for the reacting atomic nitrogen. A rate coefficient therefore needs to include 

contributions from a multitude of electronic terms to model the situation accurately. The matter is 

further complicated, as in the post-shock region and in the flow encompassing the vehicle, regions 

of chemical nonequilibrium have been known to exist [11]. At high Mach numbers, the thin shock 

wave front itself is only a few mean-free-paths thick. As the species cross the shock wave, they 
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may experience only a few collisions [17]. The finite rates of the chemical reactions that occur 

imply that the flowfield does not have adequate time to relax to an equilibrium state before the 

species flow downstream [17]. This phenomena has been termed the “frozen” shock, as species in 

the region immediately behind the shock wave are stuck in roughly whatever distribution of states 

that they initially have after the shock. Afterbody nonequilibrium can occur as well. This is because 

as the gas expands in the afterbody, its thermal energy is converted into macroscopic kinetic 

energy. Anderson [1] explains that the flow in this region is supersonic. This results in a decrease 

of density, pressure, and temperature [18]. With these changing properties, simultaneous 

recombination of ions and electrons occur [10, 18]. The finite rates of these recombination 

reactions are comparable to the time scale of the macroscopic gas flow [18], so the afterbody region 

may not settle into a state of chemical equilibrium, either. This makes it difficult to accurately 

determine the populations of specific atomic states in both regions of the flowfield, which is 

especially relevant for generating reliable EII data. A comprehensive compilation of rate 

coefficients for each of the atomic states of nitrogen would therefore be optimal.  

 

2.3 Current Technique  

 Current experimental work involving the rate of electron-impact ionization is done by 

measuring cross sections. Cross sections are a quantum mechanical property which represent the 

effective area of a collision system. A larger cross section means a collision is more likely to 

happen, which is indicative of reaction frequency. Experiments often fire a beam of electrons at a 

beam of target atoms. Resulting data for cross sections of electron-impact ionization are presented 

as a function of electron energy.  

 Reaction rates require a rate coefficient, as seen in Eq. (2). The cross section data are useful 

in generating a rate coefficient, which can be convolved by the following equation: 

              𝛼(𝑇) = ∫ 𝜎 ∙ 𝑣e ∙ 𝑓e(𝐸)𝑑𝐸
∞

𝐸𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑
                       (4) 

Where σ is the cross section, ve is the electron velocity and fe(E) is the Maxwell-Boltzmann 

distribution, which accounts for the spread of possible energies that the colliding electron may 

have. There have been both experimental and theoretical EII cross sections published for atomic 

nitrogen. Brook et al. [19] present experimental cross sections for nitrogen, with an unknown 

concentration of ground and metastable atoms. Thus, unambiguous benchmark experimental cross 

sections are not available. Kim and Desclaux [20] generated theoretical cross sections for the 

ground and metastable terms. When comparing to the data of Brook et al., they varied the 

concentration of these terms to produce an overall cross section that was within the uncertainties 

of the experimental data. We used their cross section results in our present study.    
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 In the present situation, to fully model a hypersonic flowfield additional cross sections are 

needed from more energetic electronic terms.  The paucity of data for these higher terms is a 

significant hurdle in the development of a hypersonic chemical reaction model. Instead of 

benchmarked theories, perturbative quantum mechanical approaches to the cross section must be 

employed. These approaches have been developed based on their agreement with experimental 

cross sections, yet the validity of their applications to higher terms is inherently unknown, based 

on the lack of benchmarked measurements. For our study, we evaluated the first eleven terms. 

Table 2. First eleven electronic terms for atomic nitrogen given by the NIST database [21]. Energies are relative 

to the ground term. 

Electronic Term Energy level (eV) 

2s22p3 4So 0.00 

2s22p3 2Do 2.38 

2s22p3 2Po 3.58 

2s22p2(3P)3s 4P 10.33 

2s22p2(3P)3s 2P 10.68 

2s2p4 4P 10.93 

2s22p2(3P)3p 2So 11.60 

2s22p2(3P)3p 4Do 11.76 

2s22p2(3P)3p 4Po 11.84 

2s22p2(3P)3p 4So 11.99 

2s22p2(3P)3p 2Do 12.00 

 

 

Figure 2. Cross section of the ground term of atomic nitrogen from Kim and Desclaux [20] and the LANL database 

[22] from threshold to 100 eV electron energy. 
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These terms, along with their relative energies (which were obtained from the NIST database [21]) 

are presented in Table 2.  

 Cross sections for the higher-lying states were obtained using the Los Alamos National 

Laboratory (LANL) code, which calculates the perturbative Distorted Wave Born (DWB) direct 

ionization cross sections with fine structure (J) resolution of the final states [22]. This relies on 

Hartree-Fock wavefunctions of the atom in the collision. Cross sections from each of the spin- and 

dipole-allowed transitions into the final term of the ion were summed to produce a total cross 

section for the initial atomic term. A comparison of a LANL cross section to that of Kim and 

Desclaux [20] is presented in Figure 2 for the ground term of atomic nitrogen (1s22s22p3 4S°). It 

can be seen that the cross section has reasonable agreement, within 20% between 30 and 100 eV, 

although larger disagreement is found between threshold and 30 eV. It is difficult to say how 

accurate the code will be for EII of higher energy terms in N. 

 

3. Results 

 Using Eq. (4), the cross sections were used to generate rate coefficients, which are 

presented in Figure 3. It is clear that there is a distinct separation between the low-lying states and 

the higher states, especially at low temperatures. Specifically, the ground and metastable terms are 

seen to have significantly smaller rate coefficients than the high-lying excited states. For example, 

at 5000 K the difference between the ground and the 5th term is approximately 12 orders of 

magnitude. At a higher temperature of 20000 K, these differences are still nearly 4 orders of 

magnitude. This trend was also found by Huo [12] in his study of nitrogen rate coefficients. 

 Current CFD calculations use a single rate coefficient for the overall reaction. To account 

for this with the current data, a Boltzmann distribution of electronic terms is assumed and an 

 

Figure 3. Electron-impact ionization rate coefficients for the first eleven terms of nitrogen as a function of electron 

temperature.   
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overall rate coefficient is convolved using the composite of the eleven terms. The distribution is 

given by: 

                                         𝑁𝑖
B = 𝑛N ∙

𝑔𝑖𝑒−𝐸𝑖/(𝑘B 𝑇)

𝑄N
                                  (5) 

Here QN and nN are the partition function and number density of atomic nitrogen, respectively. The 

factor gi represents the quantum mechanical degeneracy of the state, equal to (2J + 1). Figure 4 

shows the fractional weights of the first 11 terms at two different temperatures.  

 

Figure 4. Fraction of the total Boltzmann distribution assigned to each of the first eleven terms for atomic nitrogen 

based on their relative energy levels. 

  

Figure 5. Boltzmann distributed rate coefficient of first eleven electronic terms of nitrogen compared with that of 

Park [16]. 
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 As depicted in Figure 4, the ground and metastable terms are seen to occupy a majority of 

the total population, whereas the higher energy terms are significantly less populated. These 

fractions also depend on the temperature of the system. Such a distribution assumes equilibrium 

conditions. A generalized EII rate coefficient can be generated using the first eleven terms and 

applying this Boltzmann distribution to the individual rate coefficients, as presented in Figure 5. 

The distribution is treated as a function of the electron temperature, T. Also included is the rate 

equation model employed in current literature [10] which was developed by Park [15, 16], for 

comparison. 

 

4. Discussion 

 Rate coefficients were obtained by integrating cross sections with a Maxwell-Boltzmann 

distribution of electron velocities. Studies have been conducted both experimentally and 

theoretically involving the ground and metastable terms, but no experimental data exist for the 

excited levels. Various quantum treatments of the cross sections have been developed, but it is 

unclear how reliable these are for the higher terms. In this study, the DWB approach was used. 

Huo [12] used a binary encounter dipole (BED) method in his study, and found a similar pattern 

for the rate coefficients of the various terms.  

 One limitation of the LANL code was that it was unable to account for auto-ionization 

contributions to the overall cross section: 

          e− + N → N∗∗ → N+ + e− + e−.                                                      (6) 

In this situation, the atom is electronically excited above its ionization threshold, to the state N**. 

The species can then either radiatively decay and emit a photon, or it can eject the electron and 

ionize. The latter process contributes to the overall reaction rate of EII. In a completely rigorous 

analysis, auto-ionization must be accounted for. It is unclear how much this contribution will 

amount to.  

 An attempt to generate a rate coefficient using a Boltzmann distribution for the atomic 

terms produces an overall rate that is within 2 orders of magnitude of the Park model. This is still 

beyond the estimated factor of ten uncertainty assigned in [10]. Uncertainties of this magnitude 

have a significant impact on the afterbody radiative heat flux experienced by a re-entry vehicle 

[10].  

 Another key complication is the fact that multiple studies have shown that the highly 

excited states (i.e., above metastable terms) tend to follow a Saha-Boltzmann distribution [3, 7], 

which shifts from the Boltzmann in regions of chemical nonequilibrium. This distribution is 

defined by: 

                                𝑁𝑖
SB = 𝑛+ ∙ 𝑛e ∙ (

h2

2πme𝑘B𝑇
)

3/2

∙
𝑔𝑖𝑒(𝐸ionize−𝐸𝑖)/(𝑘B 𝑇 )

2𝑄+
                     (7) 

Here Q+ is the partition function for the ionized cation, and Eionize is the ionization potential of the 

ground state of atomic nitrogen, equal to 14.53 eV. The variables n+ and ne are the number densities 
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of the formed cation and free electron, respectively. This distribution behaves differently than the 

Boltzmann mainly due to its overall positive exponential. This difference is highly dependent on 

the temperature of the system. Johnston [3] presents a CFD simulation of a forebody region for 

atomic nitrogen, at which the electron temperature is 13270 K. Panesi et al. [7] present an afterbody 

model which calculates the temperature as 5231 K. The difference between these two temperatures 

has a significant impact on the relationship between the two distributions, as presented in Figure 

6. Specifically, at high temperatures in the forebody, the Saha-Boltzmann distribution is orders of 

magnitude less than the Boltzmann, whereas in the cooler afterbody, it is orders of magnitude 

larger than the Boltzmann. These differences would indicate that the population density of the 

excited states is highly dependent on the region of the flowfield being studied (i.e., the 

temperature). 

 Our results assume a Boltzmann distribution for all of the electronic terms. However, a 

purely Boltzmann distribution clearly doesn’t accurately describe the scene within the hypersonic 

flowfield. Instead, a Saha-Boltzmann distribution should be applied to the higher electronic terms 

above the metastable levels, as CFD calculations show that these terms deviate from a Boltzmann 

distribution towards a Saha-Boltzmann distribution [3, 7].  It can be seen that this Saha-Boltzmann 

distribution is highly sensitive to differences in temperature, and would impact an overall rate 

coefficient very differently, depending on the temperature conditions.  

 With the distributions indicating a variable contribution from the excited and ground levels 

at different points in the hypersonic flowfield, it is clear that accurate rate coefficients for each of 

the individual terms are imperative in the determination of an appropriate overall EII rate 

coefficient. The NIST database lists 132 observed electronic terms for atomic nitrogen [21], 

although theoretically there are an infinite amount. Compiling a correct rate coefficient model 

would be incredibly beneficial for the field, especially for this “stiff” reaction whose uncertainty 

is strongly tied to the radiative heat flux.  

 

                                      (a) Forebody                                                                        (b) Afterbody 

Figure 6. Boltzmann and Saha-Boltzmann distributions for atomic nitrogen at different regions, as reported by 

Johnston [3] for the forebody and Panesi et al. [7] for the afterbody. 
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 These same findings should be applied to other electron-impact ionization processes. West 

et al. [10] found that the electron-impact ionization of atomic oxygen was also an important 

uncertainty that contributed to the radiative heating in the afterbody. A technique which provides 

a rate coefficient for nitrogen could likely be applied to oxygen. Motivation for reliable EII data is 

therefore amplified by the similarities of these two reactions, whose reaction rates have been 

identified as key uncertainties in the network.  

 Previous hypersonic research has driven the field to correctly handle complexities such as 

nonequilibrium conditions and viscous boundary layer complications [3]. Nonetheless, unreliable 

EII rate coefficients are likely diluting the impact of these advancements in terms of modeling a 

re-entry situation. Increasing their accuracy would propel a new era of spacecraft design and an 

improved confidence in modeling the heat load.  

 

5. Conclusions 

 The overall modeling of an EII reaction in hypersonic conditions demands a complete 

treatment of all electronic terms for the initial neutral atom. With elevated temperatures, the excited 

terms are clearly seen to affect the overall reaction rate. Regions of chemical nonequilibrium can 

significantly impact the contributions of these excited terms on the reaction rate as well. Current 

experimental data for the cross sections required for a hypersonic flowfield are not available. 

Theoretical methods for calculating the cross section can be applied, although it is difficult to 

experimentally benchmark their accuracy. The uncertainty of the radiative heat flux in the 

afterbody is strongly correlated with the electron-impact ionization reaction of atomic nitrogen, 

indicating that the current lack of an accurate and justifiable rate coefficient is a serious issue that 

demands significant attention. 
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