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Abstract

In this paper, plasma will be generated in a laboratory as a simulation of what
happens to spacecraft when they enter the atmosphere of Earth. Parameters of
plasma generation were determined in terms of pressures of 0.1, 0.2, 0.3, 0.4, and
0.5 mbar and generation energy 200 W. The parameters of the generated plasma
were calculated using the optical emission spectroscopy two intensity ratio method,
and the electron temperature, electron density, Debye length, and plasma frequency
were calculated. Compare the results with the actual results, electron temperatures
were 2.26-1.71 eV and plasma frequency 8.09 x10*-6.7x10™ at 0.1-0.5 mbar
pressure.

Keywords: laboratory simulation, plasma generation, optical emission
spectroscopy, electron temperature, electron density, pressure, and altitude.
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1. Introduction

Exploring new planetary frontiers requires dealing with issues related to the design and
engineering of heating protection systems to protect a space vehicle from burning re-entry
conditions caused by high entry speeds, which are distinguished by extreme heat flux to the
spacecraft's nose as well as a sharp increase in the temperature in a shock region. [1], [2].
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At these load levels, ablation is the only viable approach for thermal protection. A
combination of several factors helps heat shields made of ablation materials to withstand high
heat loads. The hot surface reduces heat transfer to the wall and increases heat re-radiation;
pyrolysis reactions inside the material cause gassing, which at first keeps the hot plasma flow
away through the surface; chemical and thermal breakdown uses heat through oxidation,
nitridation, and sublimation [3].

The term “plasma” is used to describe a partially or completely ionized gas containing
electrons, ions, and neutrals [4] [5].
lonization of the gas s atoms and molecules occurs simultaneously with the intense heating of
the air beyond the shock wave created by the hypersonic flow surrounding the reentry
vehicle. During the orbit velocity of entering the Earth’s atmosphere (8 km/s), the level of
ionization is often less than 0.1%. It is typically possible to ignore how ionization processes
affect a vehicle’s aerothermodynamic properties, particularly the most delicate variable, and
the heat flow to the surface. To pinpoint the electromagnetic wave reflection trajectory
segments where a radio communication blackout occurs, the density of electrons in the shock
layer must be estimated. When traveling at speeds greater than 10 km/s, ionization processes
have a substantial impact chemical makeup and temperature of the shock layer’s gas. [6]. The
quantity of ions and neutral gas components, as well as the distribution of electron
temperature, is the key variables that affect the level of radiation for entrance vehicles. The
chemical and physical reactions occur under thermochemical non-equilibriumcircumstances
characteristic of the state generated by a shock wave in front of the spacecraft must be taken
into consideration. [7]. The flow of gas nears the Stardust capsule, which is the fastest
manmade vehicle returning to Earth and has an entrance velocity of more than 12 km/s, was
researched by Alex A. and Shevyrin (2018). The effect of plasma parameter distributions on
convection and radiation heat fluxes on the vehicle surface has been investigated [8]. In this
work can be simulated laboratory of plasma generate around spacecraft during entry from
space to the Earth atmosphere using vacuum system also diagnosis plasma parameters and
compared with what actually happens in during spacecraft entry in to the Earth atmosphere.

2. Radio Blackout

Because of the ionization of neutral particles that results from the shock wave burning at
the spacecraft’s nose, a thick plasma layer is produced on the reentry of the spacecraft into the
earth’s atmosphere. The plasma layer's density measure in spectroscopy technique is reaches
10'-10" m™, which results in the so-called radio blackout. Radio transmissions generated by
the reentry vehicle are unable to connect with ground stations during blackouts because they
are deflected by the plasma layer. Understanding reentry plasma properties such as maximum
density and density profile is necessary to investigate radio blackouts. Traditionally,
electrostatic probes have been used to detect the density of reentry plasma. [9]. Using the
reflectometry technique, fusion plasmas are measured. [10], was used to determine the density
of the reentry plasma in spacecraft experiments. [11]. The Optical Emission Spectroscopy
(OES) technique was used in this study to diagnose plasma parameters.

3. Optical Emission Spectroscopy (OES) technique

The OES method is widely used to identify laboratory plasmas, such as arc plasma, gas
discharge plasma, and inductively coupled plasma (ICP) [12] [13]. Numerous analytical
approaches have been developed to evaluate plasma properties such as electron density,
electron temperature, element identification, and quantification of components present in the
plasma. OES was used to analyze various examinations of ICP the plasma systems as a
whole, such argon and mixes of many molecular systems, to identify plasma attributes. [14]
[15].
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3.1 Electron temperature

Because it defines the state of ionization and the population of atoms and ions at different
energy levels in terms of plasma temperature and electron density, plasma’s ionization model
is required to understand spectroscopic data. The approach shown below is applied to obtain
the temperature of electrons T, and electron density ne for locally thermodynamic equilibrium
(LTE) plasmas. [16] [17].
Te and Te are connected because free electrons drive the excited state of atoms and
molecules. The physical properties of plasma are provided by the emission line intensity. Let's
assume that the LTE requirement for the population concentrations of the higher energy levels
of both lines is met. In that instance, T, may be determined simply using the intensity ratio
approach. [18]. The electron's temperature was determined by applying the equation to the
intensity of each hydrogen emission Iine in the spectral spectrum (Balmer area). [19] [20]:

Te = A1g17\212] K @
Azgzk1l

where E, I, g, K, and A denote the energy difference between the two levels, intensity,
wavelength, statistical weighting factor, Boltzmann constant, and transition probability.

3.2 Electron Density

When the plasma is close enough to Local Thermodynamic Equilibrium (LTE) conditions,
the number of electrons (ne) may be calculated by dividing the ratio of the intensity of the two
lines corresponding to different ionization phases of a single element (Saha-Boltzmann
technique). [21]. The electron density can be calculated as

>
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where I; and I, are the net emission intensity for the ions and neutrality lines, respectively;
statistical weighting product transition probability (g.A) represents the product between the
statistical weight and the transition probability, A nm is the wavelength, n. is the electron
density, X is the ionization energy ; and E; and E; J are the ion and atom excitation energies,
respectively [22].

4. Plasma Parameters
4.1 Debye length

Electrons in plasma are attracted to nearby ions and conceal their electrostatic fields from
the remainder of the plasma. In the same way, an electron at rest repels other electrons that are
nearby while attracting ions. This effect changes the potential of a charged particle’s
neighbor. If there is an excess of either negative or positive particles in the plasma, the surplus
creates an electric field, and the electrons travel to cancel the charge. The reaction of charged
particles to lessen the influence of local electrical fields is known as Debye shielding, and it is
this shielding that gives plasma its quasi-neutrality. The electric potential created is
predominantly on the particle's surface and extends across a distance Ap, known by the Debye
length, which is defined by [23] [24] [25]:

e, KT
}\D = ° = (3)

eZn

Where &, is the permittivity of space, k is the Boltzmann constant, and e is the charge of its
constant 1.6 x10™° C [26].
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This Second requirement for plasma existence ND >>>1, is determined by the number of
particles in the Debye sphere, which depends on the density of electrons and electron
temperature. [27]:

41 3
Np = 5 neAd @)
4.2 Plasma frequency

The plasma’s frequency is a crucial plasma characteristic that distinguishes electron plasma
frequencies. This parameter represents the usual frequency of electrostatic oscillations given
by the tiny charge separation for electron (e) in a plasma because ofof the small charge
separation. Plasma frequency may be computed as [28] [29]:

n.e?

(5)
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5. Atmospheric of the Earth

The atmosphere contains a few extremely concentrated gasses, such as oxygen, nitrogen,
and argon, in addition to various trace gasses, such as water vapor, methane, carbon dioxide,
and ozone. [30]. Because of fluctuations in solar radiation, the atmosphere’s temperature,
pressure, chemical component particle presence, and electrical properties are all changing.
Differences in air characteristics at a specific height were used to convert the altitude
variations. Knowing the vertical distribution of parameters such as temperature, pressure,
density, and speed of sound is required to pressure altimeter the calibrations, aircraft as well
as rocket performance, and the design of their goals, among other things. [31]. Because the
real world never remains the same at any time or location, a fictitious model must be created
to approximate what may be expected. This model is known as the standard atmosphere. The
model considers that the air is devoid of dust, humidity, and water vapor and is at rest with
respect to the Earth (no winds or turbulence) [32].

6. Altitude and pressure

The height is determined by the measured barometric pressure. The air density is
determined by the barometric pressure and temperature. Gravitation causes air molecules in
lower positions to be denser than those in higher positions. It impacts both temperature, and
barometric pressure. Because there are fewer molecules in the air at greater elevations, the
barometric pressure decreases [33]. Pressure is a commonly managed metric that is strongly
tied to industrial production and space applications. Modern detection systems rely heavily on
pressure. [34]. The pressure sensor is a BMP 180 barometric pressure, temperature, and
altitude sensor. The best low-cost sensing solution for detecting barometric temperature and
pressure is the high-precision sensor from Bosch. It can be used as an altimeter because the
pressure fluctuates with height. [35].

7. Laboratory Simulations of Plasma

The five-specie model was used in the laboratory simulation. The gas-phase chemical
processes in a weakly ionized reentry flow, where the five species that follow may arise in the
plasma sheath, are chemical reactions of oxygen, nitrogen, oxygen (O, N, Ar, and e) [36].
The plasma chamber, vacuum system, and DC high Voltage power source comprise the
plasma system. Stainless steel was used to make the anode and cathodes.

7.1 Plasma Chamber

It has a glass chamber with a height, diameter, and thickness of 20 , 30 , and 0.5 cm,
respectively. The system’s foundation is a stainless-steel flange. Anode and cathodes with the
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spacecraft sample confined inside the plasma chamber. It also has an unloading hole and a gas
intake hole, as shown in Figure 1.
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Figure 1: System of laboratory simulations of plasma

The sample a spacecraft was positioned between the anode and the cathode. A two stage
rotary pump was used to achieve a vacuum chamber pressure of 0.02 mbar this value
represents the maximum value of pressure for the rotary pump. Working gas was argon and
N, and the operating pressures were 0.1, 0.2, 0.3, 0.4, and 0.5 mbar. From current and voltage
power supply the power used was 200 W.. To regulate the gas's pressure inside the chamber,
argon and N gas were fed into the chamber via a fine-controlled needle valve (0 — 100) sccm
where sccm  represents standard cubic centimeter. Thorlabs CCS100/M  spectrum
spectrometer, optical fiber, and collimating lens were used to obtain the spectrum
measurements.

7.2 High Voltage e DC Power Supply

A direct current power supply was employed to produce the plasma. This power produces
a voltage of approximately 0-5 kV and a current of 500 mA. The power supply comprises a
5000 V 500 mA transformer, a capacitor, a bridge diode, a voltmeter, and an ammeter.

8. Circuit diagram and code of the barometric pressure device (BPM180 sensor)

A BPM180 sensor was used in this project. The module's name is GY-68. The small
device can measure pressure, altitude, and temperature. A simple device that uses BPM180 to
determine pressure and altitude Arduino to program for it , and an 12C LCD screen to present
that information may be made and placed in the plasma chamber. The scheme of this device is
shown in Figure 2.
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Figure 2: Electronic circuit diagram of the Arduino barometer pressure

The following sketch will give you a complete understanding of how to read temperature

and barometric pressure from the BMP180 module and can serve as the basis for more
practical experiments and projects, The code of the program is shown in Figure 3. This code
Is important to run barometer pressure.
Every (1 mbar) deviation from sea level pressure leads to approximately (8.5) m of inaccuracy
in height estimations. Therefore, the altitude we are obtaining is close but not exact. If this sea
level pressure, which varies with weather, is known, an accurate height measurement may be
obtained. The current pressure at sea level is assumed to be 1013.25 mbar in this code. A
pressure gage was installed within the plasma system to track the pressure and height during
operation.

#include <Wire.h>

#include <Adafruit_BMPO85.h>

#define sealevelPressure_hPa 1013.25

Adafruit_BMP@85 bmp;

void setup() {

Serial.begin(9600);if (!bmp.begin()) {

Serial.println("Could not find a valid BMP@85 sensor, check wiring!");

while (1) {}}}

void loop() {
Serial.print("Temperature = ");
Serial.print(bmp.readTemperature());
Serial.println(" *C");
Serial.print("Pressure = ");
Serial.print(bmp.readPressure());
Serial.println(" Pa");
Serial.print("Altitude = ");
Serial.print(bmp.readAltitude());
Serial.println(" meters");
Serial.print("Pressure at sealevel (calculated) = ");
Serial.print(bmp.readSealevelPressure());
Serial.println(" Pa");
Serial.print("Real altitude = ");}

Figure 3: Code of the program BMP180 module
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9. Results and Discussion
The emission spectra of the plasma argon and nitrogen produced between the cathode and
anode at pressures from 0.1 t00.5 mbar are shown in Figure 4.

04 0.5 mbar

656.1

A
03 4 -

@
«Q
o
]
<

.‘
>

NIl

02 4

~—~ y
- (
c
S o4
=)
S ¢
N—r ‘3 -
2 os
8 0.4 02 mbar
= s
€ o3
= o021
0.1
o S Y ‘Ll - - =
; ? ——0.1 mbar
oo
03
02
0.1
° % e Tl SR =
320 370 420 470 520 570 620 670 720

Wavelength (nm)

Figure 4: Emission spectra for plasma argon and nitrogen at different pressures.

The strength of the lines rises as the gas pressure increases, with the intensity of the lines
being proportional to (p*), where p is a constant that ranges between 0.2 and 0.5 depending on
the wavelength. [37] [38]. Figure 5 represents the intensity of the Ar | 419.83 and Ar Il
486.591 nm lines as a function of the gas pressure in DC power.
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Figure 5: Intensity of Ar 1 419.83and Arll 486.591 nm lines.
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where the intensity of the Arll 486.591 nm line increases by increasing the gas pressure to
a value of 0.649 at 0.4 mbar, and then the intensity decreases to 0.0614 at 0.5 mbar. The
intensity of the Ar 1 419.83 nm line increases by increasing the gas pressure to a value of
0.222 at 0.4 mbar, and then the intensity decreases to 0.0156 at 0.5 mbar. Two suitable lines,
Arl and Arll, are chosen for the estimated electron temperature and electron density using the
intensity ratio method. By using NIST, we can obtain line parameters as listed in Table 1.

Table 1: Parameters of Ar | and Ar 1l lines

) (nm) Ag (s7) Ei(eV) E (eV)
Arl 419.8317 2.57x10%% 11.6235 14.5759
Arll 486.591 9.x10"" 19.9675 22.5148

The effects of pressure on the electron temperature and electron density of the DC plasma
using optical emission spectroscopy are shown in Figure 6. At low pressures, the density of
the particles is very low, so the ionization process is weak, i.e., the electron density is low. To
compare what happens in the process of returning a spacecraft to the gaseous envelope of the
Earth, the energy is low at the beginning of the generation of plasma in the laboratory system,
and this is why the electron temperature is low, and after that, the energy increases by
increasing the energy of the power supply to 200 W. this occurs when the spacecraft enters
the gaseous envelope, which generates friction between the spacecraft and the air, and very
high thermal energy is generated, which ionizes the air atoms surrounding the spacecraft,
which leads to raising the electron temperature and increasing the electron density. After that,
pressure increases as it happens at low altitudes, where the density of air molecules is high,
which increases collisions and heat exchange between electrons and air atoms, which reduces
the electron temperature. This is exactly what happens in the return process, as the speed of
the spacecraft decreases at low altitudes, which reduces the friction process with particles.
Thus, the energy that supplies the plasma surrounding the vehicle decreases, the ionization
process decreases, the electron density decreases, and the electron temperature decreases, as
shown in Figure 6. These results agree with [39].
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Figure 6: Electron temperature and electron density versus pressure at an input power of 200
W.
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Debye length variation with pressure is illustrated in Figure 7. With increase pressure the
electron density increase, this will necessitate smaller Debye lengths in order to confrontation
the external potential because of their large charge to volume ratio. In low electron density or
in low pressure, a larger layer need be formed to accumulate the same amount of electrical
charge. The Debye length is also dependent on electron temperature; higher temperatures
necessarily involve higher mobility of electrons this results agree with [40]. Figure 7 shows
the variation of the plasma frequency with pressure. The plasma frequency increases with
electron density according Eq. (5), therefore at increased pressure the number of molecule
increase inside the chamber, and thus plasma frequency increase. The laboratory simulations
of the plasma parameters are listed in Table 2.
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Figure 7: Debye length and plasma frequency versus pressure an input power of 200 W.

Table 2: Laboratory simulations of plasma parameters

Pressure | Altitude Electron temperature Electron density AD Plasma frequency
(mbar) (km) (eV) (m™) x10%° (m)x10~ (rad/s)x10"
0.1 65 2.26 2.06 7.79 8.09
0.2 60 4.30 5.40 6.64 13.1
0.3 57 2.12 1.88 7.91 7.72
0.4 55 1.84 151 8.20 6.93
0.5 53 1.76 1.41 8.30 6.7
Conclusions

It has been shown that the strength of the lines of emission spectra of laboratory-generated
argon plasma is highly dependent on external variables such as gas pressure. After generating
plasma in the laboratory and conducting a diagnosis of the plasma parameters, it was noted
that the electron temperature decreases with increasing pressure, while the electronic density
increases with increasing pressure due to the increase in the number of molecules. This is
what actually happens when the spacecraft enters the gaseous atmosphere. The pressure
increases when the height of the spacecraft decreases. The comparison used in this work with
laboratory simulations of the spacecraft reentry process was nearly consistent. This practical
study can be used to study the plasma generated around spacecraft entering the Earth’s
atmosphere.
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