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Abstract

:

The European Shock Tube for High-Enthalpy Research is a new state-of-the-art facility, tailored for the reproduction of spacecraft planetary entries in support of future European exploration missions, developed by an international consortium led by Instituto de Plasmas e Fusão Nuclear and funded by the European Space Agency. Deployed state-of-the-art diagnostics include vacuum-ultraviolet to ultraviolet, visible, and mid-infrared optical spectroscopy setups, and a microwave interferometry setup. This work examines the specifications and requirements for high-speed flow measurements, and discusses the design choices for the main diagnostics. The spectroscopy setup covers a spectral window between 120 and 5000 nm, and the microwave interferometer can measure electron densities up to 1.5 × 1020 electrons/m3. The main design drivers and technological choices derived from the requirements are discussed in detail herein.
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1. Introduction


Entry, descent and landing (EDL) is one of the most challenging mission phases for planetary exploration/Earth return spacecrafts, as one needs to ensure the safe and appropriate deceleration of a spacecraft until the soft landing at ground level.



Besides all the specific technological challenges related to the late stages of deceleration (descent and landing), with the definition of appropriate glide systems, parachutes, and landing systems (retropropulsion, inflatables or crushable structures), the atmospheric entry phase remains one of the most complex phases to be tackled. This flight phase occurs at extreme hypersonic speeds with strong deceleration and high heating rates, owing to the so-called atmospheric entry plasmas, which are created downstream of strong, detached shock waves typical of hypersonic flow regimes.



These shock waves convert the coherent energy of the flow into thermal agitation energy, impulsively heating it and triggering the internal excitation, dissociation and ionization of the flow species in severe nonequilibrium conditions, ultimately leading to the formation of the entry plasma. This nonequilibrium plasma also radiates significantly besides strongly convecting heat towards the colder spacecraft walls, triggering endothermic surface reactions, which, in general, lead to the ablation of the wall surfaces, which are protected by a thermal protection system (TPS). The precise knowledge of the physical–chemical properties for such plasmas is accordingly key to the efficient design of such TPS systems, among other aspects (aerodynamics, flight stability, blackout issues, etc.).



Ground Testing


A shock tube is a facility designed to create a high temperature gas flow during a short time interval. It is comprised of a high pressure driver section and a low pressure driven section separated by a diaphragm. At a pre-determined pressure, the diaphragm ruptures, and the pressure discontinuity creates a shock wave moving towards the low pressure side. The shock wave will then excite the driven gas, forming a plasma. A simple single-stage shock tube typically cannot generate shocks speeds in excess of 10 km/s, typical of superorbital entries. To overcome this limitation, a double stage shock tube can be deployed, wherein an intermediate section between the driver and the test section is present, acting as a compression/acceleration tube.



Shock tubes are the most faithful facilities for adequately reproducing post-shock conditions for such flows, either directly reproducing the stagnation line flow (behind a normal shock), or indirectly reproducing the other forebody flow regions (behind an oblique shock) by means of straightforward correlations [1]. Such impulsive facilities are complementary with other steady-state plasma wind tunnels, which can, in turn, reproduce the conditions near the spacecraft walls, or afterbody expansions (note that shock tubes may also be deployed as impulsive wind-tunnel facilities, see Ref. [2] for more details). These facilities may also reproduce such flow conditions more approximately, owing to their different plasma excitation mechanism (electromagnetic field), whereas the excitation mechanism in a shock tube is the exact same one as that in flight conditions (shock wave). Figure 1 schematically shows the range of applicability for the different facilities. In short, shock tubes are (among others) key facilities in the planetary entry research ecosystem of space-faring nations.



Akin to the other world’s space agencies, the European Space Agency (ESA) supports fundamental and applied research on atmospheric entry plasmas to advance European planetary exploration endeavors. The earliest concerted studies on atmospheric entry flows at European level were carried out in the scope of the HERMES space shuttle development program [3], where two shock tube facilities were developed to support this endeavor: the HEG shock tube at Göttingen, which acted as an aerodynamic shock tube facility [4], and the TCM2 shock tube at Marseilles, which was devoted to fundamental studies on kinetic and radiative shock-induced processes [5]. The latter could only reach velocities of about 8–9 km/s, which was enough for reproducing a return from Earth’s orbit, the Huygens mission (which successfully entered Titan at a velocity of 5.15 km/s in 2004) [6,7,8] or Mars exploration missions [9,10,11], but not enough for recreating an Earth superorbital entry (11–12 km/s) [12]. However, the renewed ambitions at the beginning of the century, namely the Mars Sample Return mission, required a higher performance facility. In consequence, a competitive tender for the development of a novel facility was launched by ESA in 2009. This competition was won by an international consortium led by the Institute for Plasmas and Nuclear Fusion (IPFN), a research unit of Instituto Superior Técnico (IST) [13,14]. The European Shock Tube for High-Enthalpy Research (ESTHER) was developed in the scope of this contract and is in its final commissioning phase [15].



Such a higher performance shock tube facility requires state-of-the-art instrumentation. Atmospheric entry plasmas are very energetic, and thus radiate very strongly in a broad range of wavelengths. Spectroscopy is therefore a key diagnostic for probing such plasmas, also taking into account that these diagnostics are non-intrusive in nature, hence not disturbing the flow. Measurements of time-dependent emission/absorption in specific wavelength ranges allow probing for specific atomic and molecular quantum transitions, and may indirectly provide information on the time evolution of species concentrations (relative or absolute depending on the setup calibration), as well as flow and species temperatures, providing indication of departures from Boltzmann equilibrium. A direct measurement of the overall time-dependent radiative fluxes (in W cm−2) emitted by the shock wave factors in the TPS design, which needs to withstand the overall convective and radiative fluxes of the flow during the whole entry phase. Measurements carried out in the past were mostly restricted to optical emission spectroscopy from the near-UV to near-IR range, which encompassed most of the spectral features of interest in this velocity region [16,17,18]. However, at higher velocities, the more prominent radiative features move towards the ultraviolet-vacuum ultraviolet (UV-VUV) region, while on the other side, Mars entries also have peculiar radiative heating characteristics with a prominence in the mid-wave infrared (MWIR) [19]. Accordingly, two companion contracts were awarded to the consortium for the development of additional optical spectroscopy setups, one in the UV-VUV and another in the MWIR region.
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Figure 1. Schematic plot outlining the applicability range of ground test facilities for reproducing the different regions of an atmospheric entry flow. Shock tubes directly reproduce the stagnation streamline region where the heat fluxes are typically peaked (red dot), or other flow streamlines in the forebody (black dot and streamline). Free plasma plumes from wind tunnels are tailored for reproducing expansion regions (large violet circle), or surface ablation if an obstacle is placed inside the plume (blue dot and line). The plasma plume images (with and without obstacles) are taken from the SR5 arcjet plasma wind tunnel [20]. The simulated flowfield is adapted from a previous work reproducing the 1995 Jupiter entry by the Galileo probe [21]. 
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Knowledge on the electronic densities of such plasmas is also a key parameter, as it drives the excitation of radiative states of the flowing species, via electron-impact excitation reactions. Information of heavy species excitation states is also important for the design of TPS [22], as heavy species will heat the wall through convective and radiative heat transfers, possibly endangering the spacecraft if such fluxes exceed the engineering limits [23]. The electron density may be inferred either through spectroscopic methods (Stark broadening techniques [24,25]), or through microwave interferometry techniques. Although these are, to date, not as developed as the formerly discussed optical spectroscopy diagnostics, several proofs of concept for such diagnostics have been demonstrated, and one may expect such techniques to be more vigorously deployed in the near future [26].





2. Materials and Methods


This section discusses the operational requirements of shock facilities in terms of shock speeds and ambient pressure, followed by the general requirements for optical spectroscopy measurements. Then, it discusses existing shock tube facilities for atmospheric entry studies, including our own and its expected performance. It then concludes with a more detailed discussion on the requirements for time-dependent optical spectroscopy and microwave interferometry for radiation and electron density measurements, respectively.



2.1. General Specifications and Requirements


Entry conditions are determined by the spacecraft’s orbit into the planet gravitational field. These are then reproduced in key points (typically the peak heating and peak dynamic pressure points), which are obtained through semi-empirical expressions [27,28] on adequate ground test facilities, such as ESTHER. Figure 2 shows the spacecrafts entry conditions in different atmospheres and the corresponding experimental points for different shock tube facilities.



Once the key trajectory points are known, one may estimate the post-shock temperatures that are reached using simple thermodynamic correlations. Namely, the total stagnation enthalpy   h  s t a g    of a shock wave system may be expressed as the sum of the internal enthalpy h, and a kinetic term    v 2  / 2   due to the flow velocity [30]. The stagnation enthalpy of the system pre-   h 0   and post-shock   h 1   can be assumed to be conserved, yielding Equations (1) and (2):


   h  s t a g   = h +   v 2  2   = c o n s t .  



(1)






   h 0  +   v 0 2  2  =  h 1  +   v 1 2  2   



(2)







Prior to the arrival of the shock wave, the gas is in chemical equilibrium at a low temperature, around 300 K for a shock tube experiment, where the kinetic energy term is dominant on the left-hand side of Equation (2)    v 0 2  / 2 ≫  h 0   . After the shock, most of the kinetic energy is converted into thermal energy, which both excites the internal energy modes and heats up the gas. Thus, on the right-hand side of Equation (2), the internal energy term is dominant over the kinetic one    h 1  ≫  v 1 2  / 2  . These approximations yield Equation (3), with   c p   as the gas specific heat capacity at constant pressure:


    v 0 2  2  ≈  h 1  =  c p   T  e q    .  



(3)







The gas total specific heat capacity can be split into two contributions, a constant frozen-gas term   c  p f    (for an ideal gas), and a contribution from the internal degrees of freedom:


   c p  =  c  p f   +  ∑ i   h i      ∂  c i    ∂ T    p   .  



(4)







Inserting Equation (4) into (2), and solving for T, we obtain Equation (5a) and both its upper and lower temperature limits,   T  m a x    (5b) and   T  e q    (5c), respectively.


    T    =  h   c  p f   +  ∑ i   h i      ∂  c i    ∂ T    p        



(5a)






     T  m a x      =    v 0 2   2  c  p f          



(5b)






     T  e q      =   v 0 2   2  c p   (  T  e q   )    =  h   c  p f   +  ∑ i   h i      ∂  c i    ∂  T  e q      p        



(5c)







The expected post-shock temperature range of the gas is shown in Figure 3. The upper limit (full line) is the so-called frozen limit, where all the chemical reactions are ignored, and thus    c p  =  c  p f    ; the lower limit (dashed line) is the final temperature after chemical equilibrium is reached. Chemical equilibrium temperatures have been computed using our in-house aerothermodynamics code SPARK.



Figure 4 depicts the radiation wavelength distribution of a Planck blackbody at different temperatures. As the temperature increases, so does the emitted radiation power with   T 4  , in line with the law of Stefan–Boltzmann. In addition to this, the peak wavelength of the emitted radiation   λ  p e a k    moves to the shorter wavelengths following Wien’s law    λ  p e a k   ∝ 1 / T   [31].



Typically, atmospheric entries occur at a gas pressure low enough that the emitted radiation cannot be assumed to be in equilibrium and treated as a blackbody, yet this assumption provides an upper limit for the emitted radiation over the whole spectral range. In general, the plasma is optically thin, and the discrete radiation spectrum is in strong non-Boltzmann equilibrium. The dominant spectral features will depend on the gas chemical composition and pressure, as well as the temperature (derived from the shock velocity). Entries faster than 7 km/s will usually ionize the gas and thus emit radiation in the ultraviolet region. Slower entries can only excite the molecular internal vibration levels, which radiate in the infrared region. Figure 5 shows the most important emission regions for typical planetary entries, which is based on experimental data from previous shock tube campaigns by different teams all around the world. Data for Earth, Mars and Venus radiative transitions were taken from [17,32], Bose et al. [33], and Cruden et al. [34], respectively. Data for Jupiter were adapted from the work of Cruden and Bogdanoff in [35]. Neptune data were taken from [36,37]. Titan data were reported by Magin et al. [38].



As expected, the radiative features for these different classes of entry flows are quite rich, with a great deal of measured atomic transitions in the VUV region (120–200 nm), the Balmer series of H in the visible, and the O atomic lines in the near-IR region (at 777 nm and at 849 nm, respectively). Molecular radiation features are also very rich, with many emitting systems from C2, CH, CN and N2 all over the visible range, and H2, CO and NO emitting in the VUV range. For the IR, one typically observes emission from the different rovibrational bands of CO and CO2 from 1.5 μm to over 5 μm. These spectral features may now guide us into selecting the appropriate measurement setup.




2.2. Operational Shock Tube Facilities for Fast Atmospheric Entries


Reynier et al. provide a detailed review on hypersonic facilities in [41,42]. Currently, the only ground test facilities capable of achieving superorbital velocities (above 10 km/s) are Ames Electric Arc Shock Tube (EAST—Moffett Field, CA, USA); X2 and X3 expansion tubes (Brisbane, Queensland, Australia); CUBRC LENS XX expansion tube (Buffalo, NY, USA); Hyper Velocity Shock Tube (HVST—Tokyo, Japan); TsAGI ADST shock tube (Moscow, Russia); and the T6 Stalker tunnel (Oxford, UK). Typically, shock tubes use emission spectroscopy to determine the chemical composition of the gas behind the shock wave in its non-equilibrium state. Chemical species concentrations may be determined via absorption spectroscopy. The electron density may be estimated via an indirect method, such as the Stark broadening of some emission lines. Nonetheless, some facilities use microwave interferometry to directly measure the electron density behind a shock wave. Electrostatic (Langmuir) probes are simple diagnostics used for electron density and temperature measurements [43]. However, these are intrusive diagnostics which perturb the flow in the diagnostics region and are damaged by it. Therefore, these drawbacks preclude its use in a shock tube.



EAST [24,44,45] at NASA Ames is equipped with time-of-arrival sensors to have a high-resolution velocity measurement. A long slot optical window is present for shock imaging via spectroscopic instrumentation. A total of four different sets of optics, each with its own spectrometer, perform the imaging at the same axial location. The spectrometers are selected as a function of the region of interest of the electromagnetic spectrum, which itself depends on the shock wave velocity, test gas pressure, and chemical composition. The regions are generally classified as vacuum ultraviolet (120–200 nm), ultraviolet/visible (200–500 nm), visible/near infrared (500–900 nm), near infrared (900–1600 nm) and mid wave infrared (1600–5500 nm). The VUV spectroscopy equipment must operate under vacuum conditions to prevent the ultraviolet radiation to be absorbed along its optical path, and the optical windows must be made of MgF2 or LiF to minimize absorption.



The University of Queensland hosts three expansion tube facilities, named X1, X2 and X3. The latter two facilities are capable of reaching superorbital velocities and produce VUV and UV radiation. The X2 expansion tube spectroscopy system [46,47,48] consists of a normal incidence spectrometer and an intensified charge coupled device (iCCD) with a camera of enhanced sensitivity in the VUV spectral range. The system has a theoretical resolution of 0.06 nm/pixel, and a range of 60 nm. The UV spectral region can also be observed using the same setup. An additional visible/NIR spectroscopic system is present, with a wavelength range of 695 to 880 nm and 0.55 nm/pixel resolution. The flow is also monitored with a high-speed camera. Besides the emission spectroscopy diagnostics, X2 has Nd:YAG (355 and 532 nm) interferometry instrumentation equipment capable of measuring density, ionization levels, species concentrations and temperatures [48].



The Japanese HVST [49] located in JAXA’s Chofu Aerospace Centre is a free-piston-driven shock tube which operates in both shock and expansion tube modes. A He-Ne laser Schlieren setup is used to detect the shock front and measure the shock wave velocity. Three spectrometers covering the VUV to NIR spectral region are coupled to two CCD arrays [50,51,52,53] for radiation emission spectroscopy.



The LENS XX is a hypersonic expansion tube in Buffalo, N.Y., equipped with an emission spectroscopy system [54] in the UV to visible with two gratings (1200 and 150 g/mm) and an iCCD camera. The calibration is performed with a deuterium lamp.



T6 [55] is a Stalker shock tunnel located at the University of Oxford, which may reach velocities up to 18 km/s for light test gases (H2-He). The emission spectroscopy setup [56] is based on the X2 expansion tube. A series of UV-enhanced aluminum mirrors focus the light into a spectrograph. A 550 nm longpass filter may be applied for measurements in the red and NIR region of the spectrum. The setup can operate in the 350–850 nm range using either gratings of 150 or 1200 g/mm.



2.2.1. The European Shock Tube for High Enthalpy Research


ESTHER is expected to reach shock wave velocities in the range of 6 to 14 km/s in air or above 18 km/s in (H2-He mixtures [29,57]. Figure 6 depicts a schematic and a photograph overview of ESTHER. The facility is comprised of four sections, separated from each other by diaphragms. These are the combustion chamber driver, the compression tube, the shock tube (also called test section) and the dump tank. A small-scale combustion driver was previously tested in order to de-risk the development of the full-scale driver [14]. Whereas the qualification tests of ESTHER are ongoing [15], the tests of the combustion driver were successfully completed. The driver of ESTHER is a 47-liter cylindrical 200 mm internal diameter combustion chamber, capable of handling He:H2:O2 or N2:H2:O2 mixtures with filling pressures up to 100 bar and post-combustion deflagration pressures of 660 bar. The combustion chamber and its equipment are designed to operate in deflagration (subsonic combustion) mode. Nonetheless, the driver can withstand the detonations (supersonic combustion), which may occasionally occur creating transient pressures up to 1.8 kbar. The ignition of the mixture is attained using a high power Nd:YAG laser [58,59], which fires a 5 ns pulse into the chamber. The compression tube, with an internal diameter of 130 mm, is connected to the driver via a diaphragm designed to open at a predefined pressure. Once filled with helium at pressures between 0.01 and 1 bar, the shock wave moving along the compression tube can reach pressures of up to 70 bar. A second diaphragm divides the compression and the shock tube sections. The shock tube, with a 80 mm internal diameter, is filled with the test gas mixture at pressures between 10 and 100 Pa (0.1 to 1 mbar). The shock wave reaches velocities exceeding 10 km/s in the shock tube, leading to transient pressures reaching up to 20 bar. Pressure sensors and optical detectors are positioned along the shock tube to measure the shock wave velocity and trigger the time-dependent spectroscopic measurements at the test section. Lastly, a 1000 L dump tank, separated from the shock tube by a third diaphragm, recovers the gas flowing in the wake of the shock wave. Following each shot, the liquid phase is drained off, and the remaining contaminated gas mixture is evacuated by the vacuum pumps located in the shock tube section. The tube is then opened for cleaning and diaphragm replacement.



The facility is equipped with 20 ports at 6 different positions along the tube’s axial direction, 4 in the compression tube section and 16 in the shock tube section (8 in the test section). There are two measurement stations at the test section, each with four ports located circumferentially, which allow for multiple diagnostics and measurements at the same axial position. These optical ports have a 10 mm diameter cylindrical shape.




2.2.2. ESTHER Performance Map


The ESTHER performance map was predicted using the STAGG code (Shock Tubes and Gas Guns), developed by Fluid Gravity Engineering Ltd. The code solves the set of shock tube equations given the design variables (cross-section areas, length, single/two-stage geometry) and numerical inputs of the chemical mixtures. The numerical model is based on the works of Alpher and White [60], Walenta [61] and Mirels [62]. The gas is assumed to be isentropic and inviscid [63] to compute the shock speed and the pressure along the tube. Further details of this development can be found in [29]. The code was first calibrated using the VUT-1 test data from ESA’s CO2 validation campaign [64]. The STAGG simulations were later re-run following the driver qualification campaign, once the driver combustion performance was assessed [57] in order to have a more realistic performance envelope of the facility.



STAGG simulations were performed in two different modes, optimization and non-optimization. In the first case, the compression tube pressure is adjusted to maximize shock wave velocity at the test section, and in the latter, all input parameters are fixed and the code solves the equations to compute the shock wave pressure, temperature and velocity [63]. Post-combustion temperatures and pressures were obtained during the driver qualification campaign for different gas mixtures and filling pressures [65]. During this campaign, the nominal operational mixtures were tuned to He:H2:O2 8:2:1.2–1.4 for the high-velocity experiments (>7 km/s) and N2:H2:O2 8:2:1.4 for the low-velocity experiments (<6 km/s). To generate the performance map, STAGG ran three sets of simulations: Helium driver optimization; Nitrogen driver optimization; and Helium driver non-optimization. These correspond to high (>7 km/s), low (<6 km/s) and medium (6–7 km/s) velocity regions. The input parameters for the different sets of simulations are shown in Table 1. Maximum performance is found when STAGG runs with optimized conditions; however, running it in non-optimized (de-tuned) conditions is also useful to achieve lower shock velocities, extending the operational range. Figure 7 shows ESTHER performance simulation for Earth’s (N2-O2) atmosphere. The envelope is drawn using the lowest and highest velocity points of each simulation group.





2.3. Optical Spectroscopy Specifications and Requirements


Section 2.1 provides us with the operational conditions, pre-shock pressure and target speed, for our setup, and more specifically, Figure 5 provides us with the specific wavelengths of interest for the different gas mixtures considered in the testing. However, the wavelength alone is not sufficient for the specification of the equipment, as one needs to consider as well the shock speeds. These will define the acquisition time, and in turn, the temporal/spatial resolution of the system. The design of the trigger system and of the fast spectroscopy electronics is also influenced by the shock wave speed; the total time should be about 20 μs at worst (for maximum operational speeds).



Another two important parameters are the spectroscopic resolution and the sensitivity of the system. In terms of the spectroscopic resolution, typical spectroscopic systems which work in monochromator mode try to target the best possible resolution, as they are typically deployed in steady-state experiments, where the wavelength can be slowly scanned and acquisitions (either via a photomultiplier or an intensified camera) can be tailored to be long enough so that a good signal-to-noise ratio is achieved. An example for such a setup is described in Ref. [66]. In the case of a shock tube facility, we are collecting light trailing a moving shock wave for a few μs in an experiment that is typically one or few hours in the making. Not only is a spectrograph setup (imaging the full spectral window in one sweep) mandatory, but one needs to ensure that the maximum amount of light is collected during the passage of the shock wave. Therefore, there is a need to ensure that the setup collects the maximum possible amount of light, as well as a need to tailor the spectral window. For the latter, higher spectral resolutions yield lower spectral windows and vice versa. The spectral resolution is determined by the gratings installed in the spectrograph, which can be exchanged. The separation of different wavelengths is called the angular dispersion  D  and can be computed as the derivative of the reflection angle   θ m   with respect to the wavelength  λ :


  D =   d  θ m    d λ   =  k  a cos  θ m     ,  



(6)




where a is the groove distance in the grating (inverse of the groove density). The reflection angles in Equation (6) can be calculated by


  a ( sin  θ i  + sin  θ m  ) = k λ  ,  



(7)




where k is the order of diffraction (1, 2, …). For a set of a and   θ  i , m   , multiple  λ  satisfy Equation (7). The lowest-order solution,   k = 1  , corresponds to the longer wavelength   λ 1  , with higher order solutions corresponding to    λ k  =  λ 1  / k  . The dispersion of the wavelength at the spectrograph focal plane with focal distance f is computed through


    d y   d λ   = f D =   f k   a cos  θ m     .  



(8)







A first-order Littrow blaze can be applied to the diffraction grating. It increases the intensity of the refraction order and wavelength of interest by curving the grating surface to direct the light at a preferred angle. These governing equations are useful for defining which gratings will be best suited in terms of apparatus function and spectral window.



Broadly speaking, three different spectral regions (each with its own peculiar characteristics) are identified:




	
The ultraviolet and vacuum ultraviolet regions where most of the radiation for high-speed entries should be emitted (see Figure 4). This region is bounded roughly between 120 nm (below which most windows become opaque) and 300 nm (where the visible region begins).



	
The near-UV to near-IR region in the 300–850 nm range, colloquially referred as the visible range, where many atomic and molecular systems are emissive for moderate entry speeds (see Figure 5).



	
The near-IR to mid-IR region (roughly in the 1–5 μm range) where rovibrational transitions between heteronuclear molecules, such as CO2, CO, and NO, are strongly emissive. Radiation is observed in this spectral range for low-speed entries in planetary atmospheres with such gases in their composition (mostly Mars, for which the large impact of IR CO2 radiation was recently assessed [19,67]).








Each of these three spectral regions requires its own setup. This means selecting an adequate spectrograph/camera combo. In terms of spectrographs and beyond the selection of appropriate gratings, one needs to account for the absorption of room air, which encompasses all the spectral ranges below roughly 200 nm, and specific bands in the IR (owing to the trace amounts of CO2 and water vapor). This means that a VUV setup needs to be held in vacuum, and an IR setup typically needs to be flushed in an inert non-IR absorbing gas, such as Nitrogen. The camera itself needs to be sensitive to the spectral range of interest. Intensified high-speed cameras (iCCD) encompass all the spectral ranges of interest of this work, whereas streak cameras are limited to the UV-VUV and visible ranges. Streak cameras have an advantage over iCCD cameras in the sense that the temporal variations of light intensity at an imaged point are translated to variation in image brightness along the streak direction. In contrast, iCCD cameras sample a line of points where the shock wave evolves over a given acquisition time, hence translating spatial points into time through the shock wave speed. These cameras are subject to motion blur, whereas streak cameras are not. Nonetheless, the deployment of the latter for higher speeds is more arduous. Whereas IR is the only spectral region where streak cameras do not exist, the shock waves are slower and therefore the issue of motion blur is less critical.



The optimal setup selection is therefore schematized in Figure 8. The detailed specifications and requirements for these equipment, as defined by ESA, are presented in Table 2 and can now be discussed in detail. Note that no specifications and requirements have been defined in the visible region, as the optical setup from the previous TCM2 shock tube is reused.



These specifications and requirements were defined taking into consideration the generic characteristics for spectroscopic setups in their spectral regions. These are understood to be adjustable for a shock tube configuration. In terms of spectral range, resolution and accuracy, most of the commercially available spectrograph equipment are compliant to the specified parameters. In turn, most of the streak and iCCD cameras are capable of achieving integration times lower than 1 μs. The specification of the signal-to-noise ratio will be more experimentally dependent on the amount of radiation emitted by the shocked flow, which then will drive the requirements to minimize stray light and general noise from the acquisition system.



With this said, the assembly and deployment of a setup for detecting short bursts of light typical of shock tube experiments entail a certain number of restrictions, which immediately narrow down the range of compliance to the specifications and requirements of Table 2. Among others, one needs to account for window transmissivity; spectral response, range and sensitivity of the streak/iCCD camera photocathode/CMOS sensor, respectively; bit-rate for the high-speed electronics of the cameras; and availability of fiber optics to connect the spectrograph to the shock tube optical windows. All these narrowed-down specifications and requirements are discussed in detail in Section 3 (taking into account the spectral region, either UV-VUV or IR), except for the window transmissivity, which is discussed here.



VUV light is easily absorbed by gas molecules, and most optical materials, such as quartz or glass. This mandates the VUV system be held in vacuum to prevent the collected light from being absorbed by oxygen and nitrogen molecules. Using an optical fiber cable is also not possible as these have strong attenuation below 300 nm. Alongside, the optical window material should be as transparent as possible in the 100–300 nm range. Figure 9 and Table 3 show the optical transmissivity of different materials in the VUV region. Usually, VUV windows are made of Lithium Fluorite (LiF) or Magnesium Fluorite (MgF2); however, these materials cannot handle the force of the passing shock wave and will break after two or three experimental runs. For this reason, VUV-graded sapphire was the material chosen for the windows of the spectroscopy system. Regarding the NIR-MWIR spectral region, all the aforementioned optical windows materials are essentially transparent up to 4–5 μm, and there is the additional advantage that infrared optical fibers are available to “transport” the light signal from the shock tube to the spectrometer. These have low attenuation in the infrared region [68] and do not require vacuum like the VUV wavelengths.




2.4. Microwave Interferometery Specifications & Requirements


Interferometry is an adequate technique for electron density diagnostics in shock tubes since these lack any radial profile (in other words, the shock wave front moves as a “disk” over the tube). Other than a small test campaign carried out at the Moscow Institute of Physics and Technology [41,64,77,78], in the scope of an ESA contract, there are no further direct electron density measurements in hypersonic shock tube facilities using this technique to the authors knowledge. Most plasma interferometry measurements were performed in combustion shock tubes [79] or to measure ionization rates [80]. Interferometry is a common diagnostic in plasma plumes, namely Hall thrusters, because of its non-invasive nature. Examples of this diagnostic include measurements made in Xenon [81,82,83,84,85], and Hydrogen [86]. A recent review on the applicability of this technique for atmospheric entry applications is provided in [26].



The plasma cut-off frequency   f  p e    is the minimum value at which an electromagnetic wave can propagate in a plasma. It relates to the critical electron density   n  e , p    via Equation (9) [43], where   ε 0  , e and   m e   are the vacuum permittivity, the electron charge and mass, respectively:


   f  p e   =   ω p   2 π   =  1  2 π       n  e , p    e 2     m e   ε 0      .  



(9)







The cut-off frequency is a key parameter to design any microwave diagnostic. In microwave reflectometry, commonly used in fusion reactors [43,87], the electron density profile is diagnosed using a radar-like technique with microwaves. A probing signal is emitted to the plasma, where it propagates until a layer with   n e   equal to the critical value   n  e , p    is found, and is then reflected. The phase difference of the two signals relates to the time of flight of the probe signal and to the plasma refraction index. The latter is associated with the plasma density via the Altar–Appleton equation [88]. Microwave interferometry uses a similar principle to reflectometry; however, the probing signal must completely transverse the plasma. The phase gained by the signal compared to the reference will relate to the average electron density of the plasma. To create a spatial plasma profile, the signal must be de-convoluted via Abel-inversion (“onion-peel”) techniques. Both techniques can work monostatically with one antenna for wave emission and reception, or bistatically with one antenna dedicated for emission and another for reception. More details on the specifics for this technique may be found in Ref. [89].



The functional requirements of an interferometer mandate that it should be compact and self-sufficient so it can be assembled and tested in different facilities with ease. Namely, its antennas, emitting and receiving, must be compatible with ESTHER optical plug windows (diameter 10 mm). Its working frequency (f) must be sufficiently high to traverse the plasma without reflecting back, and gain a phase delay [89] significantly large to be detected. The phase shift is given by Equation (10), where D is the plasma thickness, and   ω p   and  ω  are the plasma oscillation and probing angular wave frequencies, respectively:


  Δ ϕ =   2 π  λ   ∫  0  D   ( 1 − μ )  d l =   2 π  λ   ∫  0  D   1 −   1 −  ω p 2  /  ω 2     d l  .  



(10)







Using Equation (9),   λ = c / f  , and (  ω ≫  ω p   ), Equation (10) can be simplified into


  Δ ϕ ≃   e 2   4 π c  m e   ε 0  f    ∫  0  D   n e  d l =   e 2   4 π c  m e   ε 0        n e  ¯  D  f   ,  



(11)




where    n e  ¯   is the average electron density over the plasma path. This integrated value is a very good approximation to shock tube measurements, as the plasma can be approximated to a disk whose properties change only in the longitudinal direction. Optimally, the working frequency should be high enough to transverse the plasma and guarantee   D / λ > 3  . However, if it is too high (small  λ ), the phase gained may be too small and too difficult to measure. Alongside working as a interferometer, the base equipment base should be convertible to a reflectometer to be mounted on a small spacecraft.



Since not much experimental data are available for direct electron density measurements, a set of CFD (Computational Fluid Dynamics) simulations was performed to estimate the required range for the diagnostics equipment. Shock wave conditions were estimated through the chemical reactive CFD code SPARK (Software Package for Aerothermodynamics, Radiation and Kinetics) [90]. The code is capable of computing the chemical composition behind the shock wave and its respective electron density and emission radiation. A total of six simulation runs were carried out in 1D (post-shock relaxation) conditions. Table 4 shows the CFD simulations initial conditions and references for the chemical–kinetic reactions schemes, as well as for the chosen velocity and pressure conditions. The representative cases are a sample return mission to Earth, and the ExoMars, Huygens and Galileo missions to Mars, Titan and Jupiter, respectively. Simulation conditions for Neptune and Venus were taken from trajectory calculations. The electron densities for these cases are depicted in Figure 10, where the electron density can reach values of   4 ×  10 23    electrons/m3 for the case of a Venusian entry. The typical electron density profile has a sharp rise right after the shock front, followed by a slower decay until chemical equilibrium is achieved.



As a side note, one needs to point out that Stark broadening measurements of the H- α  and H- β  lines provide an interesting technique for electron density analysis [24,25]. This may be considered a non-intrusive diagnostic to some extent, as a small percentage of the flow is replaced with Hydrogen (~  0.1 %  ). The Hydrogen atom  α  line at 656 nm and Balmer  β  line at 486 nm then typically become visible without significantly perturbing the overall spectrum. The observed lines may then be fitted to a Lorentzian curve with all other individual broadening contributions, van der Waals collisional, Doppler and instrument, accounted for. The FWHM (full width at half maximum) for the emission peak may then be compared to tabulated values, such as the ones found in [97], which give an estimation of the electron density. As a caveat, we note that the addition of (even small) quantities of H into the flow may affect wall desorption and slightly alter the flow properties; however, this effect should be relatively limited as shown by Cruden [24].





3. Results and Discussion


The specifications and requirements, as defined in the previous section, led to the final setup for ESTHER’s optical spectroscopy setup, which is now discussed in detail:




	
A UV-VUV spectroscopy setup covering the 120–350 nm range;



	
A visible spectroscopy setup covering the 350–850 nm range;



	
A MWIR spectroscopy setup covering the 1–5 μm range.








Here, the spectral regions are bounded by the window transmissivity and grating efficiency of the UV-VUV setup, the streak camera input optics and photocathode sensitivity of the visible setup, and the optical fiber transmissivity of the MWIR setup. For each of these, appropriate blazed gratings are selected, which ideally maximize throughput on a specific wavelength of interest, while maintaining enough transmission efficiency over the whole spectral window. Lastly, finer/coarser gratings are selected to maximize spectral resolution/range over a single measurement, respectively.



In addition to the spectroscopy setups, an interferometer with a 2–18 GHz back end, and a 70.8–112.8 GHz front end was developed for the time-dependent measurement of electron densities. These four setups are discussed in detail in this section.



3.1. UV-VUV Spectroscopy Setup Design and Acceptance Testing


The selected equipment for UV-VUV spectroscopy setup is a McPherson Model 234/302 with an   f / 4.5   aperture and 200 mm focal length, coupled to a UV-VUV-customized Hamamatsu Streak Camera M10913-11, acceptance tested in November 2019. The use of a streak camera presents advantages over a simple iCCD camera. The most relevant is that the signal becomes time resolved since the streak camera creates a time discrimination of the received light. However, increasing the number of elements on the optical path reduces the signal-to-noise ratio. Streak cameras are based on the photoelectric effect, thus they do not work with low energy photons, namely in the infrared region. Therefore, any infrared spectroscopy instrumentation cannot make use of a streak camera.



Figure 11 shows the overall assembly of UV-VUV spectroscopy system and a detailed view of the optical plug, which connects the test section to the UV-VUV spectrometer. The design maximizes the collected light via a 12° light cone throughout the optical path. An optical plug with a VUV graded sapphire window is held in place and vacuum sealed using one viton O-ring, and is connected to a collection optics box by flexible bellows (which allows connecting the shock tube, standing over a seismic slab, to the optics table standing in the experimental hall floor). The optics box is comprised of two mirrors, which collect and focus all the light cone into the spectrograph, hence maximizing the signal throughput. The spectrograph is in turn connected to the streak camera optical relay, which focuses the light into the photocathode that converts the photons into electrons, and deflects them using a saw-tooth signal. The streak camera is coupled to an iCCD camera (model ORCA-Flash4.0 C13440-20CU), which records the final time- and wavelength-dependent signal. Figure 12 depicts a photograph of the UV-VUV spectroscopy setup.



The spectrograph was equipped with two different diffraction gratings of 600 and 1200 g/mm blazed at 150 nm, ensuring an adequate throughput in the 120–350 nm spectral range. Validation tests for the setup were conducted with a mercury vapor lamp and a laser impulse generator. First, the equipment was calibrated with the 1200 g/mm grating using the Hg 253.65 nm line. The center pixel is located at number 628, with a total range of 782 pixels. Using the 1200 g/mm grating, a spectral range of 10 nm can be observed by the streak camera. The spectral dispersion is 10 nm/782 pixels = 0.0128 nm/pixel. The line FWHM at three different points of the photocathode was computed directly by the streak camera computer program to determine the wavelength resolution. Using the coarse grating, the center location was found to be pixel 618. The spectral range is now doubled to 20 nm with 803 pixels, thus giving a spectral dispersion of 20 nm/803 pixel = 0.0249 nm/pixel. The wavelength resolution values are presented in Table 5, and an example for the 1200 g/mm grating is depicted in Figure 13 (top).



The accuracy and reproducibility were tested by measuring the peak 10 times while sweeping the camera spectral center position. The average center position was found to be at 632.5 ± 4.5 pixels. Lastly, the signal-to-noise ratio was evaluated by the ratio between the peak intensity (513.79) to the noise standard deviation (0.15), yielding a signal-to-noise ratio 513.79/0.15 ≃ 3400. The test values for reproducibility and signal-to-noise are depicted in Figure 13 in the middle and bottom, respectively. The results from the UV-VUV acceptance campaign were in conformity with the requirements. However, the temporary unavailability of the vacuum pumps prevented testing the equipment with the deuteurium line at 110 nm or the mercury line at 237.83 nm. The streak camera sampling rate was tested with a picosecond laser. Table 6 presents the outline of the UV-VUV acceptance campaign.




3.2. Visible Spectroscopy Setup Description


The visible spectroscopy setup used here was recovered from the previous TCM2 shock tube facility in Marseille, France, and is only be briefly outlined here (see Figure 14). The setup was used previously in a series of spectroscopic studies at the aforementioned facility [5,7,16,98]. It is comprised of a 0.64 m focal length Czerny–Turner Jobin–Yvon HR640 spectrograph   f / 5.2   using the following gratings: two low-resolution large-window 600 and 1200 g/mm gratings blazed at 500 nm, and two high-resolution narrow-window 2400 and 3000 g/mm gratings blazed at 330 nm, and at the 250–550 nm region, respectively. The spectrograph is coupled to a visible-range Hammamatsu streak camera comprised of a M1953 slow speed streak sweep unit and a universal temporal disperser C1587. The streak tube is the YD2369/N1643-01 with spectral range 200–850 nm and input optics model A1975 with spectral range 350–850 nm. A CCD camera (Hamamatsu C4880) is used to record the spectral-time images.




3.3. MWIR Spectroscopy Setup Design


The infrared spectroscopy setup is currently in its late definition phase. The preselection of its main components is being carried out, namely, an optical fiber cable transparent in the MWIR, a spectrograph tailored for this spectral region, and a fast IR iCCD camera. The possibility for using an optical fiber cable connected to the shock tube allows for significantly more flexibility in the setup, compared to the UV-VUV system, which requires a bulky, vacuum-purged physical connection between the shock tube and the spectroscopy setup. Figure 15 depicts the optical plug scheme of the aforementioned setup. The optical fiber (4) is tightened to a part (3), which compresses the copper rings and seal the optical window (2), and it is connected on the other end to the spectrometer and the high-speed camera. This design is inspired by the shock detection system of the X2 facility at the University of Queensland, where the optical fiber is connected to a photodetector [99].



Table 7 shows the pre-selected equipment for the infrared spectroscopy setup. Optical fiber cables can either be single or multimode. The former has a higher peak transmittance but a narrow window, while the latter has a lower peak transmittance but broader transmission band. A large core-diameter fiber is also desirable to augment the collected light and provide an adequate signal-to-noise ratio. However, it may distort the signal over time due to possible differences in the travel distance between two photons. All the fiber patches are to be mounted with a ferrule connector on both the spectrograph and shock tube sides. Due to our broad spectral window, the chosen fiber must be a multimode one. For this case, indium fluorite core fibers have a slightly broader transmission band when compared to zirconium fluorite (ZrF   4  ), despite the latter better transmissivity of the latter in the 2 to 3.6 μm region [68]. Both Thorlabs and Le Verre Fluoré propose fibers made of indium trifluoride (InF   3  ), which presents good transmittance in the 1 to 5 μm region. The CIR fiber from Art Photonics has a well in the transmittance near 4 μm, and thus the overall signal-to-noise ratio would be lower than for the InF   3   fibers. The selected optical fiber is thus a multimode indium fluorite (InF   3  ) with a 200 μm core and 2 m of length.



Similarly to the UV-VUV and visible setups, an imaging spectrograph is needed. Table 8 presents popular equipment capable of working in the IR region. These are essentially spectrographs similar to the ones used in the visible range, except they have the possibility of being vacuumed or flushed with inert/dry gases, hence avoiding room air absorption from CO2/H2O traces. Longer focal length spectrographs yield larger wavelength separations; however, the spectral window narrows down accordingly. Additionally, wavelength resolution, accuracy, and window will naturally also depend on the selected grating.



The selected imaging spectrograph is a McPherson 2035 equipped with two different diffraction gratings. A finer one with 300 g/mm is blazed at 2.5 μm for higher resolution, and a coarse one with 17.5 μm is blazed at 4.2 μm for a larger spectral window. The setup characteristics for coarse, broadband measurements are very close to the ones of the EAST shock tube at NASA Ames, which provided good-quality data for CO   2   shocked flows in this spectral region for Venus and Mars atmospheric entries [100]. For the high-resolution grating, the specifications were taken considering an optimized spectral region where CO and CO   2   bands may be observed with little interference. The 2–3 μm region is attractive for this purpose as shown by a spectral simulation for the equilibrium radiation of CO and CO   2   at 3000 K equilibrium temperature, with an apparatus function of 0.2 nm, carried out with the SPARK Line-by-Line code [39,40]. Figure 16 shows the spectral features for these bands. CO rotational bands should be well defined and easy to probe in the 2.3–2.6 μm region, whereas CO   2   bands would be prominent in the 2.65–2.9 μm region. The rotational features, allowing determining characteristic temperatures, are evident (see details in Figure 16).



Finally, a group of infrared cameras was also pre-selected for the setup. Table 9 lists the various cameras identified together with the corresponding specifications. A low minimum integration time is desired to avoid excessive smearing of the image in the iCCD since, as previously discussed in Section 2.3, a temporal discrimination of the infrared signal cannot be performed with a streak camera. A short integration time results in minimal smearing of the moving radiation signal; however, short integration times decrease the signal-to-noise ratio. Due to the fast-moving shock wave (up to 6 km/s), a 1 μs integration time is equivalent to a spatial smear of 6 mm in the worst-case scenario. Higher-resolution cameras have more pixels, allowing for a higher spectral resolution without sacrificing the width of the spectral window. Similarly, a higher temporal/spatial resolution can be achieved by increasing the pixel density. A characteristic that is not relevant for our experiment is the acquisition speed/full frame rate. The full frame rate of a fast iCCD camera is limited by the bandwidth of the camera electronics, not by the CCD sensor itself. Faster frame rates may be achieved at the cost of trimming pixels of the camera sensor, thus taking pictures with lower resolution. However, due to the nature of the shock tube experiments, only the first frame is relevant, as it captures the whole useful run time up to the contact wave, and therefore, this is not a concern for our application.



The spectral cameras of interest exhibit similar characteristics, with the cost driven primarily by the capability of the equipment electronics to achieve high-resolution, high-frequency frame rates. Since this is of no concern for our application, the final selection criteria will be likely driven by equipment cost.




3.4. Microwave Interferometry


As discussed in Section 2.4 and shown in Figure 10, the working frequency of a microwave diagnostic will depend on the electron densities of interest. These can fall into the microwave (3–30 GHz), the millimeter-wave (30–300 GHz), or the sub-millimeter-wave (>300 GHz) region. Accordingly, an interferometry system needs to be flexible to encompass several frequency-band segments and switch among them to scan a specific range, or alternatively, it may consist of a stack-up of simpler instruments running in parallel. This latter approach allows the development of very compact instruments and does not limit future extensions of the bands to cover. A bespoke equipment [26], depicted in Figure 17, was developed according to this design philosophy, which is composed of two sections: a back-end signal generator and a front-end frequency multiplier and antenna assembly.



The back end is a complete, digitally controlled, signal-swept generator operating at a convenient microwave frequency range, such as 8–12 GHz or 12–18 GHz (or 10–20 GHz). The fast-swept signal is generated inside the back end by ramping the control voltage of a VCO (voltage controlled oscillator). There are several VCOs available that cover a variety of frequency ranges, but none of them, without exception, exhibit a linear relation of control voltage versus frequency. Therefore, the proper sweep of a specific frequency range requires pre-distorted voltage ramps to obtain a linearized frequency sweep at the output. This is achieved by a digital arbitrary waveform generator, which is integrated in the back end. Additionally, to allow the easy control of several units, each back-end unit is controlled/configured over a TCP/IP connection.



The front end comprises an active frequency multiplier, which produces the actual frequency range that probes the plasma, the antenna and signal detection device, which interface the plasma, and either a mixer or a single-end detector. We chose to multiply the back-end frequencies by 6 since this brings us to the 70.8–112.8 GHz frequencies (NATO W bands). The choice for this specific front-end was driven by the legacy of the successful application of this sampling technique in the VUT-1 shock tube [26] for low-ionization shocked flows. Selecting higher frequencies might be more appropriate for typical atmospheric entry conditions (see Figure 10), as the 70.8–112.8 GHz band is likely to be below the cutoff frequency of most shocked flows of interest. On the other hand, front-end developments for higher frequencies incur steeply increasing costs. Moreover, these high-frequency front ends are more difficult to test with steady-state plasma sources since very-high-density plasmas are required. The development of higher-frequency front ends is therefore contingent on the results obtained using the selected frequency band. We note that this equipment could also be considered for probing integrated electronic densities in steady-state plasma wind tunnels. Here, the issue lies in our probing frequencies being significantly above the plasma cutoff frequency, for which the measurements of the phase shift (see Equation (10)) will be less accurate (with phase shifts of a few degrees at most). To offset this issue, a lower-frequency front end working in the 4–18 GHz range (essentially with no frequency multiplication) is under development.



With this architectural choice, a standard compact back end that may connect to different front-end units will enable quick instrument re-configuration to probe different plasma scenarios. Ultimately, several back-end units, along with corresponding front ends, may be run in parallel for probing vaster plasma density regions, simultaneously. This type of modular design shares the hardware components with a reflectometer and can be modified into one if needed.




3.5. Proof-of-Concept Application to a Steady-State Plasma Source


A fluorescent lamp was used as a plasma source for demonstrating the interferometry concept. The lamp was placed between the emitter/receptor antennas and a metallic plate, where the electromagnetic waves are reflected. With the lamp in the off position, the received signal has a given phase corresponding to the path that the electromagnetic wave travels over the air and inside the lamp, then back inside the lamp and the air upon bouncing on the metallic plate. Once the lamp is turned on, the electromagnetic wave is further delayed, owing to the presence of free electrons inside the lamp, leading to a phase shift in the signal, according to Equation (10). The setup is shown in Figure 18. Data acquisition is performed using a digital oscilloscope.



The signal frequency was set to 70.8 GHz, corresponding to a wavelength of 4.24 mm. The plasma thickness D inside the lamp tube was calculated, taking the tube diameter   D  t u b e    and subtracting its thickness   t  t u b e   . Since the microwave crosses N lamp tubes, the result was multiplied by the 2 × N to account for the reflection at the metallic wall and round trip as shown in Equation (12):


  D = 2 N   D  t u b e   − 2 ×  t  t u b e    = 2 × 4 ×  11.4 − 2 × 1.4  = 68.8  mm .  



(12)







To convert the voltage signal into an angular phase signal, first the full amplitude (2 π  rad) of the phase signal needs to be known. This is estimated by performing a frequency sweep on the setup and measuring the full amplitude of the signal, yielding   2 π   rad  ≡ 670   mV.



Figure 19 shows the phase difference in relation to base value and the corresponding average electron density. At   t ≈ − 0.02   s, the lamp is turned on, leading to a sharp rise in the voltage signal, and turned off at   t ≈ 0.42   s. Once the lamp is turned on, the plasma density starts to increase until a steady state is reached at   t ≈ 0.1   s. During lamp operation, an oscillation of the signal is present, which corresponds to the electric grid outlet frequency of 50 Hz.



Computing the phase difference in radians, and then applying Equation (11), since we verify the condition   D / λ > 3  , we obtain an average electron density of   1.2 ×  10 17    m    − 3   . The results are on the same order of magnitude as the ones observed by Liu in [101], where the author performed a similar experiment to measure the influence of electric frequency on the electron density of the fluorescent lamps.



This simplified experiment highlights the simplicity and flexibility of this non-intrusive technique for measuring plasma electron densities. The tested configuration with the emitting and receiving antenna placed side by side allow for seamless use of the equipment in any arbitrary plasma source, provided it has two facing windows with the front end placed in front of one and a metallic plate placed in front of the other. Obviously, this requires that a careful alignment is performed to ensure that the electromagnetic waves are properly reflected in the metallic plate and not elsewhere. An alternative would be to decouple the receiving antenna, which would be placed facing the emitting one; however, this requires a bespoke configuration adapted for each plasma source (a specific configuration of this type will be used for measurements in ESTHER). Another limitation is that a plasma source needs to have a size of the same order of magnitude or bigger than the horn antennas to ensure that most of the emitted electromagnetic waves effectively cross the plasma. Lastly, the range of frequencies preferentially needs to be “compatible” with the application as discussed in Section 2.4. The frequency should be higher than the plasma cutoff frequency, as otherwise the wave will not propagate, yet it should not be so high that the phase shift becomes as small as the background noise. With this said, this small experiment shows that reasonable measurements of plasma densities may still be achieved with just a few degrees of phase shift.



Microwave electron density measurements may be cross checked with other techniques, specifically Stark broadening, which is the only other diagnostic which may be straightforwardly applied to shock tubes. To properly assess the applicability range of Stark-broadening techniques, two 1D shock wave simulations were ran, yielding the chemical conditions behind the shock wave for a high-ionization case (Jupiter entry) and a low-ionization case (Mars entry). The broadening of the H- α  line was then computed from the post-shock conditions for peak electron density. Table 10 presents the expected broadening of the H- α  spectral line caused by different broadening mechanisms. A more detailed description of these is found in [20,39,40]. The total spectral broadening may be modeled as a convolution of the Lorentzian and the Doppler broadening. For the Jupiter entry case, the high entry velocity leads to a post-shock temperature in the vicinity of 42,000 K, and a corresponding electron density of about 1.40   ×   10 21    electron/m   3  . In the case of a Mars entry, the peak electron density is 1.74   ×   10 17    electrons/m   3   at a temperature of around 3200 K. In the former case, the Lorentz component of the broadening is dominated by the Stark effect, whereas in the latter, the collisional term is dominant. As expected, for lower ionization flows, the Stark line broadening effects are not dominant, meaning interferometry measurements are more advantageous. For highly ionized flows, where the plasma cutoff frequencies require THz-rated diagnostics, Stark-broadening techniques might be more straightforward.





4. Conclusions


High-speed events, such as planetary entry shock waves, are very challenging to examine in shock tube facilities, owing to their very short timescales (in the order of the μs), hence mandating the deployment of fast diagnostic techniques. ESTHER is a new state-of-the-art facility designed to reproduce and characterize high-speed entry flows (>10 km/s) by means of spectroscopy and microwave interferometry. The importance of examining the different spectral regions lies in characterizing the physical and chemical processes governing the behavior of the entry plasmas to perfect the numerical models. The instrumentation setups of ESTHER for each of the spectral regions of UV-VUV, visible and NIR/MWIR are discussed. Following a successful application of this concept in the older VUT-1 shock tube, a microwave interferometry setup was developed to enable time-resolved electron-density measurements in ESTHER. An initial proof-of-concept test was conducted, and its results show good agreement with the bibliography review.



As ESTHER is now finally coming to its first operational tests, after a long-winded development cycle of about a decade, it is expected that the array of diagnostics described here will act as an enabler for high-level science and technology obtained in the facility (and other analogues), allowing to shed light on one of the final frontiers of fluid mechanics: aerothermodynamics.
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The following abbreviations are used in this manuscript:



	CFD
	Computational Fluid Dynamics



	EAST
	Electric Arc Shock Tube



	ESA
	European Space Agency



	ESTHER
	European Shock Tube for High Enthalpy Research



	FWHM
	Full Width at Half Maximum



	HVST
	Hyper Velocity Shock Tube



	iCCD
	Intensified Charge Coupled Device



	IPFN
	Instituto de Plasmas e Fusão Nuclear



	IST
	Instituto Superior Técnico



	MWIR
	Mid-Wavelength Infrared



	NETD
	Noise Equivalent Temperature Different



	NIR
	Near Infrared



	SPARK
	Software Package for Aerothermodynamics Radiation and Kinetics



	STAGG
	Shock Tube And Gas Gun



	UV
	Ultraviolet



	VCO
	Voltage Controlled Oscillator



	VUV
	Vacuum Ultraviolet









References


	



Johnston, C.O. Evaluating Shock-Tube Informed Biases for Shock-Layer Radiative Heating Simulations. J. Thermophys. Heat Transf. 2021, 35, 349–361. [Google Scholar] [CrossRef]

	



Łukasiewicz, J. Experimental Methods of Hypersonics; Gasdynamics Series; Marcel Dekker Incorporated: New York, NY, USA, 1973; Volume 3. [Google Scholar]

	



Delahais, M.; Nerault, M. The Hermes system: Programme status and technology aspects. Acta Astronaut. 1991, 25, 11–22. [Google Scholar] [CrossRef]

	



Hannemann, K. High Enthalpy Flows in the HEG Shock Tunnel: Experiment and Numerical Rebuilding (Invited). In Proceedings of the 41st Aerospace Sciences Meeting and Exhibit, Reno, NV, USA, 6–9 January 2003; pp. 1–18. [Google Scholar] [CrossRef]

	



Rond, C.; Boubert, P.; Félio, J.M.; Chikhaoui, A. Nonequilibrium radiation behind a strong shock wave in CO2–N2. Chem. Phys. 2007, 340, 93–104. [Google Scholar] [CrossRef]

	



Ramjaun, D.; Dumitrescu, M.; Brun, R. Kinetics of Free Radicals Behind Strong Shock Waves. J. Thermophys. Heat Transf. 1999, 13, 219–225. [Google Scholar] [CrossRef]

	



Rond, C.; Boubert, P.; Félio, J.M.; Chikhaoui, A. Radiation Measurements in a Shock Tube for Titan Mixtures. J. Thermophys. Heat Transf. 2007, 21, 638–646. [Google Scholar] [CrossRef]

	



Herdrich, G.; Fertig, M.; Lohle, S. Experimental Simulation of High Enthalpy Planetary Entries. Open Plasma Phys. J. 2009, 2, 150–164. [Google Scholar] [CrossRef]

	



Ramjaun, D. Cinétique des Radicaux Libres à L’aval D’ondes de Choc dans des Atmosphères Planétaires: Expérimentation en Tube à Choc. Ph.D. Thesis, Université de Provence Marseille, Marseille, France, 1998. [Google Scholar]

	



Boubert, P.; Rond, C. Nonequilibrium Radiation in Shocked Martian Mixtures. J. Thermophys. Heat Transf. 2010, 24, 40–49. [Google Scholar] [CrossRef]

	



Brandis, A. Experimental Study and Modelling of Non-Equilibrium Radiation During Titan and Martian Entry. Ph.D. Thesis, The University of Queensland, Brisbane, Australia, 2009. [Google Scholar]

	



Desai, P.N.; Lyons, D.T.; Tooley, J.; Kangas, J. Entry, Descent, and Landing Operations Analysis for the Stardust Entry Capsule. J. Spacecr. Rocket. 2008, 45, 1262–1268. [Google Scholar] [CrossRef]

	



Lino da Silva, M.; Chikhaoui, A.; Smith, A.; Dudeck, M. Performance Design and Development of the New European Shock-Tube Facility ESTHER; Ouwehand, L., Ed.; ESA Special Publication; ESA: Noordwijk, The Netherlands, 2012; Volume 714, p. 20. [Google Scholar]

	



Lino da Silva, M.; Brotas de Carvalho, B.; Smith, A.; Marraffa, L. High-pressure H2/He/O2 Combustion Experiments for the Design of the ESTHER Shock-tube Driver. In Proceedings of the 46th AIAA Thermophysics Conference, AIAA Aviation Forum, Washington, DC, USA, 13–17 June 2016; pp. 1–14. [Google Scholar] [CrossRef]

	



Lino da Silva, M.; Grosso Ferreira, R.; Rodrigues, R.; Alves, L.; Gonçalves, B.; Smith, A.; Merrifield, J.; Villace, V.; Marraffa, L. Qualification of the European Shock-Tube for High Enthalpy Research. In Proceedings of the AIAA Scitech 2020 Forum, Orlando, FL, USA, 6–10 January 2020. [Google Scholar] [CrossRef]

	



Rond, C.; Boubert, P.; Félio, J.M.; Chikhaoui, A. Studies of the radiative emission behind a shock wave in Titan like mixture on TCM2 shock tube. In Proceedings of the Radiation of High Temperature Gases in Atmospheric Entry, Rome, Italy, 6–8 September 2005; Volume 583, p. 33. [Google Scholar]

	



Brandis, A.M.; Johnston, C.O.; Cruden, B.A. Investigation of Non-equilibrium Radiation for Earth Entry. In Proceedings of the 46th AIAA Thermophysics Conference, American Institute of Aeronautics and Astronautics, Washington, DC, USA, 13–17 June 2016. [Google Scholar] [CrossRef]

	



Boubert, P.; Chaix, A.; Chikhaoui, A.; Robin, L.; Vervisch, P. Aerodynamic calibration of TCM2 facility and study of a bow shock layer by emission and laser spectroscopy. Shock Waves 2002, 11, 341–351. [Google Scholar] [CrossRef]

	



Lino da Silva, M.; Beck, J. Contribution of CO2 IR Radiation to Martian Entries Radiative Wall Fluxes. In Proceedings of the 49th AIAA Aerospace Sciences Meeting including the New Horizons Forum and Aerospace Exposition, American Institute of Aeronautics and Astronautics, Orlando, FL, USA, 4–7 January 2011. [Google Scholar] [CrossRef]

	



Lino da Silva, M. Simulation des Propriétés Radiatives du Plasma Entourant un Véhicule Traversant une Atmosphère Planétaire à Vitesse Hypersonique—Application à la Planète Mars. Ph.D. Thesis, Université d’Orléans, Orleans, France, 2004. [Google Scholar]

	



Santos Fernandes, L.; Lopez, B.; Lino da Silva, M. Computational fluid radiative dynamics of the Galileo Jupiter entry. Phys. Fluids 2019, 31, 106104. [Google Scholar] [CrossRef]

	



Kleb, B.; Johnston, C. Uncertainty analysis of air radiation for lunar return shock layers. In Proceedings of the AIAA Atmospheric Flight Mechanics Conference and Exhibit, Honolulu, HI, USA, 18–21 August 2008; p. 6388. [Google Scholar]

	



Grinstead, J.; Wilder, M.; Olejniczak, J.; Bogdanoff, D.; Allen, G.; Dang, K.; Forrest, M. Shock-heated air radiation measurements at lunar return conditions. In Proceedings of the 46th AIAA Aerospace Sciences Meeting and Exhibit, Reno, NV, USA, 7–10 January 2008; p. 1244. [Google Scholar]

	



Cruden, B.; Martinez, R.; Grinstead, J.; Olejniczak, J. Simultaneous vacuum-ultraviolet through near-IR absolute radiation measurement with spatiotemporal resolution in an electric arc shock tube. In Proceedings of the 41st AIAA Thermophysics Conference, San Antonio, TX, USA, 22–25 June 2009; p. 4240. [Google Scholar] [CrossRef]

	



Cruden, B.A. Electron density measurement in reentry shocks for lunar return. J. Thermophys. Heat Transf. 2012, 26, 222–230. [Google Scholar] [CrossRef]

	



Grosso Ferreira, R.; Vicente, J.; Silva, F.; Gonçalves, B.; Cupido, L.; Lino da Silva, M. Reflectometry diagnostics for atmospheric entry applications: State-of-the-art and new developments. CEAS Space J. 2023. [Google Scholar] [CrossRef]

	



Tauber, M.E. A review of high-speed, convective, heat-transfer computation methods. In Technical Report TP-2914; National Aeronautics and Space Administration, NASA Ames Research Center Moffett Field: Silicon Valley, CA, USA, 1989. [Google Scholar]

	



Tauber, M.E.; Sutton, K. Stagnation-point radiative heating relations for Earth and Mars entries. J. Spacecr. Rocket. 1991, 28, 40–42. [Google Scholar] [CrossRef]

	



Luís, D. Performance Design of Hypervelocity Shock Tube Facilities. Master’s Thesis, Instituto Superior Técnico, Lisbon, Portugal, 2018. [Google Scholar]

	



Anderson, J.D., Jr. Hypersonic and High Temperature Gas Dynamics; American Institute of Aeronautics & Astronautics: Reston, VA, USA, 2000. [Google Scholar]

	



Blundell, S.J.; Blundell, K.M. Concepts in Thermal Physics, 2nd ed.; Oxford University Press: London, UK, 2009. [Google Scholar]

	



Davis, D.; Braun, W. Intense vacuum ultraviolet atomic line sources. Appl. Opt. 1968, 7, 2071–2074. [Google Scholar] [CrossRef] [PubMed]

	



Bose, D.; Grinstead, J.H.; Bogdanoff, D.W.; Wright, M.J. Shock layer radiation measurements and analysis for mars entry. In Proceedings of the 3rd International Workshop on Radiation of High Temperature Gases in Atmospheric Entry, Heraklion, Greece, 30 September–3 October 2008. [Google Scholar]

	



Cruden, B.A.; Prabhu, D.; Martinez, R. Absolute radiation measurement in venus and mars entry conditions. J. Spacecr. Rocket. 2012, 49, 1069–1079. [Google Scholar] [CrossRef]

	



Cruden, B.A.; Bogdanoff, D.W. Shock radiation tests for Saturn and Uranus entry probes. J. Spacecr. Rocket. 2017, 54, 1246–1257. [Google Scholar] [CrossRef]

	



Coelho, J.; Lino da Silva, M. Aerothermodynamic analysis of Neptune ballistic entry and aerocapture flows. Adv. Space Res. 2023, 71, 3408–3432. [Google Scholar] [CrossRef]

	



Poloni, E.; Leiser, D.; Ravichandran, R.; Delahaie, S.; Hufgard, F.; Eberhart, M.; Grigat, F.; Sautière, Q.; Loehle, S. Emission Spectroscopy of Plasma Flows for Ice Giant Entry. In Proceedings of the 9th International Workshop on Radiation of High Temperature Gases for Space Missions, Santa Maria, Portugal, 12–16 September 2022. [Google Scholar]

	



Magin, T.E.; Caillault, L.; Bourdon, A.; Laux, C.O. Nonequilibrium radiative heat flux modeling for the Huygens entry probe. J. Geophys. Res. Planets 2006, 111, E7. [Google Scholar] [CrossRef]

	



Lino da Silva, M. The SPARK Line-by-Line Radiative Code, v.3.0. 2021. Available online: http://esther.ist.utl.pt/sparklbl/ (accessed on 24 February 2023).

	



Lino da Silva, M. An adaptive line-by-line—statistical model for fast and accurate spectral simulations in low-pressure plasmas. J. Quant. Spectrosc. Radiat. Transf. 2007, 108, 106–125. [Google Scholar] [CrossRef]

	



Bugel, M.; Reynier, P.; Smith, A. Survey of European and Major ISC Facilities for Supporting Mars and Sample Return Mission Aerothermodynamics and Tests Required for Thermal Protection System and Dynamic Stability. Int. J. Aerosp. Eng. 2011, 2011, 937629. [Google Scholar] [CrossRef]

	



Reynier, P. Survey of high-enthalpy shock facilities in the perspective of radiation and chemical kinetics investigations. Prog. Aerosp. Sci. 2016, 85, 1–32. [Google Scholar] [CrossRef]

	



Hutchinson, I.H. Principles of Plasma Diagnostics; Cambridge University Press: Cambridge, UK, 2002. [Google Scholar]

	



Sharma, S.P.; Park, C. Operating characteristics of a 60-and 10-cm electric arc-driven shock tube. I-The driver. II-The driven section. J. Thermophys. Heat Transf. 1990, 4, 259–265. [Google Scholar] [CrossRef]

	



Cruden, B.A. Absolute Radiation Measurements in Earth and Mars Entry Conditions. NATO RTO Lecture Series RTO-EN-AVT-218. 2014. Available online: https://ntrs.nasa.gov/citations/20140008609 (accessed on 5 May 2023).

	



Hermann, T.; Löhle, S.; Bauder, U.; Morgan, R.; Wei, H.; Fasoulas, S. Quantitative Emission Spectroscopy for Superorbital Reentry in Expansion Tube X2. J. Thermophys. Heat Transf. 2017, 31, 257–268. [Google Scholar] [CrossRef]

	



Sheikh, U.A.; Morgan, R.G.; McIntyre, T.J. Vacuum Ultraviolet Spectral Measurements for Superorbital Earth Entry in X2 Expansion Tube. AIAA J. 2015, 53, 3589–3602. [Google Scholar] [CrossRef]

	



Morgan, R.; McIntyre, T.; Buttsworth, D.; Jacobs, P.; Potter, D.; Brandis, A.; Gollan, R.; Jacobs, C.; Capra, B.; McGilvary, M.; et al. Shock and Expansion Tube Facilities For the Study of Radiating Flows; University of Queensland: Brisbane, Australia, 2008. [Google Scholar]

	



Yamada, G.; Suzuk, T.; Takayanagi, H.; Fujita, K. Development of Shock Tube for Ground Testing Reentry Aerothermodynamics. Trans. Jpn. Soc. Aeronaut. Space Sci. 2011, 54, 51–61. [Google Scholar] [CrossRef]

	



Lemal, A.; Nishimura, S.; Nomura, S.; Takayanagi, H.; Matsuyama, S.; Fujita, K. Analysis of VUV radiation measurements from high temperature air mixtures. In Proceedings of the 54th AIAA Aerospace Sciences Meeting, American Institute of Aeronautics and Astronautics, San Diego, CA, USA, 4–8 January 2016. [Google Scholar] [CrossRef]

	



Takayanagi, H.; Fujita, K. Absolute Radiation Measurements Behind Strong Shock Wave In Carbon Dioxide Flow for Mars Aerocapture Missions. In Proceedings of the 43rd AIAA Thermophysics Conference, American Institute of Aeronautics and Astronautics, New Orleans, LA, USA, 25–28 June 2012. [Google Scholar] [CrossRef]

	



Takayanagi, H.; Fujita, K. Infrared Radiation Measurement behind Shock Wave in Mars Simulant Gas for Aerocapture Missions. In Proceedings of the 44th AIAA Thermophysics Conference, American Institute of Aeronautics and Astronautics, San Diego, CA, USA, 24–27 June 2013. [Google Scholar] [CrossRef]

	



Takayanagi, H.; Nomura, S.; Fujita, K. Emission Intensity Measurements around Mars Entry Capsule with a Free-Piston-Driven Expansion Tube. In Proceedings of the 52nd Aerospace Sciences Meeting, American Institute of Aeronautics and Astronautics, National Harbor, MD, USA, 13–17 January 2014. [Google Scholar] [CrossRef]

	



Parker, R.; MacLean, M.; Dufrene, A.; Holden, M.; Desjardin, P.; Weisberger, J.; Levin, D. Emission Measurements from High Enthalpy Flow on a Cylinder in the LENS-XX Hypervelocity Expansion Tunnel. In Proceedings of the 51st AIAA Aerospace Sciences Meeting including the New Horizons Forum and Aerospace Exposition, American Institute of Aeronautics and Astronautics, Grapevine, TX, USA, 7–10 January 2013. [Google Scholar] [CrossRef]

	



McGilvray, M.; Doherty, L.J.; Morgan, R.G.; Gildfind, D.; Jacobs, P.; Ireland, P. T6: The Oxford University Stalker Tunnel. In Proceedings of the 20th AIAA International Space Planes and Hypersonic Systems and Technologies Conference, American Institute of Aeronautics and Astronautics, Glasgow, UK, 6–9 July 2015. [Google Scholar] [CrossRef]

	



Collen, P.; Doherty, L.J.; McGilvray, M. Measurements of radiating hypervelocity air shock layers in the T6 Free-Piston Driven Shock Tube. In Proceedings of the ESA Conference Bureau. ESA Conference Bureau, Louisville, KY, USA, 16 August 2019. [Google Scholar]

	



Oliveira, B. High-Pressure He/H2/O2 Mixtures Combustion on the ESTHER Driver: Experiment and Modeling. Master’s Thesis, Instituto Superior Técnico, Lisbon, Portugal, 2021. [Google Scholar]

	



Grosso Ferreira, R. Laser Ignition of a High-Pressure H2/He/O2 Combustible Mixture. Master’s Thesis, Instituto Superior Técnico, Lisbon, Portugal, 2017. [Google Scholar]

	



Grosso Ferreira, R.; Brotas Carvalho, B.; Rodrigues, J.; Rodrigues, R.; Smith, A.; Marraffa, L.; Lino da Silva, M. Unfocused laser ignition of high-pressure He-H2-O2 combustible mixtures. arXiv 2022, arXiv:2203.04278v1. [Google Scholar] [CrossRef]

	



Alpher, R.A.; White, D.R. Flow in shock tubes with area change at the diaphragm section. J. Fluid Mech. 1958, 3, 457. [Google Scholar] [CrossRef]

	



Walenta, Z.A. Optimization of the parameters of a double-diaphragm shock tube. Arch. Mech. Stosow. 1967, 19, 665–685. [Google Scholar]

	



Mirels, H. Test Time in Low-Pressure Shock Tubes. Phys. Fluids 1963, 6, 1201. [Google Scholar] [CrossRef]

	



Billet, S.J.; Smith, A.J. STAGG User Manual; Confidential and Property Product of Fluid Gravity Engineering Ltd.: St Andrews, UK, 2013. [Google Scholar]

	



Chikhaoui, A.; Lino da Silva, M.; Mota, S.; Resendes, D. Support during the MIPT Shock Tube Calibration; Technical Report; European Space Agency: Paris, France, 2008. [Google Scholar]

	



Grosso Ferreira, R.; Lino da Silva, M.; Brotas de Carvalho, B.; Rodrigues, R. High-pressure Combustion and Qualification of ESTHER Shock-tube Driver. In Proceedings of the 9th International Workshop on Radiation of High Temperature Gases for Space Missions, Santa Maria, Portugal, 12–16 September 2022. [Google Scholar]

	



Espinho, S.; Felizardo, E.; Tatarova, E.; Dias, F.M.; Ferreira, C.M. Vacuum ultraviolet emission from microwave Ar–H2 plasmas. Appl. Phys. Lett. 2013, 102, 114101. [Google Scholar] [CrossRef]

	



Vargas, J.; Lopez, B.; Lino da Silva, M. CDSDv: A compact database for the modeling of high-temperature CO2 radiation. J. Quant. Spectrosc. Radiat. Transf. 2020, 245, 106848. [Google Scholar] [CrossRef]

	



Thorlabs Inc. Multimode Fluoride Fiber Optic Patch Cables. Available online: https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=7840 (accessed on 10 December 2022).

	



Korth Kristalle GmbH. Our Materials. Available online: https://www.korth.de/en/materials (accessed on 10 December 2022).

	



Crystran Ltd. Optical Materials. Available online: https://www.crystran.co.uk/optical-materials/sapphire-al2o3 (accessed on 10 December 2022).

	



EKSMA Optics. Sapphire (Al2O3) Windows. Available online: https://eksmaoptics.com/optical-components/uv-and-ir-optics/sapphire-al2o3-windows/ (accessed on 10 December 2022).

	



eSource Optics. VUV-UV Optical Material Properties. Available online: https://www.esourceoptics.com/vuv_material_properties.html (accessed on 10 December 2022).

	



MPF Products, Inc. DUV Grade Sapphire Transmission Graph DUV (Laser Grade) Grade Sapphire Transmission Chart. Available online: https://mpfpi.com/duv-sapphire-transmission-chart/ (accessed on 10 December 2022).

	



Nikon Corporation. Optical Components & Materials. Available online: https://www.nikon.com/products/components/downloads/ (accessed on 10 December 2022).

	



Thorlabs Inc. Sapphire Windows. Available online: https://www.thorlabs.com/NewGroupPage9.cfm?ObjectGroup_ID=3982 (accessed on 10 December 2022).

	



Valley Design Corp. Sapphire Optical Properties and Sapphire Optical Transmission. Available online: https://valleydesign.com/sapppic.htm (accessed on 10 December 2022).

	



Beck, J. CFD Validation in a CO2 Environment: Synthesis Report; Technical Report, Fluid Gravity Report CR012/08; CFD: Emsworth, UK, 2008.

	



Anokhin, E.M. Physical and Chemical Relaxation Behind Strong Shock Waves in CO2-N2 Mixtures. Ph.D. Thesis, Moscow Institute of Physics and Technology (MIPT), Moscow, Russia, 2005. [Google Scholar]

	



Toujani, N.; Alquaity, A.B.S.; Farooq, A. Electron density measurements in shock tube using microwave interferometry. Rev. Sci. Instrum. 2019, 90, 054706. [Google Scholar] [CrossRef]

	



Schneider, K.P.; Park, C. Shock tube study of ionization rates of NaCl-contaminated argon. Phys. Fluids 1975, 18, 969. [Google Scholar] [CrossRef]

	



Ohler, S.; Gilchrist, B.; Gallimore, A. Microwave plume measurements of an SPT-100 using xenon and a laboratory model SPT using krypton. In Proceedings of the 31st Joint Propulsion Conference and Exhibit, American Institute of Aeronautics and Astronautics, San Diego, CA, USA, 10–12 July 1995. [Google Scholar] [CrossRef]

	



Ohler, S.; Gilchrist, B.E.; Gallimore, A. Microwave Plume Measurements of a Closed Drift Hall Thruster. J. Propuls. Power 1998, 14, 1016–1021. [Google Scholar] [CrossRef]

	



Cappelli, M.A.; Gascon, N.; Hargus, W.A. Millimetre wave plasma interferometry in the near field of a Hall plasma accelerator. J. Phys. Appl. Phys. 2006, 39, 4582–4588. [Google Scholar] [CrossRef]

	



Reed, G.; Hargus, W.; Cappelli, M. Microwave Interferometry (90 GHz) for Hall Thruster Plume Density Characterization. In Proceedings of the 41st AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit, American Institute of Aeronautics and Astronautics, Tucson, AZ, USA, 10–13 July 2005. [Google Scholar] [CrossRef]

	



Kuwabara, N.; Chono, M.; Yamamoto, N.; Kuwahara, D. Electron Density Measurement Inside a Hall Thruster Using Microwave Interferometry. J. Propuls. Power 2021, 37, 491–494. [Google Scholar] [CrossRef]

	



Ohler, S.G.; Gilchrist, B.E.; Gallimore, A.D. Nonintrusive electron number density measurements in the plume of a 1 kW arcjet using a modern microwave interferometer. IEEE Trans. Plasma Sci. 1995, 23, 428–435. [Google Scholar] [CrossRef]

	



Estrada, T.; Nagasaki, K.; Blanco, E.; Perez, G.; Tribaldos, V. Microwave Reflectometry Diagnostics: Present Day Systems and Challenges for Future Devices. Plasma Fusion Res. 2012, 7, 2502055. [Google Scholar] [CrossRef]

	



Bachynski, M.P. Electromagnetic wave penetration of reentry plasma sheaths. J. Res. Natl. Bur. Stand. Sect. Radio Sci. 1965, 69, 147. [Google Scholar] [CrossRef]

	



Tudisco, O.; Lucca Fabris, A.; Falcetta, C.; Accatino, L.; De Angelis, R.; Manente, M.; Ferri, F.; Florean, M.; Neri, C.; Mazzotta, C.; et al. A microwave interferometer for small and tenuous plasma density measurements. Rev. Sci. Instrum. 2013, 84, 033505. [Google Scholar] [CrossRef] [PubMed]

	



Lopez, B.; Lino Da Silva, M. SPARK: A Software Package for Aerodynamics, Radiation and Kinetics. In Proceedings of the 46th AIAA Thermophysics Conference, American Institute of Aeronautics and Astronautics, Washington, DC, USA, 13–17 June 2016. [Google Scholar] [CrossRef]

	



Park, C. A review of reaction rates in high temperature air. In Proceedings of the 24th AIAA Thermophysics Conference, American Institute of Aeronautics and Astronautics, Buffalo, NY, USA, 12–14 June 1989. [Google Scholar] [CrossRef]

	



Brandis, A.M.; Cruden, B.A. Benchmark Shock Tube Experiments of Radiative Heating Relevant to Earth Re-entry. In Proceedings of the 55th AIAA Aerospace Sciences Meeting, American Institute of Aeronautics and Astronautics, Grapevine, TX, USA, 9–13 January 2017. [Google Scholar] [CrossRef]

	



Gülhan, A.; Thiele, T.; Siebe, F.; Kronen, R.; Schleutker, T. Aerothermal Measurements from the ExoMars Schiaparelli Capsule Entry. J. Spacecr. Rocket. 2019, 56, 68–81. [Google Scholar] [CrossRef]

	



Marraffa, L.; Santovincenzo, A.; Roumeas, R.; Huot, J.P.; Scoon, G.; Smith, A. Aerothermodynamics aspects of Venus sample return mission. In Proceedings of the 3rd European Symposium on Aerothermodynamics for Space Vehicles, ESTEC, Noordwijk, The Netherlands, 24–26 November 1998; Volume 426, p. 139. [Google Scholar]

	



Lino da Silva, M.; Vargas, J. A Physically-Consistent Chemical Dataset for the Simulation of N2-CH4 Shocked Flows Up to T = 100,000 K. arXiv 2022, arXiv:2212.09911. [Google Scholar] [CrossRef]

	



Leibowitz, L.P.; Kuo, T.J. Ionizational Nonequilibrium Heating During Outer Planetary Entries. AIAA J. 1976, 14, 1324–1329. [Google Scholar] [CrossRef]

	



Gigosos, M.A.; Cardenoso, V. New plasma diagnosis tables of hydrogen Stark broadening including ion dynamics. J. Phys. At. Mol. Opt. Phys. 1996, 29, 4795. [Google Scholar] [CrossRef]

	



Rond, C.; Boubert, P. Chemical Kinetic and Radiative Simulations for Titan Atmospheric Entry. J. Thermophys. Heat Transf. 2009, 23, 72–82. [Google Scholar] [CrossRef]

	



James, C.M. Radiation from Simulated Atmospheric Entry into the Gas Giants. Ph.D. Thesis, The University of Queensland, Brisbane, Australia, 2018. [Google Scholar]

	



Cruden, B.A.; Brandis, A.M.; Prabhu, D.K. Measurement and Characterization of Mid-wave Infrared Radiation in CO2 Shocks. In Proceedings of the 11th AIAA/ASME Joint Thermophysics and Heat Transfer Conference, American Institute of Aeronautics and Astronautics, Atlanta, GA, USA, 16–20 June 2014. [Google Scholar] [CrossRef]

	



Liu, Y.; Hou, Z. Diagnostics of plasma electron density and collision frequency of fluorescent lamp using microwave transmission diagnostics. J. Phys. Conf. Ser. 2019, 1324, 012073. [Google Scholar] [CrossRef]








[image: Sensors 23 06027 g002 550] 





Figure 2. Entry conditions for different spacecrafts. Space Shuttle, Apollo and Return mission in Earth (N   2  -O   2  ); Mars Science Lab, Mars Pathfinder, ExoMars, Phoenix and Viking in Mars (N   2  -CO   2  ); and Huygens in Titan (N   2  -CH   4  ). Adapted from [29]. 
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Figure 3. Temperature range for different entry conditions and atmospheres. Upper and lower limits correspond to a calorifically perfect and chemical equilibrium gas, respectively. 
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Figure 4. Planck blackbody emission wavelength distribution for various temperatures. 
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Figure 5. Emission region of different gas species in typical entry conditions for different planets. Observed atomic lines are explicitly presented for their measured wavelengths. Typically, molecular bands have strong bandhead peaks, with more diffuse tails in the neighbouring regions. To provide an estimate of the spectral regions where these bands may be emitting, we ran the in-house spectral line-by-line code SPARK [39,40] with a representative temperature of   T = 5000   K. We represent the bandheads with a stronger color, and the tails with the same faded-out color. The band heads/tail intensity ratio is taken as a factor of 100. 






Figure 5. Emission region of different gas species in typical entry conditions for different planets. Observed atomic lines are explicitly presented for their measured wavelengths. Typically, molecular bands have strong bandhead peaks, with more diffuse tails in the neighbouring regions. To provide an estimate of the spectral regions where these bands may be emitting, we ran the in-house spectral line-by-line code SPARK [39,40] with a representative temperature of   T = 5000   K. We represent the bandheads with a stronger color, and the tails with the same faded-out color. The band heads/tail intensity ratio is taken as a factor of 100.



[image: Sensors 23 06027 g005]







[image: Sensors 23 06027 g006 550] 





Figure 6. European Shock Tube for High-Enthalpy Research (ESTHER). Driver section to the left, test section on the right side. Shock wave moves from left to right. 
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Figure 7. Expected ESTHER performance envelope (test gas pressure vs. shock wave velocity) for air (N   2  -O   2  ) from STAGG code. 
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Figure 8. ESTHER instrumentation spectral range coverage. 
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Figure 9. Optical transmissivity for common window materials, data adapted from [69,70,71,72,73,74,75,76]. 
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Figure 10. Electron density in shock tube for typical entry conditions in different atmospheres. 
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Figure 11. ESTHER UV-VUV spectroscopic setup design schematic. General design (a) and optical plug detail (b). In (a), 1—Shock tube plug; 2—Connection piece; 3—Adjustable Bellows; 4—Optics collection box; 5—Spectrograph with diffraction grating; 6—Connection to streak and CCD camera. In (b), 1—Plug; 2—Window tightener piece; 3—Viton O-ring; 4—Sapphire window. Red lines represent the optical path. 
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Figure 12. ESTHER UV-VUV spectroscopic setup during acceptance testing, ST8 optical port marked as a square in photo. 
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Figure 13. UV-VUV spectroscopic setup acceptance campaign results. Wavelength resolution in pixels for the 1200 g/mm grating (top); repeatability and accuracy (middle); and signal-to-noise ratio (bottom). Each curve in the middle figure represents a different run. 
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Figure 14. Visible range spectroscopy setup. 
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Figure 15. Optical plug for infrared spectroscopy diagnostics. 1—Plug; 2—Sapphire window; 3—Optical fiber connector; 4—Optical fiber cable; 5—Threaded screw tightening the window and optical fiber connector. 
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Figure 16. Synthetic spectrum for CO (blue) and CO   2   (red) radiation in the IR. The spectrum is normalized for both radiative systems and assumes an equilibrium temperature of 3000 K and an apparatus function of 0.2 nm. 
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Figure 17. 70.8–112.8 GHz interferometer. 
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Figure 18. Setup for proof-of-concept experiment. 
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Figure 19. Interferometer phase difference and electron density for the fluorescent lamp plasma source setup. 
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Table 1. STAGG parameters for Earth (N   2  -O   2  ) performance map simulation. Driver input conditions and STAGG running mode (optimization of compression tube pressure or simple computation with fixed conditions).






Table 1. STAGG parameters for Earth (N   2  -O   2  ) performance map simulation. Driver input conditions and STAGG running mode (optimization of compression tube pressure or simple computation with fixed conditions).





	Mixture Molar Ratios X:H2:O2
	Driver Pressure Filling-Peak (bar)
	Driver Post-Combustion Temperature (K)
	STAGG Conditions
	Shock Wave Velocity (km/s)





	N2 10:2:1.4
	10–38
	1250
	Optimized
	4.0–5.1



	N2 10:2:1.4
	30–114
	1250
	Optimized
	4.6–5.5



	N2 10:2:1.4
	50–190
	1250
	Optimized
	4.8–5.8



	He 8:2:1.6
	5–30
	2650
	De-tuned
	5.8–10.0



	He 8:2:1.6
	10–60
	2650
	De-tuned
	6.7–10.8



	He 8:2:1.6
	5–30
	2650
	Optimized
	7.3–10.2



	He 8:2:1.6
	10–60
	2650
	Optimized
	8.0–10.9



	He 8:2:1.2
	10–61.5
	2650
	Optimized
	8.2–11.0



	He 8:2:1.2
	50–334
	2650
	Optimized
	10.3–13.2



	He 8:2:1.4
	100–660
	2650
	Optimized
	11.1–13.8
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Table 2. ESTHER spectroscopy specifications and requirements.
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UV-VUV Spectroscopy






	
Equipment

	
Spectral Range

	
Resolution

	
Accuracy

	
Integration Time

	
Signal to Noise Ratio




	
Spectrometer + Streak Camera

	
80–350 nm

	
0.1 nm @ 110 nm

	
0.01 nm

	
≤ 1 μs

	
>20




	
MWIR Spectroscopy




	
Equipment

	
Spectral Range

	
Resolution

	
Accuracy

	
Integration Time

	
Signal to Noise Ratio




	
Spectrometer + iCCD camera

	
1–6 μm

	
0.5 nm @ 2.7 μm

	
0.05 nm

	
≤ 1 μs

	
>20
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Table 3. Comparison between different optical window materials for VUV spectroscopy.






Table 3. Comparison between different optical window materials for VUV spectroscopy.





	Material
	Knoop Hardness
	Advantages
	Disadvantages





	Lithium Fluoride
	100 Kg/mm2
	Large VUV-IR transmittance
	Very brittle, expensive



	Magnesium Fluoride
	415 Kg/mm2
	Large VUV-IR transmittance
	Brittle, expensive



	VUV graded Sapphire
	1370 Kg/mm2
	Cheap, resistant, some VUV capabilities
	Limited transmittance window



	Fused Quartz
	741 Kg/mm2
	Cheap, resistant
	Limited transmittance window
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Table 4. CFD simulation conditions and parameters. All simulations 1D post-shock relaxation with initial gas temperature of 300 K.






Table 4. CFD simulation conditions and parameters. All simulations 1D post-shock relaxation with initial gas temperature of 300 K.





	Planetary Object
	Chemical Mixture
	Pressure (Pa)
	Velocity    v ∞    (km/s)
	Chemical Model
	Reference





	Earth
	N   2  -O   2   (79-21%)
	26.66
	10.29
	[91]
	[45,92]



	Mars
	CO   2  -N   2   (95-5%)
	57
	2.6
	[91]
	[93]



	Venus
	CO   2  -N   2   (96.5-3.5%)
	447
	8.9
	[91]
	[94]



	Venus
	CO   2  -N   2   (96.5-3.5%)
	37
	10.6
	[91]
	[94]



	Titan
	N   2  -CH   4   (95-5%)
	13.3
	5.15
	[95]
	[94]



	Neptune
	H   2  -He-CH   4   (79.75-18.7-1.54%)
	892
	18.3
	[36]
	[36]



	Jupiter
	H   2  -He (89-11%)
	27.5
	46.7
	[96]
	[36]
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Table 5. Calibration results for the 1200 g/mm and 600 g/mm gratings, Hg 253.65 nm line, with FWHM in pixels.
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1200 g/mm

	

	

	
600 g/mm

	

	




	
Position

	
Resolution (Pixel)

	
Resolution (nm)

	
Position

	
Resolution (Pixel)

	
Resolution (nm)






	
Left

	
28

	
0.36

	
Left

	
18.9

	
0.47




	
Center

	
17.8

	
0.23

	
Center

	
24.6

	
0.61




	
Right

	
25.1

	
0.32

	
Right

	
46.8

	
1.17
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Table 6. ESTHER spectroscopy acceptance campaign results.
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	–
	Resolution 1200 g/mm
	Resolution 600 g/mm
	Accuracy
	Signal-to-Noise Ratio





	Specifications and Requirements
	0.25 nm
	0.50 nm
	5 pixels
	>100



	Test
	0.23 nm @ 253.65 nm
	0.47 nm @ 253.65 nm
	4.5 pixels
	3425
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Table 7. Infrared spectroscopy optical fiber pre-selection equipment.






Table 7. Infrared spectroscopy optical fiber pre-selection equipment.





	Optical Fiber
	Material
	Spectral Range (μm)
	Core Diam. (μm)
	Attenuation dB/m
	Transmissivity





	Thorlabs MF22L2
	InF   3  
	0.310–5.5
	200
	<0.25 [2–4 μm]
	88%



	Thorlabs MZ22L2
	ZrF   4  
	0.285–5.5
	200
	<0.2 [2–3.5 μm]
	91%



	Le Verre Fluoré IFG MM 200/260
	InF   3  
	0.310–5.5
	200
	<0.01 @ 3.5 μm
	>81%



	Guiding Photonics Mid-IR
	Glass
	2–16
	200
	4
	45%



	Art Photonics CIR250/300
	Chalcogenide
	1–5.5
	250
	0.3 [1–4 μm]
	42%
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Table 8. Infrared spectroscopy spectrograph pre-selection equipment.






Table 8. Infrared spectroscopy spectrograph pre-selection equipment.





	
Spectrograph

	
Focal Length

	
Aperture Number

	
Grating [Blazing]

	
Resolution (nm)






	
McPherson 2035

	
350 mm

	
f/4.8

	
300 g/mm [2 μm]

	
0.2 @ 312.6 nm




	
20 g/mm [3.7 μm]

	
3 @ 312.6 nm




	
McPherson 207

	
670 mm

	
f/4.7

	
300 g/mm [2 μm]

	
0.16 @ 312.6 nm




	
20 g/mm [3.7 μm]

	
2.04 @ 312.6 nm




	
McPherson 2061

	
1000 mm

	
f/7

	
300 g/mm [2 μm]

	
0.07 @ 312.6 nm




	
20 g/mm [3.7 μm]

	
1.05 @ 312.6 nm




	
McPherson 209

	
1330 mm

	
f/4.7

	
300 g/mm [2 μm]

	
0.04 @ 312.6 nm




	
20 g/mm [3.7 μm]

	
0.6 @ 312.6 nm




	
Princeton HRS-300

	
300 mm

	
f/3.9

	
300 g/mm [2 μm]

	
0.4 @ 500 nm




	
50 g/mm [0.6 μm]

	
2.4 @ 500 nm




	
Princeton HRS-750

	
750 mm

	
f/9.7

	
300 g/mm [2 μm]

	
0.16 @ 500 nm




	
50 g/mm [0.6 μm]

	
0.96 @ 500 nm
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Table 9. Infrared spectroscopy fast iCCD cameras characteristics.
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	Fast Infrared Camera
	Aperture Number
	Resolution
	Min. Int. Time (μs)
	NETD (mK) *





	Flir X8580
	f/2.5
	1280 × 1024
	0.27
	⩽30



	Flir X6980
	f/2.5
	640 × 512
	0.27
	⩽30



	Infratec Image IR 9400
	f/2.2
	640 × 512
	0.10
	<30 @ 30 °C



	Telops FAST M1K
	f/2.5
	640 × 512
	0.27
	⩽25



	Telops FAST M200hd
	f/3
	1280 × 1024
	0.50
	⩽20



	Telops FAST M100hd
	f/3
	1280 × 1024
	0.50
	⩽20



	Tigris 640 InSb BB
	f/3
	640 × 512
	NA
	⩽25







* The noise equivalent temperature different (NETD) is the parameter that regulates the signal photon resolution.
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Table 10. Discrimination of the different spectral broadening effects for shock tube experiments on the H  − α   line (656.46 nm). Data were computed from the simulations in Table and using SPARK-LbL code [39].






Table 10. Discrimination of the different spectral broadening effects for shock tube experiments on the H  − α   line (656.46 nm). Data were computed from the simulations in Table and using SPARK-LbL code [39].





	
Case

	
FWHM Broadening (cm−1)




	
Collisional

	
van der Waals

	
Resonance

	
Stark

	
Lorentz (All)

	
Doppler






	
Jupiter

	
0.056

	
0.011

	
0.173

	
0.522

	
0.762

	
2.228




	
Mars *

	
0.551

	
0.068

	
0.006

	
0.004

	
0.630

	
0.713








* Mars conditions adapted from VUT-1 shock tube test case [64]: pure CO   2  ,    v ∞  = 3.4   km/s,    p ∞  = 826.5   Pa.
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