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1 Introduction

Atmospheric entry plasmas are a particular class of plasmas which are created during the early stages
of the descent of a spacecraft in a planetary atmosphere. Such plasmas are an important study topic for
aerospace applications, as they pose several constraints for the design of entry vehicles, namely regarding
the exerted aerodynamic forces, the thermal environment, and the communications blackout.

The entry and descent of a spacecraft in a planetary atmosphere presents the advantage of not requiring
retrofiring manoeuvres, as the spacecraft is simply decelerated by the drag from the atmosphere. On the
other hand, thermal protections are mandatory, in order to protect the spacecraft from the large heat loads
incurred during the entry phase.
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Figure 1: Typical Earth re-entry path (left) and artist rendition of a Mars entry (right)

The proper sizing of a spacecraft thermal protections requires the estimation of the overall thermal loads
incurred during the atmospheric entry phase. For an Earth re-entry, these can be semi-empirically estimated1

according to the relationship [1]
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where r is the nose radius of the spacecraft, and v(t) and ρ(t) the spacecraft speed and atmospheric density
during the reentry phase.

One may immediately verify that the spacecraft entry-phase velocity profile is a critical parameter to be
taken into account (and to a lesser extent the density profile, which partly depends from the entry speed).

1In the axis front of the spacecraft



The entry speed may differ significantly, depending on the spacecraft mission profile: spacecraft inbound
from the vicinity of a planet enter a planetary atmosphere at lower speeds (5–6 km/s for an entry from
Earth’s orbit) than spacecrafts returning from interplanetary missions (12 km/s for an hyperbolic Earth
entry).

The preponderant influence of the spacecraft velocity on the heat-flux balance can be easily explained: in
the hypersonic limit (with v > 1 km/s), a strong shock-wave is formed in front of a spacecraft. Through
such a shock-wave, the coherent kinetic energy of the flow (1/2ρv2

0) is essentially transformed in ther-
mal agitation energy (5/2R(Ttr)1) with Ttr the translational temperature, which means that the post-shock
translational temperature will be proportional to the square of the pre-shock velocity.

Such high temperatures (and the relatively low densities of the upper layers of a planetary atmosphere)
will favor the establishment of a series of physical-chemical processes that will lead the gas to a new equi-
librium condition at an overall temperature T . The path to equilibration, and the final equilibrium state of
the gas, will be significantly dependent on this initial amount of energy supplied by the flow (proportional
to the square of the velocity).

2 Physical-Chemical Properties of Atmospheric Entry Plasmas

Shock-induced entry plasmas possess unique features that differentiate them from other plasmas (induc-
tion, microwave, or gas-discharge plasmas). Here, the excitation is supplied by a strong shockwave instead
of a given electric or magnetic field.

Energy is first supplied to the gas/plasma heavy species, instead of the electrons. In common plasma
sources, such electrons preferentially excite the internal modes (vibrational and electronic) of the molecu-
lar chemical species. A shock-wave instead excites the translational modes of a molecule, followed very
quickly by the excitation of the rotational mode. Therefore, the energy transfer processes are inverted when
compared to common plasma sources: shock-heated flows transfer energy from the heavy species transla-
tional modes to the species internal modes. Free electrons are not initially present in the flow, and are only
created as the result of heavy-impact ionization reactions

Another significant feature of shock-heated flows is the very short timescales at which the different
physical-chemical processes occur. In typical plasma sources, a steady-state regime is usually reached,
facilitating the deployment of a large array of measurement techniques. Even for unsteady plasmas like
afterglow plasmas, timescales are typically large (above 1 ms). Shock-heated flows have, on the other hand,
much lower equilibration timescales which may be as low as 1 µs. This is a consequence of the high tem-
peratures (from 5,000 to 100,0000 K) and high pressures (up to 2 bar) that may be reached immediately
behind a shock-wave, which significantly enhance the energy transfer rates and the chemical processes in
the flow.

An important consequence of the two aforementioned features of shock-heated flows is the significant
difference in the paths for energy exchange processes. This mandates the application of a significantly dif-
ferent theoretical approach for the modelling of such processes which roughly occur through the following
path:

1. Translation-Translation (T–T) exchange processes throughout the shock-wave lead to a significant rise
of the translational temperature.

2. Translation-Rotation (T–R) exchange processes lead to the equilibration of the rotational mode with
the translational mode.

3. Translation-Vibration (T–V) exchange processes (with a partial contribution from the rotational mode)
lead to the population of higher vibrational levels of the molecules and ultimately to their dissociation
(Vibration-Dissociation; V–D processes).

4. Vibration-Electronic (V–E) processes lead to the excitation of higher molecular electronic levels.



5. Associative ionization reactions (A+B→AB++e−) and/or Penning ionization reactions
(AB∗+AB∗

→AB+AB++e−) lead to the formation of the first free electrons in the gas.

6. Ionization avalanche reactions ultimately lead to the formation of a plasma where electron-impact
reactions become dominant.

3 Theoretical Models for the Simulation of Dissociation Processes in Shock-
Heated Plasmas

Here, we will be essentially reviewing the available models for the simulation of processes 1) to 3) in
shock-heated gases. An adequate description of such excitation processes requires the definition of the so-
called “state-to-state models”, where a description of the energy exchanges between the different vibrational
levels of the flow molecules and their translational energy is developed. Furthermore, for any model to be
credible, it has to be tailored for the specific physical-chemical properties of such flows, namely the fast and
intense T–V energy transfer.

The pool of translational energy available for exchange with vibration is as high as the pre-shock velocity
is high. One may therefore distinguish between orbital entry flows (v0=5 km/s; (Ttr)1 '20,000 K), and
superorbital flows (v0=12 km/s; (Ttr)1 '100,000 K). For the former entry flows, some level of success has
been reached in adequately describing their properties through the application of multitemperature macro-
scopic models [2] or traditional state-to-state models [3]. Indeed, the available pool of translational energy
is such that the rates of energy exchange are compatible with the ones encountered in traditional plasma
applications, allowing the application of usual state-to-state models.

For superorbital flows, energy transfer processes are much more intense, and T–V and V–D processes have
to be modelled in a different fashion. For such high translational temperatures, it has been shown [4, 5, 6]
that multiquantum T–V processes are predominant, including direct dissociation from lower vibrational
levels. This implies that traditional approaches relying in perturbative models (which are only capable of
simulating monoquantum transitions) are inadequate, and so is the traditional ladder-climbing approach
for simulating dissociation processes. Additionally, several other improvements might be brought for the
adequate description of dissociation processes in atmospheric entry plasmas, which might even be extended
for other plasma applications.

Here we have selected three different aspects for the modelling of dissociation processes in shock-heated
flows: a) the selection of adequate models for modelling T–V and V–D processes; b) the adequate calculation
of level energies for the manifold of vibrational levels; and c) the influence of rotation in dissociation
processes.

3.1 Modelling of T–V and V–D Processes

The semiclassical nonperturbative analytical Forced Harmonic Oscillator (FHO) method has been utilized
for the calculation of T–V and T–V–V transition probabilities. Such a method allows obtaining arbitrary
translation-vibration probabilities and rates, as opposed to perturbative methods, which only yield mono-
quantum rates, and compares well with exact quantum and QCT methods [4, 5, 6]. Two approximations
have been considered for the deployment of such a theory for the modelling of entry flows:

1. In order to have a tractable model, purely V–V processes in T–V–V rates have been neglected [4, 5],
the T–V–V rates being considered as pseudo T–V rates: P (i1, all → f1, all, ε, ρ) = P (i1 → f1, ε).

2. Dissociation probabilities have been calculated as the product of the transition probability to a
quasibound-state such that v′ > vmax, times the probability of the subsequent decay of the ener-
getic complex: P (i →, ε) = P (i → vqbound, ε) · Pdecay with Pdecay ∼ 1. This yields a realistic
approximation to the gas dissociation rates[4, 5].



The application has been carried for pure nitrogen flows. The T–V exchange rates between the overall 61
vibrational levels of N2 have been calculated, as well as the state-dependent V–D rates from each vibrational
level. For atom-diatom T–V and V–D rates, we have selected the database obtained by Esposito et al. [7]
utilizing a Quasi-Calssical Trajectory (QCT) method.

Dissociation processes have been simulated in the state-to-state approach, utilizing such a complete rate
database. Comparisons have been carried out with other numerical approaches (Dissociation models con-
sidering one (T) or two (T,Tv) temperatures respectively). As shown in Fig. 3.1, for lower temperatures,
dissociation proceeds from the higher vibrational levels, populated in a ladder-climbing fashion. For higher
temperatures, dissociation proceeds equiprobably from the overall vibrational levels, in an Arrhenius fash-
ion. Also, it can be seen that although high-temperature dissociation processes follow such a behavior,
significant differences still remain when compared with multitemperature models.
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Figure 2: Left: Time-dependent fraction of dissociated nitrogen behind a shockwave at different post-shock trans-
lational temperatures using a State-to-State model. Right: Time-dependent fraction of dissociated nitrogen behind a
shockwave at a post-shock translational temperature of 100,000K. Full lines: State-to-State model; Dashed-dotted
lines: Two-temperature model; Dotted lines: One-temperature model.

3.2 Selection of an Adequate Manifold of Energy Levels

Vibrational energy levels are traditionally determined through extrapolated polynomial expansions. How-
ever, we have recently shown that such approaches are inadequate, with a significant impact on the accuracy
of the different simulated rates [8]. The application of potential reconstruction methods yields a more accu-
rate manifold of level energies, which in turn allows obtaining more accurate exchange rates.

3.3 Influence of Rotation

The short timescales of relaxation processes behind a shock-wave disallow the approximation of consid-
ering molecular rotational and translational modes in equilibrium. However, considering each rovibrational
level individually in a state-to-state model is not tractable with current computational resources. The de-
velopment of suitable R–T exchange models is described in detail in another paper contributed for the
conference.
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