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Abstract

Insight into the plasma properties of high-speed ionized flows is key for the validation of predictive aerothermodynamic tools
for atmospheric entry applications, namely plasma radiation which will be highly dependent on the flow electron densities,
which accordingly need to be accurately estimated. We performed an extensive review on past re-entry microwave diagnostics,
including both in-flight and ground-test experiments. This work assesses the peculiar characteristics of entry plasmas, and
derives functional requirements for microwave diagnostics tailored for such applications. A preliminary analysis, including a
simulation of electromagnetic environment for the RAM-C II flight experiment, obtained through a CFD code coupled to an
electromagnetic propagation code, is presented. The obtained results outline the adequacy of such diagnostics for improving
verification and validation for high-speed entry plasma flows.
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1 Introduction

Electron density is one of the keys for the comprehension
and understanding of every kind of plasma, and this includes
atmospheric entry plasmas. Although these have typically
low ionization degrees (around 1074-~1072), electrons still
play an important role in the kinetic and radiative processes
of these high-speed, reactive flows, namely through electron-
impact excitation reactions. The electron density also affects
communications blackout, and therefore, influences the posi-
tioning of communication antennas. Finally, knowledge of
the spatial distribution of electron densities is relevant for
the validation of aerothermodynamic codes deployed for the
prediction of the aerodynamic forces and thermal heat fluxes
sustained by an entry spacecraft.
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Historically, electrostatic (Langmuir) probes are relatively
simple diagnostics that have been successfully deployed for
the measurement of such electron densities and tempera-
tures [1], however they suffer from a few drawbacks, the
most important being that these are intrusive diagnostics
that perturb the flow in the measurement region. An alter-
native is to use non-intrusive techniques such as microwave
interferometry/reflectometry.

Microwave reflectometry is a radar-like technique mostly
based on the dispersive properties of the medium where
waves propagate. The technique was originally employed to
measure the ionospheric structure [2, 3] and found a large
range of applications in fusion plasma diagnostics following
arapid development in the mid-1980s [4—6]. Reflectometry
is well suited for measurements of both equilibrium and fluc-
tuating components of several plasma parameters, such as
the electron density. A review of several microwave-based
techniques for plasma diagnostics can be found in [7]. A
comprehensive description of reflectometry fundamentals
can be found in [1] while a review of the technique can be
found in [8]. An overview of present-day diagnostic systems
and capabilities is found in [9]. In particular, the electron
density profile can be reconstructed if electromagnetic waves
are reflected in the plasma where a cutoff condition is met.
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Note that relativistic effects may appear for electron tem-
peratures above 1 keV [10], however this is not the case for
re-entry plasmas where the electrons are thermalized in the
absence of external electromagnetic fields.

In short, microwave interferometry/reflectometry is a
mature technology that is routinely deployed in many fusion
reactors all around the world. Surprisingly, this technology is
yet far from mainstream for atmospheric entry applications,
despite a few successful in-flight experiments as far back as
the 1960s and the deployment of this technique in ground
test facilities dedicated to atmospheric entry plasmas. The
objective of this work is to present this state-of-the-art and
provide the specifications and requirements for an electron
density microwave diagnostic tailored for atmospheric entry
applications (both in-flight and ground-testing).

This work is organized as follows: Sect. 2 presents the
state of the art on experimental reflectometry experiments
with an emphasis for space applications, with a description
of in-flight experiments and deployments in ground-test
facilities; Sect. 3 outlines the specifications and require-
ments for the design of a reflectometer/interferometer suited
for atmospheric entry applications, focusing on the electron
densities of interest. These may vary by several orders of
magnitude, depending on the entry speeds (orbital or super-
orbital), or whether the spacecraft forebody shock layer
or afterbody expansion flow is probed. A coupled CFD/
wave propagation simulation has been carried out for the
well-known RAM-C flight experiment which successfully
deployed this measurement technique in the 1960s, showcas-
ing the electromagnetic wave propagation dynamics. Finally
Sect. 4 presents the concluding remarks, and the perspec-
tives for atmospheric entry applications of this technique.

2 State of the art
2.1 First principles

A probing signal S, = A,,. cos(wt) is sent to the plasma via
a waveguide/antenna, it propagates until a layer with refrac-
tion index N(x) equals zero is found, where it reflects. The
received signal S, ., = A, cos(wt + ¢) differs with respect to
S, in both amplitude and phase ¢. The phase is decomposed
as ¢ = ¢, + ¢, + ¢,, which represent the propagation in the
waveguide, vacuum and plasma, respectively. The waveguide
phase can be known through calibration, the vacuum phase is
easily estimated, finally, plasma information can be inquired
from the last term. The refraction index can be related to the
electron density n,(x) through the Altar-Appleton equation
[11]. Particular relevance for the hypersonic atmospheric
re-entries is the so-called O-mode, where a wave’s electric
field is parallel to the exterior/imposed magnetic field or
when the latter is non-existent. For O-mode propagation, ¢,
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Fig. 1 Differences between the reflectometer and interferometer
methodology to probe electron density of a plasma

is a function of the wave’s vacuum frequency f and of the
refractive index N(x), where the latter depends only on the
electron density, and collisions between electrons and heavy
particles are neglected, thus ¢,[f, N(n,)]. In practical terms,
two configurations may be used to probe the electron density
of a plasma: Reflectometer and interferometer.

Figure 1 shows the differences between the two methods.
In reflectometry the EM wave reflects when encountering a
region whose electron density is above a critical value n,. By
performing a frequency sweep covering the relevant range
of critical electron density values, the spatial electron den-
sity profile can be drawn out. The selected probing frequen-
cies must be around the cutoff frequency for the expected
peak electron density. In interferometry, an EM wave with
frequency higher than the plasma cutoff frequency, passes
through the plasma gaining a phase delay compared to the
vacuum, from which an average electron density can be cal-
culated. Since this is an integrated signal, it must be post-
processed to create a real plasma profile, via Abel-inversion
or “onion-peel” techniques. The chosen frequencies should
be well above the critical n, to prevent unwanted reflections.
Both techniques can be used in mono- or bistatic configura-
tions, in the first configuration one antenna is used for both
emitting and receiving the EM waves, in the latter, emission
and reception each are performed by a dedicated antenna.
For the case of monostatic interferometry the probe signal
reflects at the wall, so the wave passes through the plasma
twice, and these phase delays must be taken into account. In
bistatic reflectometry the emitted EM wave “hits” the plasma
at an angle, so a second antenna is required for the reception.
This phenomena may also occur due to the plasma profile
refractive index, which may not reflect the EM wave back
to the emitting antenna.

The complex plasma-wave interactions in turbulent media
have driven the continuous development of both analytical
theory and sophisticated full-wave numerical codes to sup-
port the interpretation of reflectometry data. Typical analyti-
cal solutions require simplifications and approximations of
the plasma parameters. Figure 2 compares a laminar to a
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Fig.2 Simulation with REFMUL for a non-turbulent plasma (left) and a turbulent plasma (right), taken from F. Silva in [13]

turbulent plasma. Turbulence can originate effects such as:
multi-scattering; local resonances; secondary cutoffs; beam
splitting and 5-wave trapping. These will scatter the emit-
ted EM waves, lowering the received power and difficult
the signal interpretation. A fullwave numerical code may be
required to properly design and validate a reflectometer. In
this work, to overcome many shortcomings of the analytical
descriptions while modeling any real sized geometry, the
two-dimensional finite-difference time-domain (FDTD) full-
wave code REFMUL [12] is used to simulate wave propaga-
tion while retaining fundamental physics, as described in
detail below.

2.1.1 Specific challenges for entry applications

It is important to properly address the specific features of
entry plasmas, compared to larger scale plasmas, such as
in fusion applications. The usual electron density profile of
a fusion plasma has a positive gradient towards the center,
a radial like profile. This means that the plasma has a low
electron density near the reactor walls and antenna position,
and high electron density at the center. Such trend is help-
ful in creating a density profile, since as the probing signal
frequency increases, so does the reflection point distance.
An easy density vs. distance profile may be drafted from the
reflectometer data, as the device sweeps the plasma at differ-
ent frequencies and collects the reflected signal.

This is not so for atmospheric entry plasmas that typi-
cally showcase a relatively steep gradient at the boundary
layer, with a decrease of density away from the spacecraft
wall. As an illustration, we present in Fig. 3 a simulation of
the RAM-C II flight experiment which has been simulated

within our group in the recent past [14]. In the stagnation-
line region, we have a shock-wave lying very close to the
spacecraft surface (1 cm), with a peak electron density in
the shock-layer, and a steep decrease in the boundary layer,
owing to catalytic wall recombination reactions. In the flow
wake, the shock-standoff distance is up to 15 cm, with much
lower densities in the post-shock region where flow veloci-
ties increase to supersonic conditions. This leads to a higher
global density gradient towards the boundary layer, and we
may even witness an increase of electron densities near the
wall, despite losses from catalytic recombination. Such den-
sity profile accordingly becomes “counter-intuitive” to typi-
cal reflectometer applications where the antenna is closer to
the lower density side. This limits the capability for tracing
the electron density profile beyond the first peak, since a full
profile cannot be obtained, as the reflectometer is essentially
“blind” beyond the higher electron density peak. A more
detailed discussion on the RAM-C II testcase will be pre-
sented in Sect. 2.2.1.

A further problem arises from the typical dimensions
of atmospheric entry plasmas. Most vehicles have dimen-
sions which are lower than those of larger tokamaks, namely
the vehicles for robotic exploration which may be less than
1 m in diameter. Only larger man-rated vehicles such as
the Space shuttle or larger capsules have sizes significantly
larger than most tokamaks. Additionally, the plasma flow
is severely constricted between the bow shockwave and
spacecraft surface, with a thin shock and boundary layer
lying very close to the wall, and a larger plume in the wake.
This means that typical shock standoff lengths may be in the
order of the cm, compared with the characteristic lengths
of the larger tokamaks, which may exceed 1 m. Such small
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scales yield a few problems of their own: The probe signal is
reflected very shortly after the antenna exit, which hinders a
reliable measurement, and the plasma length scale is similar
to the reflection layer, meaning an accurate reflection posi-
tion cannot be inferred. The smaller spacecraft scales further
induce a few other practical issues: reflectometer needs to be
light and compact since weight and volume are a premium
in space missions, and commonly used horn antennas may
also be too large to be easily integrated in a spacecraft and
there is the further risk of destruction due to direct contact
with the plasma [15].

Last but not least, typical electron densities differ among
both applications. Typical electron densities range between
10'7-10%" el./m? in tokamaks, and 10'°~10%2 el./m3 in atmos-
pheric entry flows. This means that different frequency
bands will be relevant for each application, and the spatial
accuracy will also differ (since it depends on a first approach
on the wavelength of the corresponding frequency bands).

2.2 Inflight experiments
To date, a total of five in-flight experiments with in situ of the

electron density/temperature measurements were designed
over the last 60 years. These include, in chronological order,
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the RAM program in the 60’s and MRIS in 1989 by NASA,
OREX and HYFLEX in 1994 and 1996 by JAXA and ARD
in 1998 by ESA. The RAM program ran between 1960 and
1970, MRIS was halted during the engineering phase.

2.2.1 RAM-CII

The “Radio Attenuation Measurements” (RAM) program
was designed by the NASA Langley Research Center and
U.S Department of Defence. The motivation of this pro-
gram was to increase the understanding of blackout phe-
nomena and finding ways to minimize resulting in-flight
problems [17]. Since calculations for the aft (rear) plasma
profile require knowledge of the gas history as well as
local chemistry, from the shock entry point to the aft point,
the RAM program was also designed to validate and help
improving computational models and the understanding of
plasma formation in both nose and aft body regions. The
program was comprised of a theoretical and an experimen-
tal part, the latter with tests in ground facilities followed
by in-flight experiments (RAM C). Three flight experi-
ments were performed with a hemisphere-cone body at a
velocity of 7620 m/s to measure plasma parameters and
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Fig.4 RAM C-II reflectometer
antennas positions, adapted
from [17]
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test radio-attenuation alleviation techniques. Only the sec-
ond flight (RAM C-II) was equipped with a reflectometer.

2.2.1.1 Reflectometer equipment Four-stage solid-fuel
Scout vehicles were used to launch RAM C-II body up to
an apogee greater than 220.5 km, then propelling it back
into Earth’s atmosphere. The spacecraft was spin-stabi-
lized prior to the motor ignition reentering with a nominal
flight-angle path of —15°, reaching a maximum velocity
of 7678 m/s at 67.0 km of altitude. The payload geom-
etry was approximately 15 cm (6-in.) radius hemispherical
nose followed by a 9° half-angle cone and had an overall
length of about 130 cm (51-in.). The payload had a teflon
afterbody and a beryllium heat sink nose cap, with a mass
before the launch of 121.8 kg. The beryllium-cap and tef-
lon body were found not to release significant amounts of
alkaline impurities, fulfilling its propose of avoiding con-
tamination so the measurements could be compared with
pure-air models. All RAM C flights had negatively biased
Langmuir probes, that will not be discussed here.

A four-frequency microwave reflectometer was put into
the RAM C-II payload to infer the peak electron density
time and altitude history. The antennas are positioned
along the body as shown in Fig. 4. The radiofrequency of
the NATO L-, S-, X- and K_-bands correspond to 1,116,
3,344, 10,044 and 35,000 MHz, respectively.

Each reflectometer system was composed of a micro-
wave signal source, an isolator, a four-way power divider
(three-way for L-band) to split the signal into the various
antennas, bidirectional couplers, four electric field probes,
and antennas. Open-end waveguides were used as antennas
for the nose region, where plasma reflective layer distance
to the surface was small. On the aft region X- and K,
-bands used high gain horn-antennas and L- and S-bands
used open waveguides.

Electrostatic probe rake

C-band horn

225.7-MHz
circumferential slot

259. T-MHz
circumferential slot

Thermocouple probe rake

telemetry
horns

2.2.1.2 Mission outcomes The electron density measure-
ments from the reflectometer antennas had good agreement
with the ones from Langmuir probes. A strong density gra-
dient was observed between payload surface and the flow
for the first 1-2 cm. After that, the density value is stable
for several centimetres. The plasma density showed a strong
correlation with the longitudinal position [17].

The numerical simulations were done using a clean-air
assumption. This was considered valid down to 56.4 km,
whereas in the case of RAM C-I flight the flow was by then
contaminated by ablation products [17]. Reflectometer data
was more accurate than electric probes data as the latter
were influenced by the temperature around them. For a valid
interpretation of the fixed-bias electric probes an accurate
knowledge of the leading-edge temperature is required.
Above 1366 K (measured by the thermocouple) the insulat-
ing properties of the dielectric were degraded. Thus, the
validity of the data interpretation was questionable. For
lower altitudes, the comparison between experimental reflec-
tometer data and computation calculations are invalid, as
pointed in [18]. The reasons are the higher neutral-electron
collision frequency and the ablation of microwave anten-
nas. This ablation changes short-circuit-phase reference
and introduces a small voltage standing wave ratio which
complicates data interpretation. The sharp rise in reflection
coefficient is not as sharp due to neutral-electron collision
frequency and thus a clean signal of the reflective layer is
no longer visible.

The plasma at the aft body region, measured over the
7 cm deep electrostatic probe rake, was larger and less dense
than expected [18]. A reasonably good agreement between
experiment and computational model was found for the elec-
tron density gradient in the nose region. This agreement was
not observed for altitudes higher than 70 km. The electron
density was consistently higher in the computational model,
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this over-prediction means that at the aft region the electron
density will also be over predicted. The author also reports
that free electrons are originated from ionization in the nose
region, and then move to the aft body. A possible reason for
the deviation between computational and experimental data
at the rear may be the lack of implementation of ambipolar
transport in the numerical code. Over the years, the RAM-C
experiment has become a popular CFD validation test-case
experiment, with many authors (including us [14]) using its
data to validate and improve the kinetic models of numerical
codes [14, 19-21], study the catalicity effects on the elec-
tron density [20, 22] or the ambipolar diffusion effects of
ions [23]. As attested in Fig. 5, good reproduction of these
past experimental results is nowadays achieved by contem-
porary CFD models in this lower speed orbital entry regime.
More details on our CFD model [14] will be presented in
section 3.2.1.

2.2.2 OREX and HYFLEX

The Japanese space agency (JAXA) performed studies and
experiments during the development of the H-II Transfer
Vehicle (HTV), [24]. To study the re-entry conditions of said
vehicle, two flight experiments were designed and launched,
the Orbital Re-entry Experiment (OREX) and the Hyper-
sonic Flight Experiment (HYFLEX).

OREX was a half-cone sphere capsule equipped with
Langmuir probes to evaluate electron density and TPS in a
flight environment [25, 26]. The flight took place in Febru-
ary 1994, with results showing good agreement with CFD
simulations, see Gupta et al. [26].

The HYFLEX vehicle had a slender lifting-body design,
more complex than the OREX capsule. Its objectives
included the validation of the aerodynamic design, data
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acquisition, and the evaluation of the aerothermodynamic
properties of the vehicle. For the latter objective HYFLEX
was equipped with temperature and pressure sensors, as
well as two reflectometers [24, 27]. The maximum elec-
tron density predicted for the re-entry was around 10'7 el./
m?>. The reflectometers center frequency was set to around
1 GHz to account for the plasma layer being thinner than
the wavelength. The selected frequencies were 902.85 and
1676.5 MHz, with the antennas installed 960 mm aft from
the nose of the ship and 180 mm off center. These were
rectangular waveguides with 135x267 mm and 74x145 mm,
respectively. In these locations, the aluminium skin of the
ship was replaced with a Kevlar panel and thermal protec-
tion tiles were attached to it. The panel and tile effect on the
reflectometer waves was found to be negligible, as reported
in [27].

The reflectometer system was comprised of an oscilla-
tor, circulator, detector, amplifier, and a standing wave ratio
(SWR) section for the 902.85 MHz only. The radio wave
generated from the oscillator traveled through the circula-
tor into the antenna. The EM wave was then reflected at the
plasma and entered via the same antenna to the circulator. It
was lastly received at the detector, where the reflected wave
intensity was measured. The SWR section function was to
measure the phase of reflected wave, which was useful for
inferring the distance from the antenna to the plasma layer.
Unfortunately, the data quality was not enough to be useful.

Flight data from the reflectometers was analysed via the
power reflection coefficient. The expected reflection coef-
ficient was estimated using a numerical simulation, then
compared to a ground test using a metallic plate. Good
agreement was observed between the 3D simulation and
the ground test. The flight reflectometry data showed agree-
ment in shape and peak values with the CFD simulations,
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Fig.6 Illustration of commu-
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nonetheless the peak occurred sooner than expected. The
high frequency signal (1676.5 MHz) showed a power reflec-
tion coefficient peak of 0.2, whereas for the low frequency
(902.85 MHz) a peak coefficient of 0.3 was found. This
dependence is reasonable, since the lower frequency wave
should be reflected in an easier fashion than the higher
one. The blackout time and duration is consistent with the
observed VHF telemetry data from the ground station. The
obtained results found a peak electron density of 107 el./
m?, for a plasma thickness of about 1 cm. Using the VHF
telemetry attenuation signal, the plasma density around the
antenna was compared to the CFD simulation with good
agreement of peak plasma density of 10" el./m> and thick-
ness of 50 cm.

2.2.3 Atmospheric reentry demonstrator—ARD

The Atmospheric Reentry Demonstrator (ARD) was a ESA
flight mission with multiple objectives, among these, the
testing and validation of re-entry technologies and flight-
control algorithms, qualification of design and TPS, study
of radio communications and black-out, and validation of
aerothermodynamic predictions during re-entry [28]. The
ARD shape was a 70% scale Apollo capsule, with a diameter
of 2.8 m and weight of 2.8 tonne. Two reflectometer anten-
nas were located 45° off the center axis in the leeward side of
the heat shield, and the working frequencies were 2.203 and
2.218 GHz respectively [29]. The reflectometers were com-
prised of a power unit and a waveguide, and were calibrated
against a metallic target pre-flight, and then again post-flight.
Results differ between the two calibrations, and are in agree-
ment with each other only at altitudes below 45 km. Above
97 km, the post-flight calibration gives slightly higher peak
electron densities around 7.75x10'6 el./m?3 vs. 1.24x10'¢ el./
m?> at 45 km. However, between the 90-45 km altitude
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the post-flight values do not converge to a valid solution.
The pre-flight calibration gives a peak electron density of
1.52x10'7 el./m3. The authors of [29] argue that the rea-
son for the different calibration results may be related to
the plasma formation and the corresponding metallic plate
erosion in the antenna region.

2.2.4 Other radio attenuation measurements

Several works have examined the attenuation of VHF and
UHF telemetry radio waves during spacecraft entries to
assess the electron densities in the flow. Typical approaches
imply simulating the CFD flowfield (and particularly the
plasma density profile) at different reentry times and over-
laying an electromagnetic solver to determine the signal
attenuation for specific paths over the plasma. Then a com-
parison of the real attenuation (signal telemetry before/dur-
ing reentry) is carried out. While this does not allow for fine
estimations of the flow density, it is sufficient for a coarse
estimation of the CFD reconstruction accuracy, namely com-
paring the rate of change for the electron densities along the
different trajectory points. An illustration of this is shown
in Fig. 6. Examples of such works may be found in [30, 31]
for ESA’s Inflatable Re-Entry Technologies IRDT) and [32]
on ARD.

ESA’s IRDT mission communication operated in UHF
band with frequency of 219 MHz mounted in the nose of
the capsule. During re-entry communications blackout only
lasted 45 s instead of the expected 80 s. Reynier et al [30, 31]
reconstructed the electron density profile, then used a EM
solver to simulate the observed attenuation at different fre-
quencies. Their results predicted a signal attenuation rang-
ing from — 6 to — 15 dB at different frequencies. The initial
1D engineering estimation using the plasma critical density
over-estimated the blackout time as observed in the flight.
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Takahashi et al [32] used a similar methodology to study
ARD?’s blackout of the Tracking and Data Relay Satellite
(TDRS) communication at 2.267 GHz. The attenuation
results at the rear was low enough to permit communica-
tions, except at 70 km altitude. However, Tran [29] reports
that there was never a full blackout at TDRS band, despite
a strong attenuation at 70 km. On the front side of ARD the
blackout was complete.

2.2.5 Cancelled flight experiments

NASA’s Microwave Reflectometer Ionization Sensor (MRIS)
program, fully detailed in [33], began in 1989 to develop a
millimetre wave reflectometer to evaluate the electron den-
sity during a hypersonic re-entry. The program was halted in
1991, with the design phase completed and the engineering
model near completion. The instrument design was com-
posed of 4 antennas operating at 20, 44, 95 and 140 GHz.
The equipment is divided into two-parts, a detector and an
emitter/receiver part. The 20 GHz frequency antenna works
in a monostatic configuration, while the others in a bistatic
configuration. The lower frequency limits were chosen due
to the antenna size limitations, the upper limit was limited
by device reliability and receiver sensitivity. The frequency
sweep was chosen to have a bandwidth of 4 GHz using a
conventional stepped-FMCW frequency modulation con-
tinuous wave (FMCW) linear approach. Vector Error Cor-
rection (VEC) was identified as a powerful tool to improved
the performance of the equipment.

MRIS equipment radiates modulated millimetre wave
(mmW) signal into the plasma field and then coherently
detects the phase and amplitude of the reflected signal
received in the antennas. This information is used to recon-
struct the electron density, the amount of reflected power,
and the distance up to the plasma reflective layer. This den-
sity is specific for each mmW, and the bands are narrow
enough so that the signal delay time can be used to estimate
the critical density distance.

The instrument specifications could be met at all fre-
quency bands for targets further than two inches away with-
out the need for any vector error correction. Nonetheless,
the use of VEC improved the accuracy and was required
in Band-C and Band-D to meet the requirements for target
distances less than two inches. A more sophisticated detec-
tion algorithm was used in Band-C where a simple algorithm
was insufficient.

2.3 Ground test facilities

Shock tubes and Plasma Wind Tunnels are used to reproduce
typical conditions for entry plasmas for aerothermodynamics
experiments. In such ground test facilities, reflectometry and
interferometry equipments are used alongside spectroscopy
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diagnostics. These have the advantage of measuring elec-
tron density directly. A series of experimental programs
have been developed over the different decades for probing
electron densities and temperatures, but have mostly been
restricted to Langmuir probe techniques or indirect spec-
troscopic measurements, such as Stark-broadening meas-
urements of the H-a atomic lines. Examples like these are
too many and out of the scope of this work, and we will
only review applications of the reflectometry/interferometry
principle.

2.3.1 Shock tube interferometry measurements

An experimental campaign under the auspices of the Euro-
pean Space Agency (ESA) [34-38] has been carried out
in 2008 at Moscow Institute of Physics and Technology
(MIPT) shock tube. The campaign objective was to vali-
date the existing CFD tools employed in the design of the
EXOMARS mission. A two channel 94 GHz microwave
interferometer was used to determine the electron density.
It works combining two microwaves whose phases are z/2
shifted. The microwave will gain a phase as it propagates in
the plasma proportional to the electron density. The work-
ing frequency is selected to ensure that it will not reflect
in the expected plasma conditions. Nonetheless, a posterior
spectral analysis can confirm the results, and if the interfer-
ometer wave reflected at the wall or mid-away in the plasma.
Figures 7 and 8 depicts a schematic of said interferometer
and the measured electron density for a sample experimental
shot in MIPT.

The interferometry principle can also be applied to com-
bustion or shock tube experiments. A 94 GHz interferom-
eter was used in a combustion shock tube [39] to measure
the electron density of thermally ionized argon and krypton
gases. Schneider et al [40] used a microwave interferometer
to measure the ionization rates of NaCl-contaminated argon
flames. Other authors [41-43] conducted similar experi-
ments which will not be detailed here.
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2.3.2 Plasma plume reflectometry measurements

Interferometry/reflectometry are useful techniques for non-
intrusive probing of the electron density of a plasma plume.
Its main advantage is being non-intrusive contrary to the
usual Langmuir probes [44, 45], however the acquired sig-
nal is a line integration over the density profile. To create
the 2D or 3D density profile an inversion method to the line
integrated signal must be applied. These can vary from a
“onion-peel” or Abel-inversion to more complex techniques
such as Tikhonov deconvolution, described in [46].

Several works have been done in characterising a plasma
plume with microwave diagnostics. The electron number
density of a closed drift SPT-100 Xenon Hall thruster was
mapped by Ohler et al. [47, 48], with a discharge voltage
and current of 300 V and 4.5 A. Using a 17 GHz micro-
wave interferometer via differential phase measurements the
thruster plume profile could be obtained. The same group
also characterized a 1 kW hydrogen plume in [49].

Capelli et al in [50, 51] used a 90 GHz interferometer to
probe the electron density of a 200 W Hall thruster. Using an
Abel-inversion, they could reconstruct the electron density
profile of said Hall thruster. Kuwabara et al. [52] studied the
plasma density fluctuations of a 200 W class magnetic layer
type Hall thruster. They used a 76 GHz interferometer to
probe the electric field fluctuations. In 2021 Kuwabara et al
[53] measured the electron density using the same 76 GHz
interferometer.

In 2008 a swept Frequency Modulated Continuous Wave
(FMCW) reflectometer for space plasmas was first designed
to measured electron density in a space environment. The
reflectometer swept frequencies in the range of 2—18 GHz,
which corresponds to critical electron densities in the order
of 4.96 x 10'° to 4.02 x 10'® el/m3. A full sweep could be

0 20 40 60 80 100 120
Time (us)

performed in less than 100 microseconds and signal acquired
for up to 10 milliseconds at a time, or up to 100 sweeps.
Spatial resolution was determined to be less than 1.5 cm
using at 16 Megasamples per second and a spectral length
of 1024 samples. The system could operate in both mono-
static or bistatic configuration. A complete description of
the equipment and the test can be found in [54]. A typical
schematic for a reflectometer in monostatic configuration is
depicted in Fig. 9.

In 2010, the equipment was tested in the Von—Karman
Institute 1200 KW Induction Plasmatron. A shift in the wall
reflection frequency was observed when the plasma was
turned on, from 2.2 to 1.8 GHz. The FFT amplitude signal
can be observed in Fig. 10. The shift represents the differ-
ence in the time of flight of the wave. The shift is towards
a lower frequency, this corresponds to a slower wave, as it
propagates in the plasma the EM wave is slowed down in
comparison to the vacuum propagation. Conclusions from
the test were positive as the system operated as anticipated
and the results in agreement with the other Plasmatron diag-
nostics. A thorough report of this test is presented in [54].

3 Designing a compact reflectometer/
interferometer for entry applications

Owing to the extensive legacy of in-flight experiments and
ground testing results, it is somewhat surprising that such a
diagnostic is not more widespread than it currently is with
in the hypersonics research community with no deployed
instrumentation of this kind existing to the authors knowl-
edge. Despite being a very complete diagnostic, reflectom-
etry has a number of challenges to overcome to be correctly
implemented. First, it requires the equipment antennas to
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Fig.9 Schematic of the reflec-
tometer

Fig. 10 Wall reflection
frequency testing at VKI plas-
matron. Plasma turned off (top),
plasma turned on (bottom),
recreated from [54]
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be directly exposed to hypersonic flow. These will be dam-
aged during the re-entry and alter the received EM signal.
Another limitation of this technique is the difficulty in inter-
preting the signal and relate it to the electron density value.
The reason is the already mentioned steep electron profile
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and small distance between the antenna and the plasma
reflective layer. Besides it, the high electron density at the
boundary layer further complicates the data interpreta-
tion. A pre-flight calibration of the reference levels can be
used to help interpreting the reflected signal. For example,
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microwave reflection coefficient was used by NASA in the
RAM-C 1II [18] to identify the critical electron density by
a steep rise in the reflected power. Nonetheless, this is a
non-trivial technique and the used approximation may not
be always valid. Communication blackout is no longer a pro-
eminent problem in spacecraft and lastly, these diagnostics
are relatively heavy and cannot be simply added to a existing
mission.

This is somewhat even more surprising as the knowledge
of time/space resolved electron densities in atmospheric
entry plasmas can enable a reliable quantitative assessment
of key processes in such high-speed flows, as discussed in
Sect. 1 (physical-chemical processes, flow history, blackout
characteristics, and plasma radiationl).

3.1 Specifications and requirements

A reflectometer tailored for in-flight and ground test facili-
ties is going to have a certain amount of limitations when
compared to diagnostics tailored for fusion activities, see for
example [55]. Mostly these are identical to other embarked
diagnostics where one needs to ensure

— Compactness

— Low weight

— Low power consumption and good hibernation charac-
teristics

— Adequacy to Space environment

For the last bullet point we may distinguish between flight
experiments which target Earth re-entries, where the space-
craft remains inside Earths magnetosphere from launch to
touchdown (and where the overall mission may last hours
instead of years), and other planetary entries, with a mission
profile of several years where the spacecraft needs to with-
stand the cosmic environment. In this latter case one needs
to define radiation-hardened or fault tolerant hardware, just
like in fusion applications (owing to the severe radiation
environment found in Tokamaks), however this discussion
is beyond the scope of the paper, and the reader may refer to
[56] for examples of radiation-tolerant hardware.

Naturally, these architecture requirements derive from the
functional requirements of the setup. These include:

— Available frequency bands

— Frequency sweep characteristics

— High-speed remote control and acquisition
— Data storage and transmission

! which is highly influenced by the plasma electron density.

For the selection of appropriate frequency bands, one may
firstly refer to the bibliographical review presented in Sect. 2.
The operational frequencies for the RAM-C II experiment
ranged between 1 and 35 GHz, whereas the HYFLEX and
ARD experiments had reflectometers with frequencies in
the 1-2 GHz range. These were tuned for measuring sparser
electron densities, characteristic of the backbody plumes for
these flight experiments. Freestream flow experiments in
supersonic plasma wind tunnels, in the absence of an obsta-
cle, will typically reproduce the conditions of these after-
body plasma plumes, and it is reasonable to consider similar
frequencies. Hence a good candidate bandwidth would be
in the 1-50 GHz to account for most of practical situations.

In contrast, electron densities in the stagnation region
are predicted to be significantly higher, and although reflec-
tometry experiments have limited viability in the stagna-
tion streamline region, owing to the small shock standoff,
one may nevertheless carry out interferometry experiments
in shock tube facilities, such as the ones carried out in the
VUT-1 shock tube. Here, the higher electron densities will
mandate higher frequencies, above the plasma cutoff, and
even for slower shocked flows around 3—4 km/s, a 94 GHz
frequency was considered for the VUT-1 reflectometer. In
the absence of other experimental data from shock tube
facilities, it is then relevant to carry out numerical simula-
tions of faster superorbital entry flows, to achieve an idea
of the necessary interferometry frequencies in these more
extreme flight regimes. Accordingly, we have simulated a
10 km/s shot from NASA’s EAST shock tube, using our
in-house SPARK CFD code. The obtained results are pre-
sented in Fig. 11 showing that the plasma cutoff frequency
reaches a higher limit of about 2 THz. This means that inter-
ferometry diagnostics in shock tubes should be carried at
very high frequencies, with a minimum of 100 GHz, and
a maximum in the THz range (ideally 10 THz), otherwise
the electromagnetic waves will not cross the plasma layer,
rendering measurements unfeasible. However this does bring
some additional challenges in terms of developing appropri-
ate hardware.

3.2 Application to the RAM-C Il test case

To further assess the behaviour of a compact reflectome-
ter in the conditions of an atmospheric entry the RAM-C
II flight experiment was modeled using a CFD (SPARK)
code coupled to a wave propagation code (REFMUL). This
allows achieving a better understanding on the propagation
dynamics of the electromagnetic waves in an environment
characteristic of an atmospheric entry, which in turn helps
better tailoring the position of the reflectometer antennas,
allowing precise measurements of the electron density pro-
files of the plasma.
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Fig. 11 SPARK 1D simulation
results for Earth atmosphere at
pressure of 0.2 Torr (26.66 Pa)
and shockwave velocity of
10.29 km/s
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Table 1 RAM-C II flight data, from [18], and peak electron density
at stagnation line, from [14]. Shock stand-off distance ~ 2 mm for all
cases

Time (s) Altitude (km) Velocity (km/s) n, (m™) St

392.3 81 7.65 1.189x10* 97.9 MHz
396.9 71 7.65 5.326x10'° 65.53 GHz
402.3 61 7.65 1.746x10%° 118.64 GHz

The starting point is given by the critical conditions of the
flight experiment (peak heating and peak dynamic pressure).
These have been extensively discussed in the literature and
will not be expounded here. The relevant flight points are
outlined in Table 1.

Here we have chosen the 61 km altitude point and carried
out a CFD simulation, followed by an overlay of the wave
propagation code over the simulated plasma profiles. Sec-
tion 3.2.1 and 3.2.2 provide an abridged description of the
codes and models used in this simulation, then Sect. 3.2.3
presents the simulation results.

3.2.1 CFD code

The Software Package for Aerothermodynamics, Radiation
and Kinetics (SPARK) is a computational fluid dynamics
code designed for hypersonic reentry flows. It uses object-
oriented programming to implement different physical mod-
els and numerical methods in a unified framework, which
allows for greater flexibility and maintainability than other
available numerical tools [57]. The code itself is capable
of performing 0D (temporal relaxation), 1D (post-shock
relaxation) or 2D (planar or axisymmetric) simulations
using Navier—Stokes compressible flow-formulations for a
nonequilibrium, multicomponent chemically reacting gas
mixture. The code employs a cell-centered finite volume
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formulation, whereas, for the temporal discretization, both
explicit (Roe) and explicit (Harten—Yee predictor-corrector)
second order schemes are available. The nonequilibrium
flow description accounts for separate global or individual
vibrational temperatures, using a Millikan & White model
coupled to a Park nonequilibrium chemistry model.

Simulations for the 61 km altitude have been carried
out assuming a simplified 2D axi-symmetric geometry,
with an 80x160 mesh refined in the shock and bound-
ary layer regions. Thermal and chemical nonequilibrium
was assumed, for the following freestream conditions: v,
=7.65 km/s, T,,=244 K, and p_=2.73x10~* kg/m>. The 11
species (N,, O,, NO, N, O, N,*, O,*, NO*, N*, OF, ¢7)
2001 Park chemistry model [58] was considered, and multi-
component transport was treated either using the Wilke [59]
or the Gupta-Yos [60] model. A non-catalytic/supercatalytic
1200 K wall was considered in two sets of simulations. Grid
convergence was checked through a simulation using a mesh
with double the size (160x320), which yielded similar wall
fluxes results in the boundary layer. As seen in Fig. 12, the
transport model has a slight influence on the electron prop-
erties at the wall, which is not surprising as the Wilke and
Gupta—Yos models yield similar results for the lower tem-
peratures associated to orbital entry velocities such as the
one from RAM-C II [14]. Further, and as expected, the wall
boundary conditions have a more marked influence on the
simulated electron densities, with a supercatalytic bound-
ary condition providing the best agreement with experi-
mental data. This is a reasonably assumption, owing to the
surface materials utilized in the RAM-C II experiment, see
Sect. 2.2.1.

3.2.2 Wave propagation code

Full-wave codes are required in modelling wave propaga-
tion in order to retain the physics of several wave effects.
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Fig. 12 RAM C-II electron wall 102" ¢
density. Comparisons between F
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This is the case for instance when the radiated fields of a
specific antenna need to be simulated and/or small dis-
tances are considered which do not allow to work with
far-field assumptions. The REFMUL* codes family allows
the simulation of reflectometry diagnostics coupling wave
propagation, a time-dependent plasma, antennas posi-
tions and waveguides. The REFMUL* family is a finite
differences in time-domain (FDTD) unconditional stable
algorithm using the Yee-scheme to discretize the spatial
coordinates. The system of equations solved by REFMUL*
codes are the curl equations from Maxwell’s electromag-
netism laws, coupled with a linear current density model.
Currently there are four REFMUL* codes, REFMUL,
REFMULX, REFMULF and REFMUL3. The first three
codes are already proven in simulating 2D waves, they
simulate the O-mode, the X-mode and a generic wave
polarization [12, 61-66], respectively. The REFMUL3
code is in advanced development phase and is capable of
simulating a 3D full-wave. REFMUL* system of equations
to solve is the following:

OE o - -
—g—+VXH=J
01
4 +uoail+§><7€=0 (1)
ot
— = eow§E+w0g xJ
J IB|

The plasma parameters are inserted in the equations through

the plasma frequency w, = v/e’n,(x)/m,&, the cyclotron
frequency w, = |eB(x)/m,| accounts for the external mag-
netic field.
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Fig. 13 REFMUL simulation antenna positions, dimensions in mm

The response of O-mode reflectometry was stud-
ied using a monostatic design, i.e. one antenna for both
emission and reception. A unidirectional transparent
source was used for injection of the signal in a wave-
guide structure allowing separating the emitted prob-
ing wave from any returning waves [12]. A PML (Per-
fectly Matched Layer) approach was used for boundary
conditions [67]. The spatial resolution of the Cartesian
grid was Ax= Ay = A40 GHz)/20=3.75x10"* m,
where A(40 GHz) is the vacuum wavelength of a wave
with frequency in vacuum f =40 GHz which is an upper
limit of the frequency range employed here. The time
resolution of the REFMUL simulations was Ar = T(40
GHz)/40 = 6.25 x 107135,

3.2.3 Results
The numerical simulations used antennas in positions

similar to the RAM-C II experiment. Figure 13 depicts the
antenna positions used in the numerical simulations. A first
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simulation of reflectometry with a K, band wave (35 GHz)
in the RAM-C II nose region, position 1 in Fig. 13. The
results are depicted in Fig. 14. The spacecraft outer wall is
represented by the black line, the shockwave by the red line,
the electric field in blue-purple colors. Preliminary simula-
tions for the nose position showed that the emitted wave
was reflected shortly after emission, as expected. The result
shows a good integration between the SPARK CFD code and
REFMUL EM wave code.

Another simulation was performed using a similar setup,
but with the reflectometer antenna in the half-cone region,
position 2 in Fig. 13, with results shown in Fig. 15. The
EM wave propagates towards the shockwave, where a partial
reflection of the wave occurs towards the rear occurs. Part
of the emitted wave is deflected and passes the shockwave,
and another is reflected back to the emitting antenna. In this
position, the density profile peaks at a lower density and is
further away from the outer wall. This improves the capa-
bility of reflectometry to provide a reliable density profile
measurement in standard microwave frequency ranges.

These kind of simulations are useful for determining
the propagation dynamics of the emitted electromagnetic
waves, and the variability that stems from the emitted wave
frequencies, but also from the electron density profiles in
the flow. This allows better tailoring flight experiments,
where one may consider developing standard reflectom-
etry techniques, based on the time-of-flight delay meas-
urements (suited for afterbody flows with larger plasma
volumes), or more simple “transmissometer” techniques,
where the plasma cutoff density along the line of sight
may be determined by checking the limit frequency where
electromagnetic waves start/stop being reflected back to
the antenna. This technique is more suited for probing the
shock layer in the spacecraft forebody, where the typically
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small shock standoff distance disallows the determination
of a plasma profile, and only the maximum electron den-
sity may be determined.

4 Conclusions

A detailed review of legacy in-flight (RAM-C II, OREX,
HYFLEX, and ARD) and ground-test (plasma wind tunnels
and shock tubes) microwave interferometry/reflectometry
experiments is presented. Such diagnostic techniques have
established a reasonable track record of providing absolute
measurements of electron densities in specific locations of
atmospheric entry plasmas. As such, they remain an invalu-
able technique for providing test-cases of reentry flows to
serve as validation for numerical aerothermodynamic mod-
els, which can for example be attested by the popularity of
the RAM-C test-case, which has been tackled by different
teams in the past [14, 19-23, 68].

It is also true that such techniques have (a bit surprisingly)
fallen out of flavor in the recent decades, and to the authors
opinion, a renewed effort into developing a contemporary
diagnostic of this kind, specifically tailored for atmospheric
entry applications, would warrant to be undertaken. The
specifications and requirements for such a state-of-the-art
equipment may be derived from the experience gained from
these past experiments.

One first task is the definition of the frequency bands
which should be selected. It is fairly evident that there is no
preferred band that may be pinpointed, owing to the very
wide range of electron densities that may be found in atmos-
pheric entry plasmas. Different entry speeds (for example
orbital reentry speeds of about 6 km/s versus superorbital
entry speeds around 11 km/s) will lead to different orders
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Fig. 15 REFMUL simulation 25
for 35 GHz wave propagation in
RAM-C II conditions. Space-
craft in black and shockwave

in red. EM wave electric-field
represented by the colorbar
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of magnitude in the electron densities. Additionally, large
discrepancies in the electron densities may be found even for
a given entry speed, depending on whether one is probing
the spacecraft forebody region near the shock (or carrying
shock tube experiments in ground-test facilities), or whether
one is probing the afterbody spacecraft plume (or simulat-
ing such plumes in freestream flows in supersonic plasma
wind tunnels). As discussed in Sects. 2 and 3 electron den-
sities ranges in between 10'° el./m? and 10?2 el./m? (about
1 GHz-10 THz cutoff frequencies, respectively). This means
that the choice frequency will be application-dependent, and
a proper equipment should be highly modular in the band
ranges it can probe, namely using appropriate frequency
multiplier modules that may be switched on a case-by-case
basis.

One possible design could be based on a signal genera-
tor with frequencies in the 2-18 GHz range (S, C, X, K,
bands), coupled to frequency multipliers which would allow
sampling frequencies up to 75-100 GHz (W band). The
equipment should also provide enough flexibility so as to
allow deploying it different configurations (reflectometer/
interferometer/““transmissometer”), which specifically means
enabling the hardware to be used in a monostatic (single
antenna) configuration for reflectometry/“transmissometry”
applications, or bistatic (two-antennas) configuration for
interferometry applications. First testing campaigns should
focus on “transmissometer” measurements, since although
these can only provide info on the maximum electron density
over the flight path of the electromagnetic waves, this info is
already very useful for model validation purposes. Reflec-
tometry diagnostics, based on the time-of-flight concept,
are more demanding owing to the issues regarding spatial
resolution and the fact that these diagnostics are better suited
for larger plasma plumes. Accordingly, these measurement

techniques will only be deployed once interferometry meas-
urement techniques will be well harnessed.

This paper also presents the RAM-C II experiment elec-
tron density, which was recreated through the SPARK CFD
code, and then integrated in the REFMUL* wave code to
model the EM wave propagation in the electron field. The
results show that the use of a reflectometer in the stagnation
point region is very difficult since the plasma peak density is
very high around 10?? el./m? and the plasma is very compact,
with reflectometry measurements being more adapted for the
probing of afterbody flows. However, since typical plasma
densities in the flow wake yield cutoff frequencies in the
GHz range (~10%? el./m?), the spatial resolution will be on
a first basis equal to the signal wavelength. For 1 GHz fre-
quency, this corresponds to 30 cm spatial resolution.? This
might have proven sufficient for large spacecrafts like the
Space Shuttle, with wave flows of several meters, however,
this is not sufficient for smaller vehicles like the RAM-C
II, which are increasingly the kind of vehicles which are
operated contemporaneously. It is questionable on whether
one would achieve good spatial resolutions using the time-
of-flight reflectometry technique, making the “transmissom-
eter” technique the most straightforward one to be deployed
in in-flight experiments, although no information other than
the maximum electron density over the line of sight would
be retried in this case.
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