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Abstract
The Graduate University for Advanced Studies, SOKENDAI

Department of Space and Astronautical Science, School of Physical Sciences

Doctor of Philosophy

Electrical Phenomena Caused by Hypervelocity Impacts of Space Debris
and Their Effects on Spacecraft

by Yuki MANDO

Space debris (referred to as debris) moving at an extremely high speed can
collide with spacecraft. In this case, electrical phenomena, such as plasma gen-
eration, radiofrequency (RF) emission, and potential variation of the impacted
target, can occur in addition to serious mechanical phenomena such as space-
craft destruction and secondary debris generation. Significant research effort
has been focused on the mechanical phenomena to develop the shields against
micrometeoroids or debris i mpacts. However, the research on electrical phe-
nomena caused by hypervelocity impact has gained lesser attention than that
on mechanical phenomena.

Herein, the plasma density and propagation of impact plasma were inves-
tigated to understand and estimate the risk of electric discharge on the space-
craft. Several plasma diagnosis methods exist; in particular, plasma probe
methods can locally examine the plasma density by using multiple probes.
Herein, the double probe method with a fixed bias voltage, which is one of the
plasma probe methods, was used for this plasma measurements.

The spectroscopic method is a plasma temperature measurement method.
Using this method, attempts have been made to measure the plasma tempera-
ture from the intensity ratio at three emission wavelengths from the luminous
vapor cloud. However, if the emission line spectra derived from projectile and
target materials are superposed on the wavelengths, the temperature cannot
be measured. Moreover, the plasma density was calculated considering the
ion mass of either the target or the projectile material, when impacts between
the different target and projectile materials.

Hence, the study proposes a method to accurately calculate the plasma
temperature using a spectroscopy via a streak camera. The streak camera spec-
troscopy can measure the time-resolved spectra in the wavelength range of 547
nm - 872 nm. The advantages of this method are that (1) the temperature can
be calculated using the time-resolved spectra with a wide wavelength band
and a large number of sampling points, and (2) the wavelength of the profiled
emission line spectrum can be excluded from the temperature calculation.

Furthermore, the composition of ions, comprising impact plasma, has not
been specified in the case of collision between different materials. By compar-
ing the temporal change of emission lines derived from the target and pro-
jectile materials, it can be concluded that the impact plasma, comprising the
target and projectile materials, is simultaneously generated.

https://www.soken.ac.jp/en/
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Therefore, a method can be proposed to accurately obtain the plasma tem-
perature and density. The impact of spacecraft on solar cells and power har-
ness systems can be accurately estimated by obtaining the precise parameters
of the impact plasma.

Impact plasma induced by the hypervelocity impacts on solar cells can trig-
ger electric discharge, which can cause a grounding fault in the spacecraft.
Even though the power harness system behind the solar array paddle (SAP)
and at the SAP boom is usually exposed to space, the electrical effects on the
power harness system attributed to the hypervelocity impacts have received
little attention. Previous studies have confirmed that grounding faults can oc-
cur because of the permanent sustained discharge (PSD) in debris collisions
with a diameter of 0.2 mm or more. However, the frequency of these debris
impacts on the power harness system of artificial satellites in a low Earth or-
bit simulated by a debris environment model is larger than the frequency of
grounding faults in these satellites. Therefore, a deviation from the actual phe-
nomenon is observed. Moreover, the effect of impact plasma on the power
harness system is still unknown. Therefore, the PSD of the power harness sys-
tem induced by the hypervelocity impacts is investigated herein.

In previous studies, the satellite load circuit was not simulated; thus, elec-
tric discharge can easily occur. Furthermore, multiple projectiles can simul-
taneously impact the power harness system because of the limitation of the
impact test apparatus. When multiple projectiles impact, the impact plasma
can interfere each other if the collision point is close. In this case, hyperve-
locity impact experiments must be conducted with single-particle impact to
accurately evaluate the presence or absence of PSD occurrence.

Herein, experiments were conducted to re-verify the presence or absence
of PSD occurrence by simulating a power harness system under conditions
similar to those in the actual environment. In particular, the attention was
focused on the circuit configuration and the multiple-particle impacts that can
affect the occurrence of PSD. Two configurations cases with and without a load
circuit were prepared and compared. Moreover, the array of double probes
was set inside the measurement chamber to clarify the relationship between
impact plasma and PSD.

Results indicated that the impact plasma can trigger the primary discharge
and even a single-particle impact can easily result in PSD occurrence in the
conventional configuration without a load circuit. The surface of the power
harness system melted and carbonized near the impact points. However, a
single impact does not result in PSD occurrence in the configuration with a
load circuit with a resistance and a capacitance. Further, PSD never occurred
even in the case of multiple-particle impacts. Therefore, the presence of a load
circuit heavily affected the PSD occurrence by comparing previous studies.
This result indicates that previous studies may have overestimated potential
risks.

Regarding the microwave emission, it was confirmed that an RF signal
with a wide frequency range of several kHz to several tens of GHz is emitted
from hypervelocity impacts. RF emission arises from hypervelocity impacts
on both metallic and non-metallic targets. However, the complete mechanism
of microwave emission has not been investigated yet, although there are some
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suggestions that the microwave emission is caused by the impact plasma or
by material destruction. To elucidate the mechanism of microwave emission,
experiments were conducted by simultaneously measuring microwave emis-
sions, impact plasma, and flash phenomena.

The microwave emission phenomenon can be clarified by simultaneously
measuring the flash and impact plasma phenomena. The experimental results
indicated that the time scale between impact plasma including light emission
during dozens of microseconds and microwave phenomena during several
milliseconds are significantly different.

Frequency characteristics investigation of the microwave emission was pos-
sible for the first time using the microwave measurement. In this measure-
ment, two types of broadband log-periodic antennas were used. It was found
that microwaves radiate in a wide band, but microwave emissions are shielded
by high-dense impact plasma generated immediately after the impact. This
suggests that the source of microwave emission is generated near the crater
site inside the plume of the impact plasma.

Furthermore, to investigate the mechanism of microwave emission, hyper-
velocity experiments using various types of aluminum materials were con-
ducted. The experimental results showed that the harder the target materials
corresponded to a higher intensity of microwave emission. Using numerical
simulations, it was found that the target hardness has a correlation with the
elastic wave repeatedly propagating in the target material, and it is considered
that the intermittent microwave radiation is related to the propagation of the
elastic wave.

Conclusively, the electrical phenomena of impact plasma and microwave
emissions induced by hypervelocity impacts were investigated. The accurate
determination of the impact plasma parameters will enable the accurate esti-
mation of discharge risk caused by hypervelocity impacts on solar cells and
power harness systems mounted on the spacecraft. The proposed method to
obtain plasma parameters can also contribute to the reliability of the satellite
power system because of debris impacts by re-examining hypervelocity im-
pact experiments on power harness systems. The microwave emission phe-
nomenon is expected to be applied to estimate the scale, position, and fre-
quency of debris collisions in the future. This work has contributed to both the
basic and applied space engineering knowledge regarding electrical phenom-
ena generated by hypervelocity impacts.
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Chapter 1

Introduction

1.1 Space Debris
Since human beings launched artificial satellites for the first time in the world
in 1957, more than 5160 space missions have been done worldwide (Office,
2019). There are currently a lot of objects in orbits around the Earth. They are
called space debris (referred as ‘debris’). There are mainly four factors causing
the sources of debris (Office, 2008).

Operational debris- Operational debris is composed of inactive payloads
and objects released during satellite delivery or satellite operations. They in-
dicate lens caps, separation and packing devices, spin-up mechanisms, empty
propellant tanks, and intact rocket bodies, payload shrouds and a few objects
thrown away or dropped during manned activities.

Fragmentation debris- Fragmentations generally result from either explo-
sions or collisions. There are several explosive mechanisms: (1) the catas-
trophic failure of internal components such as batteries, (2) propellant-related
explosion, (3) failure of pressurized tanks, and (4) intentional destruction.

Deterioration debris- Very small debris particles are created by the gradual
disintegration of spacecraft surfaces as results of exposure to the space envi-
ronment. This deterioration includes paint flaking, plastic and metal erosion.
It has been hypothesized that paint flaking is caused by the erosion of organic
binders in the paint due to exposure to atomic oxygen.

Solid rocket motor ejecta- Solid rocket motors typically are used to transfer
objects from low Earth orbit (LEO), at an altitude of around 150 km to 600 km
above the surface of the Earth, to geosynchronous orbit (GEO), at an altitude of
about 36,000 km above the surface of Earth. They eject thousands of kilograms
of aluminum oxide dust into the orbital environment. The ejected dust is very
small, with characteristic sizes believed to be less than 0.01 cm. However, long-
term exposure of payloads to such particles is likely to cause erosion of exterior
surfaces, chemical contamination, and may degrade operations of vulnerable
components such as optical windows and solar panels.

Debris decays naturally (Science Technology Policy, 1995). When debris
reentry the atmosphere, the atmosphere drag shows them down, and causes
them to burn up and fall into the Earth. The lifetime of debris depends on
altitudes. At altitudes of 200 km to 400 km, debris reentry the atmosphere
with a few months. But, the lifetime of debris at altitudes of 400 km to 900 km
takes from years to hundreds of years. Moreover, the lifetime of debris in GEO
has million years.
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In addition, debris decays by helping high solar activity. When the solar
activity heats the Earth’s upper atmosphere, it will expand to higher altitudes.
With the heating, the upper atmosphere density increases and debris decays.
However, the cycle of solar activity occurs every 11 years, so it takes much
time to decay population of debris. The decay of the natural process cannot
offset the present rate of debris generation.

Currently, over 40,000 objects which are more than 5 cm in diameter (com-
monly referred to as large objects) are routinely detected, tracked, and cata-
loged by the U.S. Space Surveillance Network (SSN). Fig.1.1 shows the monthly
number of objects in Earth orbit by object type (Science Technology Policy,
1995). Since space exploration has begun for the first time in the world since
October 1957, more than 5160 space missions have been conducted worldwide
(Office, 2019). However, only 10 missions now account for approximately one-
third of all cataloged objects in orbits. For instance, the source of the great-
est amount of debris was an anti-satellite test by China in January 2007. The
Fengyun-1C spacecraft was used as a target. It now accounts for 3428 cata-
loged fragments (almost 20 percent of the entire population of cataloged man-
made objects). The second and fourth most significant satellite breakups are
Cosmos 2251 and Iridium 33 spacecraft, which were involved in the first ever
accidental hypervelocity impact of intact objects in February 2009. Over 68
percent of the Cosmos debris cloud and 58 percent of the Iridium could be still
in orbits and present a hazard for decades to come because of their relatively
high altitude.

FIGURE 1.1: Monthly number of objects in Earth orbit by object
type
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Most of debris particles exist in LEO and GEO. The density of debris cor-
responds to that of materials used for spacecraft. It is between 1.8 g/cm3 and
8.9 g/cm3. About 50 to 60 percents of the debris particle have a density of
2.8 g/cm3 (aluminum alloys and glass)(Ley, Wittmann, and Hallmann, 2009;
Kessler, Reynolds, and Anz-Meador, 1994).

There are much more debris particles with less than 5 cm in a diameter,
which cannot be tracked by SSN. It is commonly referred to as small objects
and it is said that over 10 million objects are in orbits (Science Technology Pol-
icy, 1995). Spacecraft orbiting around the Earth has the possibility to collide
with small debris with less than millimeter in a diameter once a year. Espe-
cially, the International Space Station (ISS), orbiting at approximately 400 km
in an altitude is a manned spacecraft that carries astronauts, and when it col-
lides with debris, there is a risk of not only the bodies of spacecraft but also
human life. The measures against collisions with debris particles at the ISS has
been made by distinguishing three debris sized ranges: sizes below 0.01 cm,
sizes 0.01 cm to 1cm, and objects larger than 1 cm.

For larger sizes of debris, a collision avoidance system is working. NASA
usually gets a warning that something might come too close to the ISS sev-
eral days in advance, and then the ISS escapes by firing thrusters. That has
happened 21 times from 1999 to 2014 (Office, 2015; Office, 2012). Meter-sized
objects have a hazard to be a source of debris by collision. These days, var-
ious active debris removal systems have been considered (Kawamoto et al.,
2018; Liou, 2011; Bonnal, Ruault, and Desjean, 2013). Also, the debris environ-
ment model were developed to simulate how frequently spacecraft will col-
lide with debris. The National Aeronautics and Space Administration (NASA)
offers the Orbital Debris Engineering Model (ODEM) (Liou, 2002), European
Space Agency (ESA) offers the Meteoroid and Space Debris Terrestrial En-
vironment Reference (MASTER)(Oswald, 2005), and Japan Aerospace Explo-
ration Agency (JAXA) offers Tactical Utility for Rapid ANalysis of Debris on
Orbit Terrestrial (TURANDOT) of the space debris collision damage analysis
tool(Kim et al., 2013). The surface area flux as a function of particle diameter
as computed with ORDEM2000 for the year 2010 is shown in Fig. 1.2 (Ley,
Wittmann, and Hallmann, 2009). For smaller sizes of debris, the bodies of the
ISS can be shielded by the bumper against debris particles up to 1 cm in a diam-
eter (Whipple, 1947) even though the solar array paddle cannot be protected
by micrometeoroids and orbital debris (MMOD) collisions. The collision prob-
ability of a 1 mm-diameter sized debris in LEO would collide with solar panel
with a surface area of 25 mm2 is once every five years. In addition to ISS, the
collisions with MMOD are unavoidable in large-scale spacecrafts. Especially,
one of the typical examples of the future large-scale structure is the solar power
satellite (SPS) (Glaser, 1968; S. Sasaki, 2013b). The SPS mainly consists of thin
film solar arrays and thin planar antennas in km-scale and will be orbited in
GEO. In the GEO, the impact probability of the MMOD collisions larger than
1mm in size is approximately 2400 times/year⇥ km 2 (S. Sasaki, 2013a).

To prevent from creating more debris, a guideline of mitigation measures
was enacted. The Inter-Agency Space Debris Coordination Committee (IADC)
published the guideline of mitigation measures in 2007 (IADC-08-03, 2007).
According to the guideline, spacecraft and orbital stages should be designed
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FIGURE 1.2: Accumulated surface area flux as a function of parti-
cle diameter in the year of 2010 (height: 400km, inclination: 51.6

deg.)

not to release inactive payloads and objects released during satellite deliveries
or satellite operations. To prevent the breakup of stored energy of spacecraft
or orbital stage, equipment such as residual propellants, batteries, and high-
pressure vessels should be depleted. Intentional destruction of a spacecraft
should be avoided. When a spacecraft is no longer required for mission oper-
ations, it should be left operational orbits such as LEO or GEO regions. In the
process of developing the design of a spacecraft, the probability of accidental
collision should be estimated.
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1.2 Mechanical Phenomena Subjected to Hyperve-
locity Impacts

The velocity of debris depends on orbits. The velocity at LEO is approximately
7 - 8 km/s and one at GEO is approximately 3 km/s. Debris commonly col-
lides with spacecraft at approximately 10 km/s in LEO although it depends
on an inclement angle (Kessler and Cour-Palais, 1978). The velocity is called
‘hypervelocity’. The term “hypervelocity impact” is used to mean impacts in
excess of the sound speed in the material of interest in this thesis.

Hypervelocity impact on spacecraft induces mechanical phenomena such
as destruction and small fragments (i.e. secondary debris). To understand
impact effects on spacecraft, the ground-based experiments using accelerators
such as rail gun or gas gun have been conducted (Kawai et al., 2010; Friicht-
enicht, 1962). Rail gun is an electromagnetic launcher, which generates pow-
erful electrical pulses that in turn produce strong electromagnetic forces that
accelerate projectiles to extremely high velocities. Gas gun is also a launcher
that is a specialized gun designed to generate very high velocities, and the
principle is described in Chapter 2.

An empirical understanding of the size of craters or holes produced by
hypervelocity impacts on surfaces over a range of materials properties and
impact speeds (Ley, Wittmann, and Hallmann, 2009; Burchell and Mackay,
1998; Piekutowski, 1993; Piekutowski, 1995). The protective design for the
important components of the spacecraft is required. Hypervelocity ballistic
properties of honeycomb structures representative of satellites structural bod-
ies were investigated (Sibeaud, Thamie, and Puillet, 2008). Based on experi-
mental results, the numerical simulations were developed (M. S. Cowler and
Obata, 1987; Mechanical Engineers, 2007). The response of an aluminum hon-
eycomb structure to hypervelocity impacts of 6 km/s is investigated(Nitta et
al., 2013). They compared with the experimental results and numerical results
of the AUTODYN-2D hydro code. Carbon fiber reinforced plastic (CFRP) is
also well known as a high-strength and light-weight material. Higashide et
al. evaluated availability of CFRP bumper shields (Higashide et al., 2009; Hi-
gashide et al., 2015). They investigated hypervelocity impact phenomena of
CFRP-AL honeycomb sandwich structure (Higashide et al., 2010). Therefore,
much research have been done to protect against MMOD collisions.

1.3 Electrical Phenomena Caused by Hypervelocity
Impacts and Their Effects on Spacecraft

Hypervelocity impacts cause not only mechanical phenomena, but also elec-
trical phenomena such as generation of luminous vapor cloud including neu-
tral gas and plasma, radio frequency (RF) emissions, and potential variation
of an impacted target. Yet, electrical phenomena have not been gained atten-
tions comparing to mechanical phenomena. Also, the electrical anomalies of
spacecraft are difficult to clarify and diagnosis because of limited data. Some
spacecrafts may have occurred during MMOD cause. Figure 1.3 shows causes
of spacecraft anomalies(McKnight, 2016). Half of the anomalies are of known
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cause. The 25 percent design category includes hardware, software, and op-
erator error. Electrostatic discharge is largely correlated to solar array failures
while single event upsets are highly correlated to computer anomalies.

So far, electrical anomalies of several spacecraft were reported. The Olym-
pus spacecraft lost attitude control because of a gyro anomaly by the mete-
oroid shower in 1993 (Caswell, McBride, and Taylor, 1995). Though control
of the spacecraft was restored, the unforeseen fuel expenditure resulted in a
premature termination of the mission. The ADEOS-2 and ALOS satellites ex-
perienced power system failures during the 2003 Orionids and the 2011 Lyrids,
respectively, resulting in total loss of mission (S. Hosoda, 2006). In 2009,
a gyro anomaly occurred on the Landsat 5 spacecraft during the meteoroid
shower (Historic Landsat 5 Mission Ends). The Jason-1 satellite experienced a
confirmed impact that changed its orbital axis by 30 cm and subsequently
reported anomalous solar array currents lasting for five hours after the im-
pact. Bedingfield et al. list many spacecraft that have experienced electro-
static discharge (ESD)-related anomalies (e.g., Fengyun-1, AusSat-A3, Intelsat
511, Telecom 1B, Intelsat 510, Arabsat 1-A, and Anik-D2) (Bedingfield, Leach,
and Alexander, 1996). The triggers of these ESD events are not identified, but
many are likely a result of solar activity or some other factors that may have
been caused by MMOD impacts. Therefore, it is necessary to clarify electrical
phenomena caused by hypervelocity impact and their effects on spacecraft by
conducting the ground-based experiments.

FIGURE 1.3: Half of the anomalies are of unknown cause
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1.4 Motivation
There are five chapters in my dissertation in Fig. 1.4. In Chapter 1, the in-
troduction of my research field was described. Debris impact with spacecraft,
causing mechanical phenomena as well as electrical phenomena. Research on
electrical phenomena caused by hypervelocity impact has gained less atten-
tion than research on mechanical phenomena. Therefore, I focused on electri-
cal phenomena from hypervelocity impacts and hypervelocity impact experi-
ments using a two-stage light gas gun were conducted.

In Chapter 2, the plasma density and propagation of impact plasma are
important to estimate the risk of discharge to a spacecraft. I conducted the
hypervelocity impact experiments to accurately determine plasma density and
temperature of impact plasma.

In Chapter 3, the solar panels and power harnesses are affected by not only
mechanical failure but electrical one. The electrical failure means that impact
plasma including a high-density plasma density may trigger to discharge, but
the effects on power harnesses has not been clarified. I carried out the hyper-
velocity experiments on power harnesses and the relationship between impact
plasma and discharge was investigated based on the achievement of Chapter
2.

Microwave emission phenomenon was investigated in Chapter 4. The mech-
anisms of microwave emissions have been proposed, but a complete explana-
tion has not been reached. I measured electrical phenomena of impact plasma,
microwave emission simultaneously and the relationship between microwave
emissions and impact plasma phenomena was clarified. Also, the mechanism
of microwave emissions was clarified by conducting hypervelocity impacts ex-
periments on various kinds of aluminum targets.

Lastly, summaries of each chapter and the contributions are described in
Chapter 5.
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FIGURE 1.4: The flow of my dissertation
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Chapter 2

Research to Accurately Determine
Plasma Density

2.1 Introduction
When debris collides with spacecrafts at hypervelocity, ejecta is generated. The
ejecta includes not only secondary debris, but the luminous vapor cloud with
high-temperature gas and impact plasma because the collision site between
the projectile and the target is highly pressurized (Friichtenicht and Slattery,
1963; Eichhorn, 1976). Sugita et al. investigated intensities of atomic lines
from the impact-induced luminous cloud using a spectroscopy (S. Sugita and
Hasegawa, 2003).

Regarding of impact plasma generated by hypervelocity impact, plasma
charge and the measurements of plasma parameters have been researched.
Much of the research on plasma charge have been done to calibrate the small
particle collision detectors on-board spacecraft. Based on the empirical for-
mula obtained from the calibration experiment of the on-board detector, the
data obtained by the detector were analyzed. Also, the knowledge about the
characteristics of the collision object and the micrometeoroid distribution was
obtained (Friichtenicht and Slattery, 1963; H. Iglseder, 1987). Electrodes with
positive and negative bias voltages applied in the vicinity of the collision part
and the collision part are installed. The positive and negative charges of the
plasma generated by the collision were measured using a charge amplification
type amplifier (H. Dietzel, 1973; N. McBride, 1999). It was clarified that the
total plasma charge is proportional to the collision mass and velocity.

Measurements of plasma density and temperature are important to esti-
mate the risk of discharge to a spacecraft (Stevens, 1986). There are some
plasma diagnosis methods. They can examine plasma parameters locally by
placing multiple probes. There are three kinds of probe methods: single probe,
double probe, and triple probe methods (Mott-Smith and Langmuir, 1926; John-
son and Malter, 1950; S. Chen, 1965). The density of impact plasma has been
measured by a single probe method (D. A. Crawfield, 1991). In the sin-
gle probe method, the plasma temperature and density can be obtained by
sweeping the bias voltage to one electrode. They measured plasma tempera-
ture and density of impact plasma generated by hypervelocity impact from an
aluminum particle on an aluminum plate. The bias voltage of sinusoidal wave
at 5 kHz (the periodic time: 200 µs) in frequency is applied to the electrode, but
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it is considered that the measurement is not appropriate, because the applied
frequency was low compared with the phenomenon of the impact plasma.

The impact plasma was measured from hypervelocity impacts on solar ar-
ray with power supply by using a triple probe method (E. Tang, 2018). The
triple probe was set nearby the impact site. They found that the plasma tem-
perature and density are several eV and the order of 108 cm�3 during millisec-
onds, respectively. However, it is considered that the measurement of plasma
temperature and density may be inappropriate because impact plasma disap-
pears within the order of microseconds. The triple probe method is usually
a method in which the plasma density and temperature can be obtained in-
stantaneously using three electrodes. Yet, it is difficult to determine the circuit
conditions such as an appropriate bias voltage or resistance according to the
impact plasma.

Nagaoka et al. have investigated the propagation of impact plasma using
the double probe method (Nagaoka, Tanaka, and Sasaki, 2012). It is difficult
to measure plasma density and temperature by the conventional double probe
method (Johnson and Malter, 1950), because the propagation of the impact
plasma is a short-time phenomenon. Herein, they measured the plasma cur-
rent from double probes applied to a constant bias voltage of 9.6 V, which is
enough to get the ion saturation current. The plasma temperature to calcu-
late plasma density was assumed to be the same temperature as the luminous
vapor cloud which was derived by using a spectroscopic method under the
black-body radiation.

The spectroscopic method is one of the plasma temperature methods. At-
tempts have been made to measure the plasma temperature using the spectro-
scopic method applied the specific several wavelengths of emission from the
luminous vapor cloud (Kadono, 1996; Nagaoka, 2013; K. Zhang and Ju, 2016).
They estimated the temperature of luminous vapor cloud by fitting the equa-
tion of the Blackbody radiation from the intensity ratios at 500, 700, and 900
nm. However, there is a possibility that an error may occur in the temperature
calculation if emission line spectra derived from projectile and target materials
are observed at the wavelengths.

Besides that, plasma density has been obtained by using plasma tempera-
ture and ion mass constituting impact plasma. With respect to ion mass, the
plasma density has been calculated assuming the ion mass of either target or
projectile material when impacts between the different target and projectile
materials.

In Chapter 2, the hypervelocity impact experiments using a two-stage light
gas gun (LGG) were conducted. I used the streak camera spectroscopy, high-
speed video camera, and double probes to measure and observe the ejecta gen-
erated by hypervelocity impacts. First, the temperature of the luminous cloud
was calculated from the time-resolved spectrum acquired with the streak cam-
era spectroscopy. The temperature change of the luminous cloud was com-
pared with the photos taken by the high-speed video camera. Secondly, the
composition of the ejecta was examined by comparing the emission line spec-
tra, which are originated by the projectile and target materials, measured with
a streak camera spectroscopy. Third, plasma density is calculated by the above
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results in the case of the impacts between different projectile and target mate-
rials.

2.2 My Experimental Facilities
The hypervelocity impact experiments were conducted using the LGG of JAXA/
Institute of Space and Astronautical Science (ISAS). Figure 2.1 shows a photo of
the experimental facility. The LGG is connected to a launch tube and vacuum
chambers. The diagram is shown in Fig. 2.2. A piston is pushed by exploding
gun powder in a combustion chamber at the first stage. At the second stage, a
projectile is pushed by hydrogen and helium gas, which are compressed from
the pushed piston. By using light gas, the projectile can be accelerated many
times more than in the air.

The projectile with a mass of approximately 0.2 g at the maximum can be
accelerated up to approximately 7 km/s. The diameter of a projectile is up to 7
mm, because it is limited by the diameter of the launch tube. In the experimen-
tal facility, various kinds of projectile materials, which are usually orbiting on
space, are used as shown in Fig. 2.3. For metal balls, the diameter of projectiles
is restricted up to 3.2 mm, because metal balls are heavier than nylon ball. A
container called a sabot that holds the metal ball is used as shown in Fig. 2.4.

Figure 2.5 shows lasers and photomultipliers. Three sets of the lasers and
the photomultipliers were used for measuring a velocity of the projectile. The
velocity of the projectile is calculated from the distance and the time differ-
ence from the three sets of photomultipliers installed between the launch tube
and the metal vacuum chamber. The signal detected from photomultipliers is
also used for a trigger and all experimental devices are synchronized. On the
downstream side of the LGG, a sabot separator, a metal vacuum chamber, vac-
uum devices such as a rotary pump or a refrigerator and an acrylic vacuum
chamber are arranged. A target was placed in the acrylic vacuum chamber.
The degree of vacuum was measured with an ionization vacuum gauge.



12 Chapter 2. Research to Accurately Determine Plasma Density

FIGURE 2.1: The photo of the experimental facility

FIGURE 2.2: The diagram of the two-stage light gas gun

FIGURE 2.3: The photo of projectiles
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FIGURE 2.4: The photo of the sabot

FIGURE 2.5: The picture of three sets of photomultipliers
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2.3 Experimental Setups for Measuring Luminous
Vapor Cloud and Plasma

To measure ejecta from hypervelocity impacts, I used a high-speed video cam-
era, double probes, and a streak camera spectroscopy. The experimental setups
for measuring the ejecta is shown in Fig. 2.6. It is possible to measure and ob-
serve an optical phenomenon by using the ‘acrylic’ vacuum chamber. Each
measuring device will be described later.

The high-speed video camera is located at the perpendicular to the target
to observe the luminous cloud two-dimensionally. The streak camera spec-
troscopy is connected to an optical fiber. The field of view of optical fiber
focuses on the surface of the target. Arrays of plasma probes are used for
investigating the expansion of the plasma in the chamber.

FIGURE 2.6: The configurations of experimental setups for mea-
suring the ejecta
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2.3.1 The Streak Camera Spectroscopy
The streak camera spectroscopy measurement was mainly used for two pur-
poses: an acquisition of temperature and an investigation of plasma compo-
sition. The streak camera spectroscopy constitutes of a spectroscopy, a streak
tube, and a charge-coupled device (CCD) imaging. It is a device that can cap-
ture the light emission phenomenon that occurs within a very short time, and
not only the temporal change but also the spatial change at the same time. The
output is called “time-resolved spectrum”. The wavelength range with 547 nm
to 872 nm was selected so that the light is able to penetrate the acrylic vacuum
chamber. Also, the observation time of 100 µs was selected to be enough to
observe the flash. The time resolution is 1 µs.

The principle of the streak camera spectroscopy is shown in Fig. 2.8 (Streak
Camera Handbook). It is imaged as a slit image on the photocathode of the tube.
The photocathode converts incident light into a number of electrons corre-
sponding to its intensity. It is accelerated by the accelerating electrode and
jumps out toward the phosphor screen. The electron is swept at high speed by
the high voltage applied to the sweep electrode, and the electron is deflected
and incident the microchannel plate (MCP) that electron is amplified. The am-
plified electron collides with the fluorescent screen and is converted to light
again. The intensity of the incident light is detected by the brightness of the
fluorescent image, and the time and space are detected from the position. The
emission line spectrum was measured so as not to saturate the number of pho-
tons. A color bar indicates an intensity of the time-resolved spectrum.

Before the experiments, preliminary tests were performed. A halogen lamp
with a color temperature of 3,170 K was set near the impact point of the tar-
get. The spectrum emitted from the halogen lamp were measured. The model
spectrum of the halogen lamp was divided by the spectrum measured in the
calibration experiment of the halogen lamp, and the spectrum measured by
multiplying the spectrum measured in impact experiments were confirmed.
The wavelength resolution of the streak camera spectroscopy using a mercury
lamp was investigated. The emission lines of the mercury compared with
the mercury emission lines published by the National Institute of Standards
and Technology (NIST) (National Institution of Standard Technology (NIST)). The
wavelength resolution of full width at half maximum (FWHM) is approxi-
mately 5.7 nm.

Figure 2.9 shows the flow chart of analyzing the time-resolved emission
spectra. From the time-resolved spectrum, the continuous spectrum radiated
from the luminous vapor cloud and the emission line spectrum originated
from the target and the projectile material are observed. First, the spectrum
of each time is integrated from the obtained time-resolved spectrum. Elements
are identified according to the NIST database.

The temperature of the luminous vapor cloud is calculated from the in-
tensity ratio of spectrum at the observed wavelengths assuming blackbody
radiation. Temperature of luminous vapor cloud is calculated excluding the
emission line spectrum.
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FIGURE 2.7: The photo of streak camera spectroscopy
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FIGURE 2.8: The principle of the streak camera spectroscopy
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FIGURE 2.9: The flow chart of analyzing the time-resolved spec-
trogram
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2.3.2 High-speed Video Camera
To capture the expansion of the luminous vapor cloud, the high-speed video
camera was used. An expansion of the luminous vapor cloud is a short-time
phenomenon. In Fig. 2.10, the high-speed video camera of the Hyper Vision
HPV-X (Shimadzu Corporation) was used. The flame rate of 2 µs and the
number of flames of 128 photos are set to be satisfied to observe the optical
phenomenon. The camera is connected to a laptop for control.

FIGURE 2.10: The picture of a high-speed video camera

2.3.3 Double Probe Measurements
An expansion of plasma was investigated by setting arrays of double probe
inside the chamber. Figure 2.11 shows the circuit diagram of double probe
measurements. Normally, in plasma measurement, plasma density is calcu-
lated from the relationship between the applied voltage and the current to the
plasma electrode by sweeping the voltage applied to the probe electrode, but
a constant voltage of 9.6 V is applied between electrodes, which is considered
sufficient for measuring the ion saturation current (i.e. plasma current). The
capacitor is inserted to suppress fluctuations in power supply voltage due to
sudden current surge due to impact plasma. The probe electrode has a cylin-
drical shape with a diameter of 2 mm and a length of 10 mm. The distance
between electrodes is 10 mm. The distance was decided so as not to be af-
fected by the sheath. Plasma current Ip is given by the following Eq. 2.1

Ip = 0.61NeeS
✓

kTe
mi

◆1/2
(2.1)
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with, mi, k, e, and S are the ion mass, Boltzmann constant, elementary
charge, and probe surface area, respectively. Ip through the resistance R of 100
- 300 W was recorded with a data logger (8 channels isolated input, SL1000,
Yokogawa). The data logger has a frequency range from DC to 20 MHz, and
a sampling frequency of 100 MS/s. The input impedance is 1 MW . Ip and Te
obtained from the spectroscopic measurement were used for calculating Ne .

The configuration of probe electrodes are shown in Fig. 2.12. The array of
plasma electrodes arranged 85 mm (Ch.1), 115 mm (Ch.2), and 180 mm (Ch.3)
apart from the impact point.

FIGURE 2.11: The circuit diagram of double probes
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FIGURE 2.12: The position of each electrode
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2.4 Experimental Condition
The experimental condition is shown in Tab.2.1. The main purpose of the ex-
periments is to obtain the temperature of the luminous vapor cloud and in-
vestigate line spectrum derived from the different target and projectile materi-
als. Some impact experiment between the same projectile and target materials
were carried out to identify the line spectrum of aluminum or carbon. Basi-
cally, an aluminum and a copper plates are used for a target. An aluminum
(A5052 (Al-Mg)), a nylon (nylon 66), and a titan sphere were used for a pro-
jectile. The various kinds of aluminum plates are selected to investigate line
spectrum derived by the impurities of aluminum alloy. Herein, the composi-
tional components contained in each aluminum alloy are shown in Tab. 2.2
(Japan, 2001).
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TABLE 2.1: The experimental condition.

Shot ID Target Size [mmxmm] Thickness[mm] Projectile Diameter[mm] Velocity[km/s] Pressure[Pa]

#190702 A5052(Al-Mg) 110x110 40 Aluminum 3.2 6.8 0.1
#180905 A5052(Al-Mg) 110x110 40 Aluminum 3.2 6.8 1.0
#190303 Nylon 110x110 40 Nylon 7.0 7.1 0.5
#180903 Pure aluminum 110x110 40 Nylon 7.0 6.0 1.0
#180901 A5052(Al-Mg) 110x110 40 Nylon 7.0 7.1 1.0
#180902 A7075(Al-Zn-Mg) 110x110 40 Nylon 7.0 7.1 1.0
#190301 Aluminum(6061) 110x110 40 Nylon 7.0 7.1 1.0
#190707 A5052(Al-Mg) 110x110 40 Titan 3.2 6.8 2.0
#180909 A5052(Al-Mg) 110x110 40 Titan 3.2 6.8 1.0
#190703 Copper 110x110 40 Aluminum) 3.2 6.7 0.1
#190305 Copper 110x110 40 Aluminum 3.2 7.0 1.0
#190306 Copper 110x110 25 Titan 3.2 6.8 1.0
#190705 Copper 110x110 50 Titan 3.2 7.2 0.5
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TABLE 2.2: The chemical composition of various aluminum tar-
gets.

Composition A1050 [%] A5052 [%] A6061 [%] A7075 [%]

Al > 99.50 remain remain remain
Si 0.25 0.25 0.40 - 0.80 0.40
Fe 0.40 0.40 0.7 0.50
Cu 0.05 0.10 0.15 - 0.40 1.2 - 2.0
Mn 0.05 0.10 0.15 0.30
Mg 0.05 2.2 - 2.8 0.8 - 1.2 2.1 - 2.9
Cr - 0.15 - 0.35 0.40 - 0.35 0.18 - 0.28
Zn 0.05 0.10 0.25 5.1 - 6.1
Ti 0.03 - 0.15 0.20

2.5 Temperature Estimation of Luminous Vapor Cloud
Fig. 2.13 shows a photo of crater on the surface of the 6061 aluminum alloy
target from the impact of the nylon projectile. The diameter and volume of the
crater is 27 mm and 2290 mm3, respectivity. It is also confirmed that the surface
condition of the crater is melted and the rim is raised.

Figure 2.14 shows the expansion of luminous vapor cloud from impacts. A
luminous vapor cloud is generated from the collision point and the expands in
the surrounding space in vacuum. The impact flash originates from radiation
from the hot gas, and the emission line of state transition from the gas with
the excited state. Also, it is clear from the surface condition of the crater in
Fig. 2.13 that the collision interface is in an ultra-high pressure state and phase
transition occurs.

The intensity increases up to 10 µs, and then it can be seen that the inten-
sity gradually decreases. This is because the luminous vapor cloud spreads
into the surrounding space in vacuum. It is suggested that this is an appar-
ent phenomenon due to the weakening of the emission intensity per volume.
In addition, the expansion velocities were calculated by tracking the edges of
luminous vapor cloud. The expansion velocity at a speed of 8 km/s in the hor-
izontal direction, and 19 km/s in the perpendicular direction. The expansion
velocity tends to increase with a closer to the surface of the target. After 14
µs, it can be seen that secondary light emission from other areas except for the
collision point. There are frames for putting target, acrylic tube, and acrylic
shielding plates in approximately 30 cm away from the impact point. Taking
account in the expansion velocity of 8 km/s to 19 km/s, the luminous vapor
cloud including the secondary debris hits them in 15.8 µs to 37.5 µs. Therefore,
it is considered that the secondary debris impact on them and light emission
generated again.
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FIGURE 2.13: The crater created on the surface of the 6061 alu-
minum alloy plate

FIGURE 2.14: The photos of the expansion of the luminous cloud
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Figure 2.15 shows the time-resolved spectrum. The horizontal axis indi-
cates the wavelength and the vertical axis indicates the time. The color bar
indicates the intensity. Until 5 µs after the impact, it was confirmed that the
number of photons increases rapidly at all wavelengths and then decreases.
Herein, the temperature of the luminous vapor cloud was calculated accord-
ing to the procedure which is described in Fig. 2.9.

Figure 2.16 shows the spectrum obtained by integrating the time-resolved
spectrum. The emission line spectrum derived from the aluminum element
was observed at three wavelengths of 586.8 nm, 766.0 nm, and 788.3 nm. Also,
an impact experiment between the target and the projectile material of nylon
was conducted to investigate the emission line derived from carbon which is
nylon constituting the main element. Yet, there is no emission line spectrum
derived from carbon.

Also, impact experiments using various aluminum alloys and pure alu-
minum were carried out. However, there is no emission line spectrum derived
from the impurity elements as shown in Tab. 2.2 in all cases. It is suggested
that the emission line derived from the impurity elements could not be con-
firmed because ratio of impurity elements is too small comparing to the ratio
of aluminum element.

Based on the above, the temporal temperature is calculated by using in-
tensity ratio of continuous spectrum excluding the three wavelength emission
line spectrum and the spectrum below 566 nm, which is a possible emission
line spectrum.

An example of the temperature calculation process is shown in Fig. 2.17.
By excluding the entire part of the observed emission line spectrum, the tem-
perature can be calculated from the intensity ratio assuming the Blackbody
radiation. Thus, the temperature can be calculated with a wider bandwidth
and higher sampling rate.
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FIGURE 2.15: The time-resolved emission spectra (6061 alu-
minum alloy plate vs nylon projectile

FIGURE 2.16: The integration of the time-resolved emission spec-
tra (6061 aluminum alloy plate vs nylon projectile
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FIGURE 2.17: The typical example of estimating the temperature

FIGURE 2.18: The temperature of the luminous cloud with time
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Figure 2.18 shows the results of temperature calculation. The maximum
temperatures of the luminous vapor cloud rises 6 µs to 7 µs and reach from
3,084 K to 3,444 K. The temperature indicates the average temperature within
the field of view. The radius of the observation field is 55 mm and the expan-
sion velocity of the luminou vapor cloud is 8 km/s, the cloud expands within
the observation field within 7 µs. Therefore, the temperature rises because
flash from luminous vapor cloud expands within the field view of the optical
fiber until 7 µs. After that, it is considered that about 1.6 to 16 collisions with
residual gas per particle occur, and it is dominent that the energy is lost due
to the collision because the mean free path of 6.7 mm to 67 mm in vacuum is
smaller than the observation field. Hence, it is suggested that the temperature
decreased because the energy loss became dominant.

In addition, after approximately 20 µs to 30 µs after the collision, the tem-
perature increased again due to the secondary light emission. The light emit-
ted from the vacuum chamber wall is thought to have been measured by the
streak camera spectroscopy.

The results of temperature are described in the case of the impacts on the
different conbinations of target and projectile materials. Figure 2.19a com-
pares the temporal change of temperature with the aluminum and the tita-
nium sphere projectiles on the A5052 (Al-Mg) aluminum target. It was found
that the temperature of the maximum temperature of aluminum and titanium
projectile is 3,959 K after 4 µs and 3,798 K after 4 µs, respectivity. Figure 2.19b
shows the temporal changes of temperatures due to the impact on the cop-
per plate. it was found that the temperature of the maximum temperature of
aluminum and titanium projectile is 4,377 K after 6 µs and 2,660 K after 6 µs,
respectivity.

In this way, the luminous vapor cloud was analyzed by comparing the cal-
culated temperature and the expansion of the emission cloud taken by the
high-speed video camera. In the conventional method (Kadono, 1996)(Na-
gaoka, 2013), the temperature was estimated by fitting intensity ratio at three
wavelengths. However, the temperature cannot be estimated when the emis-
sion line spectrum is superposed within the observed wavelength. The ad-
ditional experiment to verify it was conducted. The details are described in
Appendix B.

The comparison between the conventional method and my proposed method
is summarized in Tab. 2.3. The wavelength resolution of 40 nm is restricted
to the wavelength of the BPF and the wavelength resolution of my propose
method is mainly limited to the diffraction glazing. Hence, my proposed
method is 7 times better than the conventional method. The emission line
derived from target and projectile materials is able to be identified in my pro-
posed method. In the conventional method, it is not possible to estimate the
temperature when the emission line spectrum is superposed. It means that
plasma density cannot be obtained.

Compared to the conventional method, it has higher wavelength resolution
and higher number of sampling points, so it was possible to properly identify
the emission line spectrum. My proposed method is verified to be a more
accurate temperature measurement.
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(A) In case of the aluminum target

(B) In case of the copper target

FIGURE 2.19: Comparison of temperature in case of the different
target
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TABLE 2.3: The comparison between the conventional method
and my proposed method.

Item The conventional method My proposed method

Wavelength resolution 40nm 5.7nm
Sampling points 3 1344
Identification of emission line Not possible Possible

2.6 Comparison of Temporal Change of Photon Num-
ber in Emission Line Spectrum

2.6.1 Identification of Emission Line Spectrum by Collision of
Projectile and Target with Same Material

Before comparing the line spetrum derived from different target and projec-
tile materials, the impact experiment between the same aluminum target and
projectile material was conducted.

Figure 2.20 shows a photo of the crater after impact. The crater with 16
mm in diameter and 639 mm3 in volume is created on the surface of the target.
Because the impact energy of aluminum projectile is smaller than that of nylon
projectile by five times, it results in a difference in the size of the crater.

Figure 2.21 shows the time-resolved spectrum. The horizontal axis indi-
cates the observed wavelength, and the vertical axis indicates the time. The
color bar indicates the number of photons. Until 3 µs, the number of photons
rapidly increases, and then it decreases.

In Fig. 2.22, the spectrum of each time was integrated to identify the emis-
sion line spectrum according to the procedure of Fig. 2.9. Three wavelengths
of 586.8 nm (AlII), 766.0 nm (AlIII), and 788.3 nm (AlIII) were observed and
identified as emission line spectra derived from aluminum elements.

Thus, it was possible to identify the emission line spectrum of aluminum
element by conducting an impact experiment with the same aluminum target
and the projectile material.

FIGURE 2.20: A photo of the crater on the aluminum target from
an impact of aluminum projectile.
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FIGURE 2.21: The time-resolved spectrum from an impact be-
tween the same aluminum target and projectile.

FIGURE 2.22: The integration of time-resolved spectrum from an
impact between the same aluminum target and projectile.
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2.6.2 Comparison of Temporal Change of Emission Line Spec-
trum from Impacts of Different Targets and Projectile
Materials

By comparing line spectrum derived from different target and projectile ma-
terials, the composition of the plasma was investigated. First of all, I con-
ducted the impact experiment between the aluminum target and titanium pro-
jectile. In addition to the three wavelengths of aluminum of 586.8 nm, 766.0
nm, and 788.3 nm specified in previous subsection, titanium element at two
wavelengths of 625.1 nm (Ti II) and 862.3 nm (Ti I) were identified.

Figure 2.23 shows the temporal change of the number of photons observed
at each wavelength. The rise time of the photons at 586.8 nm, 766.0 nm, and
788.3 nm derived from aluminum is 2 µs. The rise time of the photon numbers
at 625.1 nm and 862.3 nm, which are derived from the titanium element, is
also 2 µs. When the rise times of the line spectrum derived from the aluminum
and the titanium elements were compared, the rise time of aluminum element
and titanium element is the same of 2 µs. It is clear that the luminous vapor
cloud generates immediately after the collision and includes a mixed gas with
aluminum and titanium elements.

Comparing the intensity derived from aluminum and titanium, the FWHM
for aluminum is 6 µs at 788.3 nm, and the FWHM for titanium is 3 µs at 625.1
nm. It was found that the line spectrum derived from the aluminum element
has a longer observation time. This is because the crater volume (1655 mm3)
of the target surface generated by the impact is larger than the volume of the
projectile (17.2 mm3). Therefore, I suggest that it was observed for a relatively
long time because the amount of vaporization from the target material in the
observation field was larger than that from the projectile material.

Sencond, I conducted the impact experiment between copper target and
aluminum projectile. I identidied that the three line spectrum of aluminum
element identified in previous subsection and six line spectrum derived from
copper elements at 573.2 nm (Cu I), 585.9 nm (Cu II), 622.4 nm (CuII), 655.5 nm
(CuII), 703.7 nm (CuII), and 809.9 nm (CuII).

Figure 2.24 shows the temporal change of the number of photons in the ob-
served emission line spectrum. Here, line spectrum at 586.8 nm of aluminum
element and 589.0 nm of copper element are too close to be distinguished due
to the wavelength resolution. In the case of 622.4 nm, 655.6 nm, and 703.7 nm,
the intensities of the emission line spectrum are smaller than ones of the con-
tinuous spectrum, so the temporal change at their wavelengths are excluded.
The rise time of the intensity of aluminum element are 4 µs and 5 µs, respec-
tively. The rise time of copper element are 4 µs and 5 µs, respectively. When
the rise time of aluminum and copper elements was compared, it was the same
rise time. It was found that the mixed gas of the projectile material from the
target has occurred.

In this way, it was clarified that a mix gas derived from the target and pro-
jectile materials is generated by comparing the temporal change of the emis-
sion line spectrum derived from the projectile and the target materials.
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FIGURE 2.23: The comparison of temporal change of emission
line derived from an impact between aluminum target and titan

projectile

FIGURE 2.24: The comparison of temporal change of emission
line derived from an impact between copper target and alu-

minum projectile.
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2.7 Estimation of Plasma Density Caused by Impacts
between Different Projectiles and Target Mate-
rials

Using the achievements obtained in Sections 2.5 and 2.6, plasma density caused
by impacts between different projectiles and target materials is calculated. Plasma
density Ne is expressed by the Equ. 2.2

Ne =

0

B@
Ip

0.61eS
⇣

kTe
mi

⌘1/2

1

CA (2.2)

with mi, k, e, and S are the mean ion mass, Boltzmann constant, elementary
charge, and probe surface area, respectively (Johnson and Malter, 1950). Tem-
perature of luminous vapor cloud which is described in Section 2.5, is equiv-
alent to Te when it is assumed that the luminous vapor cloud is in thermal
equivalent. The maximum Ip and the time is summarized in Tab. 2.4. The dis-
tance at each channel is between the electrodes and the impact point. Because
impact plasma diffuses spatially, plasma current is smaller as the distance is
further.

Regarding ion mass, it is necessary to determine the ion mass taking into
account both the target and the projectile material, since both materials are
generated in a composed state. Therefore, the mean ion mass mi was calculated
by weighting the ratio of the mass of the projectile Mp and the mass of the
crater portion of the target material Mt, assuming that all the crater portion of
the projectile and target material was vaporized. Also, the target material and
the projectile material have different ionization energies. In addition to the
ratio of ion mass, mi was calculated considering the ratio of ionization energy.
The equations are given by the following equations,

mi = mt ⇥ a ⇥ b + mp ⇥ (1 � a ⇥ b) (2.3)

a =
Mt

Mt + Mp
(2.4)

b =
ip

it + ip
(2.5)

where, mt, mp, Mt, Mp, it, ip, a, and b are the ion mass of target material,
the ion mass of projectile material, the mass of crater of the target, the mass of
projectile, the ionization energy of the target material, the ionization energy of
the projectile material, the ratio of weight, and the ratio of ionization energy,
respectively. mi of 6.14 ⇥ 10�26kg was obtained by substituting the parameters
in Tab. 2.5,.

Substituting the above parameters into the Equ. 2.2, plasma density Ne at
each electrodes of 3.04 ⇥ 1011 cm�3 (Ch. 1), 6.18 ⇥ 1010 cm�3 (Ch. 2), and
3.14 ⇥ 1010 cm�3 (Ch. 3) could be obtained. The relationship between plasma
density and the distance is plotted in Fig. 2.25. The approximation curve was
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TABLE 2.4: Plasma current at each electrode

Channel Time [µs] Ip [mA]

Ch.1 (85 mm) 6.70 3.39
Ch.2 (115 mm) 8.61 0.69
Ch.4 (180 mm) 19.8 0.35

TABLE 2.5: Parameters for caluclating the mean ion mass

Parameters Aluminum (target) Titan (projectile)

Ion mass [kg] 4.48⇥10�26 7.95⇥ 10�26

Density [g/cm3] 2.70 4.51
Volume [mm3] 1655.4 (crater) 17.2 (projectile)
Mass [g] 4.47 0.07
Ionization energy [eV] 5.99 6.82

calculated by the least square method. It was found that plasma density de-
cays as the cube of distance. The plasma density of the impact plasma could
be calculated from the plasma current and plasma temperature obtained by
double probe measurement and the ion mass constituting the impact plasma.
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FIGURE 2.25: The relationship between plasma density and the
distance
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2.8 Summary
Hypervlelocity impact experiments were performed using the LGG, and the
generation of the ejector related to high-temperature gas and impact plasma
was investigated.

Spectroscopy is used to calculate the plasma temperature. In past studies,
the method for calculating the temperature of plasma temperature was calcu-
lated from the intensity ratio measured by a photodiode with an interference
filter at several specific points (Kadono, 1996)(Nagaoka, 2013). In addition,
there was a problem that the temperature could not be calculated when the
emission line spectra from the projectile and the target material were observed
at those wavelengths.

However, by using the streak camera spectroscopy (wavelength Range: 547
to 872 nm, the number of measurement points is 1344 points), the emission
line spectrum and the continuous spectrum can be distinguished by the high
wavelength resolution and the high sampling points, and the method to obtain
a more accurate plasma temperature could be proposed.

In addition, by examining the change in the number of photons in the
emission line spectrum when different materials collided, it was clarified that
plasma was generated in which both the target and the projectile materials
were formed. Using the weighted average ion mass of both the mass ratio and
ionization ratio, it was possible to determine the ion mass considering both
projectile and target materials.

From the above, this study showed a method for calculating the plasma
density of the impact plasma generated during the collision of different ma-
terials. It is expected that the plasma density of the impact plasma can be
measured, and the risk of discharge on the spacecraft can be more accurately
evaluated.
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Chapter 3

Re-examination of Sustained
Discharge of Satellite’s Power
Harness from Space Debris Impact

3.1 Introduction
The damage effects that typical susbsystems of spacecraft might experience are
investigated (IADC-08-03, 2013). Although some subsystems such as honey-
comb panels, pressure vessels or tanks may be affected by mechanical failure,
subsystems of solar panels and power harness are affected by not only me-
chanical failure but electrical one. The mechanical failure and the effects of
solar panel and power harness is described (A. Moussi, 2005; Nahra, 1989;
Thomas W. Kerslake, 2003; Joel E. Willianmsen, 2015).

The effect of electrical damage on solar arrays has been well-studied given
their large area (Akahoshi et al., 2008; Fukushige et al., 2008; S. Tagami, 2017),.
The impact-induced plasma leads to arcing between the solar cells or between
a cell and substrate on the solar array. At worst, Joule heating from the dis-
charge carbonizes an insulation layer and creates a permanent short-circuit
path. This is called permanent sustained discharge (PSD). Past studies have
suggested that the risk resulting in PSD would occur due to impacts of a pro-
jectile less than a few millimeters in diameter.

The effect of electrical damage on the bundle of an artificial satellite’s wire
harness from a debris particle also has a risk. The sustained arc between
the primary power cables of a satellite was investigated by Kawakita et al.
(Kawakita et al., 2009; Kawakita et al., 2004). (R. Putzar, 2008)

Kawakita et al. have examined this phenomenon in the past, and confirmed
that a ground fault can occur due to discharge via collision-excited plasma in a
debris collision with a diameter of 0.2 mm or less. In response, the JAXA space-
craft design standard recommends protection measures against debris impacts
with a diameter of 0.2 mm or more for the power harness (Requirement, 2014).
However, the frequency of debris impact with 0.2 mm or more in diameter on
power harnesses of the artificial satellites in a low Earth orbit by the simulation
of debris environment model is larger than the frequency of ground faults of
the actual artificial satellites. There is a deviation from the actual phenomenon.

In experiments conducted in the past, impact experiments were performed
on the power harness while the power is supplying, and the discharge was
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easily sustained because the internal resistance of the satellite may not be sim-
ulated. Moreover, multiple projectiles were impacted at the same time, and
impact-excited plasmas interfered with each other if the impact points are close
because the equipment of the gun could not inject a single particle in those
times. This may be a factor that could not be evaluated accurately.

Therefore, my purpose is to re-examine the PSD of satellite’s power harness
from hypervelocity impacts in Chapter 4. Hypervelocity impact experiments
were carried out and I verified two points: effects on single and multiple colli-
sions, and effect on presence or absence of the load circuit.

3.2 Experimental Setups
Hypervelocity impact experiments were conducted using the LGG. Figure 3.1
shows the experimental setups. The gun is connected to a metal chamber and
the specimen is set inside the chamber. Stainless steel and aluminum oxide
projectiles measuring less than 1mm in diameter were accelerated up to 7.16
km/s. Aluminum oxide is thought to be typical materials of small space debris
particles ejected by solid roket motors. The air pressure of a target chamber
was evacuated to 1-10 Pa (mean free path: 0.7-6.7 mm). Outside the cham-
ber, there are experimental devices such as power sources, a load circuit, an
oscilloscope, and a data logger. The specification of experimental devices are
shown in Appendix A. Figure 3.2 shows a photo of the power harness spec-
imen. The specimen consists of the power harness and an A2024 substrate
plate with 3 mm in thickness to simulate the single line of the power harness
behind the SAP and three-layered power harness at the boom of the SAP. For
the power harness, we selected the SPEC 55 R� wire of TE connectivity (single
wall, AWG22) that is commonly used for Japanese spacecraft.

The double probe was used to measure plasma density. The plasma current
was measured by five arrays of double probes positioned by 1 cm in range of
1 - 5 cm from the impact site. The distance between the plasma electrode and
the harness face is approximately 1 cm. The applied voltage is 9.6 V and the
detection resistance of 10 kW except for 1.5 kW of the probe where is the closest
to the impact site.

Figure 3.3 shows two kinds of circuit configurations used for different pur-
poses. For both types, a three-layered power harness is connected and the
voltage and current are supplied by two solar array simulators. In the the so-
lar array simulator of SAS1, the rated power output, the rated voltage, and
the rated current are 600 W, 120V, and 5A, respectively. In the the solar array
simulator of SAS2, the rated power output, the rated voltage, and the rated
current are 480 W, 80V, and 6A, respectively. The applied voltage and current
values were simulated in the spacecraft configuration in LEO and GEO. The
current was adjusted by the variable resistance. For type 1, SAS1 is connected
to the power harness bundle between the first and second layers with the cir-
cuit open. SAS2 is connected to the power harness bundle and the aluminum
plate through bleeder resistance with the circuit also opened. For type 2, the
load circuit with variable resistance and capacitance were added to simulate
load resistance of the satellite bus power. The experimental condition is shown
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in Tab. 3.1 and Tab. 3.2. Table 3.1 shows the experimental condition without
a load cirucuit of Type 1 which is described in Fig. 3.3a. Table 3.2 shows the
experimental condition with a load circuit which is described in Fig. 3.3b.

FIGURE 3.1: Experimental setups.
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FIGURE 3.2: Picture of harness specimen.
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(A) The conventional circuit configuration

(B) The circuit configuration with a load circuit

FIGURE 3.3: The two kinds of circuit configurations
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TABLE 3.1: The experimental condition of Type1.

Shot ID Projectile Diameter[mm]
Impact
number Velocity [km/s]

Source
current [A]

Source
voltage [V]

#170905-7 SUS304 0.3 15 3.85 3.0/3.0 100/80
#170906-2 SUS304 0.3 6 3.82 3.0/3.0 100/80
#170906-1 SUS304 0.3 3 3.88 3.0/3.0 100/80
#171017-1 SUS304 1.0 3 4.12 3.0/3.0 100/80
#170906-3 SUS304 0.3 1 4.16 3.0/3.0 100/80
#170907-1 SUS304 0.5 1 4.25 3.0/3.0 100/80
#171016-3 SUS304 0.3 1 6.87 3.0/3.0 100/80
#171016-2 SUS304 0.8 1 6.95 3.0/3.0 100/80
#171016-1 SUS304 1.0 1 7.03 3.0/3.0 100/80
#171016-4 SUS304 0.5 1 7.07 3.0/3.0 100/80
#170906-5 SUS304 0.3 1 7.07 3.0/3.0 100/80
#171016-6 Alumina 0.3 1 7.16 3.0/3.0 100/80
#171013-1 SUS304 0.5 1 7.17 3.0/3.0 100/80
#171017-2 SUS304 0.5 1 7.10 5.5/5.5 50/50
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TABLE 3.2: The experimental condition of Type2.

Shot ID Projectile Diameter[mm]
Impact
number Velocity [km/s]

Source
current [A]

Source
voltage [V]

#160628-1 Alumina 1.2 1 6.94 2.0 50
#160627-3 Alumina 0.5 1 6.70 2.0 50
#160627-4 Alumina 0.3 1 6.89 2.0 50
#170627-4 SUS304 0.3 6 4.01 3.0/3.0 100/80
#170627-3 SUS304 0.3 1 4.11 3.0/3.0 100/80
#170627-1 SUS304 0.3 1 4.12 3.0/3.0 100/80
#170907-5 SUS304 0.3 20 6.80 3.0/3.0 100/80
#170907-4 SUS304 0.3 1 6.84 3.0/3.0 100/80
#171017-4 SUS304 0.3 1 7.16 3.0/3.0 100/80
#171017-5 SUS304 0.3 1 7.17 3.0/3.0 100/80
#170626-5 SUS304 0.3 1 4.06 5.5/5.5 50/50
#170626-7 SUS304 0.5 1 4.05 5.5/5.5 50/50
#170626-1 SUS304 0.3 1 4.09 5.5/5.5 50/50
#170626-4 SUS304 0.3 12 4.11 5.5/5.5 50/50
#170622-1 SUS304 0.3 1 4.11 5.5/5.5 50/50
#170623-1 SUS304 0.3 1 4.12 5.5/5.5 50/50
#171017-3 SUS304 0.5 1 7.17 5.5/5.5 50/50
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3.3 The Difference between Impacts from a Single
Particle and Multiple Particles

I compared with multiple particles impacts and single-particle impact with
almost the same collision velocity. First, the experimental results by impacts of
multiple particles are shown in Fig. 3.4. A large number of collision scars were
confirmed on the surface of the power harness in Fig. 3.4a. It was confirmed
that one of impact scar was a trace of carbonization and melting is seen on
the surface of the power harness at a few of them. On the all layers, it was
confirmed that the trace of carbonized and melted power harnesses.

Figure 3.4b shows the voltage and current waveforms before and after the
collision of the power harness. It can be seen that, after the collision, the volt-
age suddenly decreases and the current rapidly increases. This is thought to
be caused by a short circuit due to the start of discharge through the plasma
between the collision marks due to particle collision with the power harness,
and the film portion of the power harness being carbonized and melted. I
found that the impedance between the discharge gap is approximately 11 W
from the current and voltage. In this way, it was confirmed that when multiple
particles of 15 particles with a diameter of 0.3 mm collide, the power harness
is carbonized and melted as in the past research, causing a PSD as the same in
the past studies.

Figure 3.5a shows the appearance of the power harness when particles with
a diameter of 0.3 mm collide at a speed of 4.2 km/s. It has collided with the
center part of the power harness, and it can be confirmed that the power har-
ness is carbonized and melted. Figure 3.5b shows the waveforms of voltage
and current. In the case of this shot, it is considered that the short circuit was
formed by the voltage drop and the current rise due to the connection of the
SUS1 circuit from the open state to the power harness.
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(A) On the surface of the layer

(B) Results of simltaneous measurements.

FIGURE 3.4: Photos of power harness appearance
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(A) A photo of a power harness specimen

(B) Waveforms of voltage and current before and after impacts

FIGURE 3.5: Waveforms of voltage and current before and after
impacts
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3.4 Effect on Circuit Configuration with a Load Cir-
cuit

The effects of the presence or not with the load circuit were investigated. Fig-
ure 3.6a shows the appearance of the power harness when a single particle
with a diameter of 0.3 mm is collided at a velocity of 6.84 km/s. The car-
bonized and melted power harnesses could not be confirmed.

Figure 3.6b shows the current and voltage waveforms before and after the
impact. Instantaneous changes were seen during 6 µs, but no sustained voltage
and current increases.

The influence of the PSD was investigated even when the power supply
voltage and current of the satellite were 50V/5.5A of power condition. Figure
3.7a shows the appearance of the power harness when a single particle with a
diameter of 0.3 mm is collided at a velocity of 7.16 km/s. The carbonized and
melted power harnesses could not be confirmed.

Figure 3.6b shows the current and voltage waveforms before and after the
impact. The changes in voltage and current value before and after impact
could not be confirmed.

The impedance between the discharge gap and the load resistance are 11 W
and 33 W respectively. In this case, it is suggested that the the PSD does not
happen due to low impedance of the load resistance.
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(A) A Photo of the harness specimen with a load circuit

(B) Waveforms of voltage and current before and after a single particle impact

FIGURE 3.6: Results of impacts from single particle with a load
circuit
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(A) A Photo of the harness specimen

(B) Waveforms of voltage and current before and after impacts

FIGURE 3.7: Results of impacts from multiple particles
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3.5 Interaction between Plasma Density and Dis-
charge

The relationship between dishcarge and impact plasma was investigated. For
the specimen, the load circuit of spacecraft was simulated. The projectile made
of aluminum oxide with a diameter of 0.3, 0.5, and 1.2 mm was impacted on
the specimen at approximately 7 km/s. Figure 3.8 shows plasma current from
a single perticle impact on the specimen with a load circuit. The plasma current
at the nearer electrodes from a impact site usually indicates the higher plasma
current.

Table 3.3 shows the summary of the impact condition and the measurement
results. The plasma density is estimated by the current of double probes with
an assumption of ion mass and electron temperature based on achievements
of Chapter 2. According to the observation of the damaged area, I assume that
the ion mass are calculated by the material of projectile (aluminum), and har-
ness core (copper). The electron temperare is assumed to be 3000 K. It was
found that plasma density depends on impact energy. The high dense of im-
pact plasma has dozens of microseconds, and the duration of impact plasma
is much shorter than the duration of PSD. Thus, it is suggested that impact
plasma triggers the PSD.
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TABLE 3.3: Impact condition and measurement results.

Diameter [mm] Velocity [km/s] Discharge duration [ms] Ne [cm�3]

1.2 6.94 0.11 3.2⇥1012

0.5 6.70 1.00 1.9⇥1012

0.3 6.89 3.63 2.1⇥1011

FIGURE 3.8: Plasma current from a single particle impact on spec-
imen with a load circuit
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3.6 Summary
We conducted the hypervelocity impact experiments using the LGG to clarify
the past issues. First, the effects of multiple particles impacts and a single parti-
cle impact are investigated. The reproducibility with past research in multiple
collisions was confirmed, and the power harness was carbonized and PSD lead
even when a single particle impacts. Also, it is found that impact plasma may
trigger primary discharge between power harness, because the impact plasma
was totally dissipated within 0.1 ms, which is much shorter than the recorded
discharge duration.

Second, the two kinds of circuit configurations were compared to inves-
tigate whether a load circuit affects the occurrence of PSD. In the case of the
circuit configuration with the load circuit, the carbonized power harness could
not be confirmed. Also, even when instantaneous changes were seen, but no
sustained voltage and current increases. I suggested that it was considered
that the current flows through the circuit with the load resistance and the car-
bonization and PSD of the harness did not occur, because the load resistance
was smaller than the resistance between the harnesses.

Finally, previous studies have proposed that sustained discharge occurs
when particles of 0.2 mm or more collide, but this was a condition that was
likely to occur because the load circuit was not simulated. The results were
applied to the current satellite design standards. However, it may be overly
risk-assessed. I suggest that there is a possibility that excessive risk assess-
ment is underway, and it is necessary to review it. Also, in order to prevent
sustained discharge from the viewpoint of materials, it is also required to de-
velop a cable that does not contain a carbon component.
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Chapter 4

Microwave Emissions Phenomenon

4.1 Introduction
RF emission has been confirmed in laboratory studies. Reports on the detec-
tion of electrical vibrations of several hundred kHz from less than 1 g alu-
minum particles at a velocity of 10 km/s into hard materials in a vacuum
chamber for the first time. (Bianchi et al., 1984). Crawford and Shultz detected
magnetic fields generated due to impact plasma by using magnetic search coils
from hypervelocity impact from aluminum sphere of 0.16 - 0.37 g in masses
(David A. Crawford, 1993; David A. Crawford, 1999). Close et. al investi-
gated the radiation from impact plasma generated by hypervelocity impacts
(S. Close, 2010; S. Close, 2013). They conducted experiments using a Van de
Graaff dust accelerator from micro particle sizes with masses between 10�16

and 10�11 g. Microwaves were measured by using patch antennas tuned to
315 MHz and 916 MHz and sensors of retarding potential analyzer or Faraday
plate arrays were instrumented to measure the net current associated with the
expanding impact plasma. They suggested that the plasma is ejected in lateral
direction from the impact site. Due to their much lower mass, the electrons are
ejected at much higher velocities than the ions. Thus, effectively a charge sepa-
ration takes place. Ions and electrons can be seen as electric dipoles, oscillating
with a frequency, the plasma frequency. Yet, microwave emission from micro
particle impacts has not been detected, even though microwave phenomenon
continues to radiate after impact plasma phenomenon.

Microwave emits in the GHz range (Takano et al., 2002). They conducted
hypervelocity experiments using a LGG and a rail gun from a nylon cylinder
with metal screw of 0.21 g at a velocity of 4 km/s. They detected microwave
signals at 22 GHz using a heterodyne receiver, which generates intermittent
frequency (IF) by mixing two signals of the lower frequency and the higher
frequency. Also, microwave emissions emit intermittently for more than mi-
croseconds. The dependence of microwave emission on target materials and
impact velocity was reported (K. Maki, 2005). They investigated how the tar-
get materials influence the microwave emissions using aluminum, alumina ce-
ramic, red brick, and polyurethane rubber. Microwave signals were detected
at 22 GHz and 2 GHz using heterodyne receivers from hypervelocity impacts
on aluminum, copper, iron, niobium, and nickel plates (H. Ohnishi, 2007; H.
Ohnishi, 2005). They suggested that electron excitation occurs due to thermal
effects or bond dissociation on the target.

Although the microwave emissions from various kinds of target materials
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were confirmed, it is difficult to discuss what physical parameters contribute
to the radiation of electromagnetic waves. Also, it is required to compare with
microwave emissions as well as other phenomena to clarify the characteristics
or mechanism microwave emissions.

In the field of material engineering, RF emission from fracture of rock and
other brittle materials was modeled (G. Martelli, 1985; Steven G. O’Keefe,
1995). However, they did not give a complete explanation, even though mi-
crowaves emit intermittently during milliseconds.

In this paper, hypervelocity impact experiments were conducted to clarify
the mechanism of microwave emissions. The microwave emissions were in-
vestigated by measuring flash and impact plasma, in addition to microwave
emissions simultaneously. Also, experiments were conducted by reducing the
physical parameters as much as possible by using pure aluminum or an alu-
minum alloy with the target material as an aluminum material.

4.2 Experimental Setups for Measuring Simultane-
ous Measurements: Microwave, Plasma, and Lu-
minous Vapor Cloud

In addition to the optical measurement described in Chapter 2, microwave
emission was measured by placing a target in the acrylic vacuum chamber.
Antennas were installed around the chamber and aimed at the collision point.
The microwave signals received by antennas were recorded with an oscillo-
scope. The experimental setups for measuring the ejecta cloud are shown in
Fig.4.1. In order to minimize the influence of microwave reflected from metal
objects and an external noise as much as possible, radiofrequency absorbers
were installed around the acrylic vacuum chamber.
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FIGURE 4.1: The configurations of experimental setups
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4.3 Microwave Measurements

4.3.1 Microwave Receivers
Since the microwave signals include the broadband frequency components, it
is suitable to use an antenna with a broadband frequency. Figure 4.2 shows
photos of two kinds of log-periodic (LP) antennas in the experiments. The LP
antenna is a member of a general class of frequency-independent antennas that
rely on repetitive dimensions of their structures (Paul, 2006). The structural di-
mensions increase in proportion to the distance from the origin of the stracture.
This results in the input impedance and radiation properties repeating period-
ically as the logarithm of frequency. Thus, they are said to be the broadband
antennas. Of the two LP antennas, one is the photograph of the LP antenna
with higher frequency bands with 850 - 6500 MHz as shown in Fig. 4.2a. The
other is the photograph of the LP antenna with lower frequency bands with
400 - 1000 MHz as shown in Fig. 4.2b. The characteristics of LP antennas were
measured and described in Appendix C.

The diagram of the microwave receiver is shown in Fig. 4.3. Because am-
plitudes of microwave signals are small, the low noise amplifiers (LNA) of
45 dB for the LP antenna with higher frequency bands and 46 dB for the LP
antenna with lower frequency bands are inserted after the LP antennas. The
oscilloscope with analog frequency bands from DC to 8000 MHz was selected
in order to measure microwave signals directly. The specifications of experi-
mental devices are shown in Appendix A.
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(A) The log-periodic antenna with higher
frequency bands

(B) The log-periodic antenna with lower
frequency bands

FIGURE 4.2: Photos of two kinds of log-periodic antennas used
in the experiments

FIGURE 4.3: The block diagram of the microwave receiver
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4.3.2 Characteristics of Receivers with Log-periodic Antenna
Figure 4.4 shows the block diagram for calibration. The LP antennas were re-
placed with a signal generator (SG). By sweeping the level of input power with
a single frequency, the waveform was recorded on the oscilloscope. Figure 4.5
shows the typical waveform displayed on the oscilloscope. I define maximum
voltage, minimum voltage, and the peak-to-peak voltage between maximum
and minimum voltage of the sine waves as Vmax , Vmin, and Vp�p.

There are two types of receivers. One is the receiver with the LP antenna
with higher frequency bands. Figure 4.6 indicates characteristics of the re-
ceiver. In the signal generator, characteristics of the receivers were measured
when signals applied with three frequencies of 1500 MHz and 6000 MHz.
Figure 4.6a indicates the dynamic range of the receiver. The horizontal axis
indicates the input power of the SG and the vertical axis indicates the Vp�p
recorded on the oscilloscope. It can be seen that the input signal is too small
to be amplified when the input signal is below 10�6 mW. It can also be seen
that the output voltage is saturated when the input signal exceeds 10�3 mW.
Therefore, it was found that this receiver is a region that linearly changes in
the region of approximately 10�6 mW to 10�3 mW, and corresponds to the
dynamic range of the receiver.

Figure 4.6b shows the polarity characteristics of the receiver with higher
frequency bands. The output voltage Vo�p means the absolute voltage of Vmax
as positive polarity and Vmin as negative polarity. When the input signal with
6000 MHz is applied, the positive and negative polarity are almost equal. Yet,
the positive and negative polarity seem to be different when the input signal
with 1500 MHz is applied. Therefore, it has found that the polarity characteris-
tics of the receiver at lower frequency range has an asymmetry characteristics.

The other is the receiver with the LP antenna with lower frequency bands.
Figure 4.7 shows characteristics of the receiver with the lower frequency bands.
In the signal generator, characteristics of the receivers were measured when
signals applied with three frequencies of 400 MHz, 700 MHz, and 1000 MHz.
Figure 4.7a shows the dynamic range of the receiver. It can be seen that the in-
put signal is too small to be amplified when the input signal is below 10�4 mW.
It can also be seen that the input signal exceeds 1 mW is too large to amplify.
Also, the amplitude at 1000 MHz is lower than one at 400 MHz and 700 MHz
because of the frequency response of the LNA. Therefore, it was found that
this receiver is a region that linearly changes in the region of approximately
10�4 mW to 1 mW, and corresponds to the dynamic range of the receiver.

Figure 4.7b shows the polarity characteristics of the receiver with higher
frequency bands. When the input signals with 700 MHz and 1000 MHz are
applied, the positive and negative polarities are almost equal. Yet, the positive
and negative polarities seem to be different when the input signal with 400
MHz is applied. Therefore, it has found that the polarity characteristics of the
receiver at lower frequency range have an asymmetry characteristics.
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FIGURE 4.4: The block diagram for Calibration

FIGURE 4.5: The typical waveform shown on the oscilloscope
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(A) The dynamic range of the receiver with higher frequency bands

(B) The polarity characteristcs of the receiver with higher frequency bands

FIGURE 4.6: Characteristics of the receiver with the LP antenna
with higher frequency bands
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(A) The dynamic range of the receiver with the lower frequency bands

(B) The polarity characteristcs of the receiver with the lower frequency bands

FIGURE 4.7: Characteristics of the receiver with the lower fre-
quency bands



64 Chapter 4. Microwave Emissions Phenomenon

4.4 Electromagnetic Interference at Experimental En-
vironment

It is important to understand the electromagnetic interference (EMI) environ-
ment in RF measurement. The experiments are performed by using the LGG,
so it is difficult to perform an experiment without a noisy environment such as
an anechoic chamber. Therefore, I investigated the external noise. The typical
waveform of noise is shown in Fig. 4.8. The maximum and minimum voltages
are -214.1 mV and 217.7 mV, respectively.

First, regarding the LGG devices, an igniter is used to ignite gunpowder
in the first-stage gunpowder chamber. There is a considerable time difference
from the ignition until the projectile collides with the target. Moreover, al-
though measurement has been started with an oscilloscope from several hun-
dreds of microseconds before the impact, microwave emission has not been
observed so far. Hence, it is considered that there is no microwave emission
due to the LGG devices.

Next, in the experiment, plasma and spectroscopic measurements were
performed simultaneously, in addition to microwave measurement. In spec-
troscopic measurement, a streak camera spectroscopy is used. When the streak
camera spectroscopy works, a high voltage is applied for a sweep voltage. A
streak camera spectroscopy was measured in the same measurement environ-
ment for the presence or absence of microwave emission from a high voltage.
Yet, there is no microwave emission. Thus, there is no microwave emission
from any device in the experimental facility.

Finally, microwave band is widely used in communication devices such as
mobile phones, smartphones, PHS, Wi-Fi, and etc. There is a possibility of re-
ceiving microwave (communication noise) transmitted from them. Communi-
cation noise was received in a measurement environment. Figure 4.9a shows
the communication noise measured by the receiver with the LP antenna. In
general, microwaves from communication noise are different from microwave
generated by impact in a carrier wave that has been modulated with a con-
siderably long period compared to microwave emission generated by impacts.
Also, the frequency components of external noise is shown in Fig. 4.9b. The
frequency component is calculated by using the fast Fourier transform (J. W.
Cooley, 1965). The frequency component at 1.9 GHz is much stronger than the
other frequency components. I identified the signals from dynamic host con-
figuration protocol (DHCP) system of wireless phone. Thus, the microwave
emission could be easily recognized.
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FIGURE 4.8: The typical noise waveform observed at the LP an-
tenna
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(A) Waveforms of the communication noise

(B) Frequency components of the waveforms

FIGURE 4.9: Communication noise observed with microwave re-
ceivers



4.5. Experimental Condition 67

4.5 Experimental Condition
The experimental condition is shown in Tab.4.1. The target material depen-
dence was examined by selecting the target material under the condition that
the physical property value does not change as much as possible. Pure alu-
minum and aluminum alloy plates were used for the target materials. The
7mm-diameter nylon sphere projectile was selected. The velocity of projectile
ranges from 6.8 km/s to 7.4 km/s, i.e. 7 km/s. The vacuum degree is evacu-
ated to around several pascals.
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TABLE 4.1: The experimental condition using various kinds of aluminum targets.

Shot ID Target material Size [mmxmm] Thickness[mm] Projectile materials Diameter[mm] Velocity[km/sec]

#180202 Aluminum(7075) 110x110 40 Nylon 7.0 7.4
#180203 Aluminum(1050) 110x110 40 Nylon 7.0 7.1
#180207 Aluminum(6061) 110x110 40 Nylon 7.0 7.0
#190901 Aluminum(1050) 110x110 40 Nylon 7.0 7.0
#190906 Aluminum(1050) 110x110 40 Nylon 7.0 7.0
#190904 Aluminum(7075) 110x110 40 Nylon 7.0 6.8
#190905 Aluminum(7075) 110x110 40 Nylon 7.0 6.7
#190908 Aluminum(6061) 110x110 40 Nylon 7.0 7.0
#191201 Aluminum(7075) 110x110 40 Nylon 7.0 7.06
#191202 Aluminum(1050) 110x110 40 Nylon 7.0 7.14
#191203 Aluminum(6061) 110x110 40 Nylon 7.0 7.08
#191204 Aluminum(2017(T6)) 110x110 40 Nylon 7.0 7.00
#191205 Aluminum(2017(O)) 110x110 40 Nylon 7.0 7.00
#191206 Aluminum(2017(T3)) 110x110 40 Nylon 7.0 7.10
#191207 Honeycomb 90x90 25 Nylon 7.0 7.03
#191208 Honeycomb 90x90 25 Nylon 7.0 7.14
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4.6 Comparison of Microwave Emission and Other
Phenomena

The simultaneous measurements of electrical phenomena were performed. When
a nylon sphere projectile impacts on the 7075 aluminum alloy target, the crater
created on the surface of the aluminum target is shown in Fig. 4.10. The expan-
sion of the luminous vapor cloud is observed from the hypervelocity impact
by the high-speed video camera in Fig. 4.11. The cloud expands with the ve-
locity of km/s in the surrounding space in vacuum and the edge of the cloud
reaches at the edge of the vacuum chamber at µs after the impact. The max-
imum temperature of the luminous vapor cloud is 3228 K from results of the
streak camera spectroscopy measurement.

The waveforms of plasma current at each plasma probe are shown in Fig.
4.12. Plasma current flows according to plasma density and plasma tempera-
ture when plasma passes between electrodes. It is confirmed that the plasma
current decreases with the distance from the impact point because the plasma
expands from the impact point spatially. Plasma reaches at the edge of the vac-
uum chamber at µs after the impact. After arriving at the edge of the chamber,
the plasma disappears due to loss of energy.

The microwave signals are shown in Fig. 4.13. The waveform shows mi-
crowave emission until 100 µs after the impact to compare with luminous va-
por and plasma phenomena. Figure 4.13a shows microwave signals at higher
frequency bands.

Figure 4.14 indicates the comparison with microwave signals measured
from two LP antennas. The expanded waveforms measured from the two LP
antennas are shown in Fig. 4.14a. The microwaves received from the two
LP antennas were observed at the same time. The duration of the microwave
emission is dozens of nanoseconds. The frequency spectra of the expanded
waveforms are shown in Fig. 4.14b. It was confirmed that the frequency com-
ponents of microwave emission include a broadband frequency.

Thus, it is clarified that microwave signals have a periodic time of several
or dozens of microseconds intermittently and last over a longer time unlike
other phenomena. It is suggested that microwave emission is unlikely to be
emitted by plasma or luminous gas phenomena.
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FIGURE 4.10: A photo of the crater on the surface of the 7075
aluminum alloy target
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FIGURE 4.11: Photos of luminous vapor cloud from 7075 alu-
minum alloy target
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FIGURE 4.12: Waveforms of plasma currents from 7075 alu-
minum alloy target

(A) The Waveform of microwave emissions at higher frequency bands

(B) The Waveform of microwave emissions at lower frequency bands

FIGURE 4.13: Waveforms of microwave emission from 7075 alu-
minum alloy target.
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(A) The expanded waveforms measured from the LP antennas with higher
frequency bands (upper side) and the LP antennas with lower frequency

bands (lower side)

(B) The frequency spectra of expanded waveforms measured from the LP an-
tennas with higher frequency bands (upper side) and the LP antennas with

lower frequency bands (lower side)

FIGURE 4.14: Comparison with waveforms measured from LP
antennas.
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4.7 Relationship between Impact Plasma and Mi-
crowave Emission

Figure 4.15 shows the expanded waveform of microwave emission from LP
antennas during 40 µs. Figure 4.15a indicates the expanded waveforms mea-
sured from LP antenna at higher frequency bands. At point a, the microwave
signal was firstly detected at 4.23 µs from hypervelocity impact. Figure 4.15b
indicates the expanded waveforms measured from LP antenna at lower fre-
quency bands. At point b, the microwave signal was firstly detected at 25.41
µs from hypervelocity impact. Comparing with the both waveforms, the dif-
ference of the receiving time is 21.19 µs. It was found that microwave with
higher frequency bands can be detected earlier than one with lower frequency
bands.

Next, the groups of microwave pulses were analyzed in detail. Figure 4.16
shows the expanded waveform at point c at the top of the figures and the
power spectrum of the waveform at the bottom of the figures. The power
spectrum was obtained by using FFT analysis. The duration of the waveforms
is 80.96 ns (sampling points: 2048 (=211), sampling frequency: 25 GHz, fre-
quency resolution: 12.4 MHz, Window function: Hanning). The power spec-
trum of the waveform above 3800 MHz was detected as the red line is shown.
Figure 4.17 shows the expanded waveform at point d at the top of the figures
and the power spectrum of the waveform at the bottom of the figures. The
power spectrum of the waveform above 3000 MHz was detected as the red
line is shown. Figure 4.18 shows the expanded waveform at point e at the top
of the figures and the power spectrum of the waveform at the bottom of the
figures. The power spectrum of the waveform above 1500 MHz was detected
as the red line is shown. Figure 4.19 shows the expanded waveform at point f
at the top of the figures and the power spectrum of the waveform at the bottom
of the figures. The power spectrum of the waveform above 1000 MHz which
is the lower limit frequency of the LP antenna was detected as the red line is
shown. The microwave observed at LP antenna with lower frequency bands
is also detected at 28.06 µs of point f. Comparing the frequency spectra of the
microwaves from hypervelocity impact, it was found that power spectra with
low frequencies began to be observed over time.



4.7. Relationship between Impact Plasma and Microwave Emission 75

(A) The expanded waveforms measured from LP antenna at high frequency
bands during 40 microseconds

(B) The expanded waveforms measured from LP antenna at low frequency
bands during 40 microseconds

FIGURE 4.15: Comparison with waveoforms measured from LP
antennas during 40 microseconds.
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FIGURE 4.16: The expanded waveform at point c and the power
spectrum

FIGURE 4.17: The expanded waveform at point d and the power
spectrum
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FIGURE 4.18: The expanded waveform at point e and the power
spectrum

FIGURE 4.19: The expanded waveform at point f and the power
spectrum
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TABLE 4.2: The plasma density at each plasma probe.

Channel Plasma current Ip [mA] Plasma density Ne [cm�3]

12cm 17.2 1.36⇥1012

15cm 9.6 7.58⇥1011

20cm 5.6 4.42⇥1011

Herein, the relationship between impact plasma and microwave emission
is investigated. The plasma currents at each probe are measured in Fig. 4.12.
Each plasma probe is located at 12cm (Ch.1), 15cm (Ch.2), and 20cm (Ch.3)
from the impact points. The maximum currents at each plasma probe are 17.2
mA, 9.6 mA, and 5.6 mA, respectively. In Chapter 2, the temperature of the
luminous cloud was obtained. By using the maximum plasma current and the
maximum temperature of 3228 K, the maximum plasma density Ne is calcu-
lated.

It is confirmed that the plasma density Ne is highly dense comparing with
ionosphere plasma (Tribble, 2003). To investigate the interaction between plasma
and microwave emission, plasma cutoff frequency fth is calculated. The equa-
tion is given by

fth =
1

2p

s
Nee2

meeo
(4.1)

with eo is permittivity of vacuum, me is mass of electron, and e is elemen-
tary charge (Tonks and Langmuir, 1929). Plasma cutoff frequency fth depends
on plasma density Ne, and the higher plasma density is, the higher plasma
cutoff frequency fth is. The relationship between plasma cutoff frequency fth
and time is shown in Fig. 4.20. The red and blue lines indicate the upper limit
frequency of the LP antenna with higher frequency bands and with lower fre-
quency bands, respectively. The difference time between upper limit frequen-
cies with LP antennas induces approximately 20 µs. Therefore, it means that
the microwave emission is shielded by high-dense plasma of impact plasma
during dozens of microseconds. Also, it is suggested that microwave emission
happens inside the impact plasma.
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FIGURE 4.20: The temporal change of plasma cutoff frequency
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TABLE 4.3: The crater parameters depending on hardness of tar-
get materials.

Aluminum Brinell hardness Crater depth [mm] Crater volume [mm3]

A1050 23 15 5461.69
A6061 95 9 2289.95
A7075 150 8 1733.28

4.8 Microwave Emissions from Various Kinds of Alu-
minum Targets

4.8.1 Microwave Emissions from Various Kinds of Aluminum
Alloy Targets

The target material dependence was examined by selecting the target material
under the condition that the physical property value does not change as much
as possible. Pure aluminum and aluminum alloy plates were used for the tar-
get materials to examine the influence of hardness. The hardness of targets is
related to crater depth and the equation of expected crater depth D is given by

D = 5.24H�1/4
✓

rp

rt

◆1/2 ✓Vn
Ct

◆2/3
d19/18 (4.2)

with H is Brinell hardness, rp is density of projectile, rt is density of target,
Vn is impact velocity, Ct is sound velocity of target material, and d is diameter
of projectile (Cour-Palais, 1985). Figure 4.21 shows expected crater depth de-
pending on hardness of targets. In the experiments, the pure aluminum, 6061
aluminum alloy, 7075 aluminum alloy targets were selected. The Brinell hard-
ness of each material and parameters of crater are shown in Tab. 4.3. Also,
photos of craters created on the surface of each target are shown in Fig. 4.22. It
can be confirmed that hardness of target materials affects the crater depth and
volume.

Figure 4.23 shows microwave emissions after impacts on pure aluminum,
6061 aluminum alloy, and 7075 aluminum alloy targets. The 7 mm-diameter
nylon projectile with a velocity of approximately 7 km/s was used for a pro-
jectile. The peak-to-peak volatge of pure aluminum, 6061 aluminum alloy, and
7075 aluminum alloy targets are 4.625 V, 6.005 V, and 6.137 V, respectively. It
was found that the harder the target is, the smaller the crater volume is and
the higher the intensity of microwave emission is. Thus, it was suggested that
the intensity of microwave emission may depend on the hardness of the target
material as a mechanism of microwave emission.
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FIGURE 4.21: Expected crater depth depending on hardness of
targets
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(A) A photo of the crater on the surface of
1050 pure aluminum target

(B) A photo of the crater on the surface of
6061 aluminum alloy target

(C) A photo of the crater on the surface of
7075 aluminum alloy target

FIGURE 4.22: Photos of the surface of the targets after impacts.
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(A) Microwave emissions from the 1050 pure aluminum target (Full span)

(B) Microwave emissions from the 6061 aluminum target (Full span)

(C) Microwave emissions from the 7075 aluminum target (Full span)

FIGURE 4.23: Microwave emissions depending on aluminum tar-
gets.
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4.8.2 Dependence of Microwave Emissions from Different Heat
Treated Aluminum Alloy Targets

Different aluminum alloys differ not only in hardness but also in other prop-
erties slightly due to different proportions and materials of impurities. In this
section, microwave emission was compared by selecting the target of three
different heat treated 2017 aluminum alloy plates, which contains the same
proportions of impurities.

Heat treating refers to any of the heating and cooling operations that are
performed for the purpose of changing the mechanical properties such as hard-
ness with few exceptions (Committee, 2013). The commercial heat-treatable
aluminum alloys are based on ternary or quaternary systems with respect to
the solutes involved in developing strength by precipitation. Commercial al-
loys whose strength and hardness can be significantly increased by heat treat-
ment include 2xxx, 6xxx, and 7xxx series wrought alloys (except 7072). Heat
treatment to increase strength of aluminum alloys is a three-step process: so-
lution heat treatment, quenching, and age hardening.

Annealing treatments employed for aluminum alloys are of several types
that differ in objective. The softest, most ductile, and most workable condition
is produced by full annealing to the temper designated “O.”

Alloys in T6-type tempers generally have the highest strengths practical
without sacrifice of the minimum levels of other properties and characteristics
found by experience to satisfactory and useful for engineering applications.

In the experiments, the 2017 aluminum alloys in O, T3, and T6-types tem-
pers were used for targets. Before the experiments, Brinell hardness of each
target was measured. Figure 4.24 shows the photos of the surface of the differ-
ent thermal refining targets after impacts. By heat treatment, the craters seem
to be different. The crater on the surface of 2017-O aluminum alloy target is the
biggest volume in Fig. 4.24a, and the one on the surface of 2017-T6 aluminum
alloy target is the biggest volume in Fig. 4.24c. The Vickers hardness of 2017-O,
2017-T3, and 2017-T6 is 56.93, 113.08, and 131.93, respectively.

Figure 4.25 shows the comparison of microwave emission received from
the LP antenna with higher frequency bands. Microwave emission from the
2017-O aluminum alloy target was mainly confirmed during approximately
1.5 ms in Fig. 4.25a. Figure 4.25b shows microwave signals from the 2017-T3
aluminum alloy target. It can be seen that microwave signals from the 2017-T3
aluminum alloy target are much stronger than ones from 2017-O aluminum
alloy target. In addition, microwave signals from the 2017-T6 aluminum alloy
target are shown in Fig. 4.25c. It was found that microwave signals from the
2017-T6 aluminum alloy target are the strongest of the three targets.

Therefore, it was found that the harder the target material, the stronger
the microwave emissions. I clarified that hardness of target materials affects
microwave emissions.
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(A) A photo of the crater on the surface of
2017-O aluminum alloy target

(B) A photo of the crater on the surface of
2017-T3 aluminum alloy target

(C) A photo of the crater on the surface of
2017-T6 aluminum alloy target

FIGURE 4.24: Photos of the surface of the different thermal refin-
ing targets after impacts.
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(A) Microwave emissions from 2017-O aluminum alloy target

(B) Microwave emissions from 2017-T3 aluminum alloy target

(C) Microwave emissions from 2017-T6 aluminum alloy target

FIGURE 4.25: Comparison of microwave emissions from 2017
aluminum alloy plates received from the LP antenna with higher

frequency bands
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4.8.3 Analysis of Numerical Simulation
In the previous section, I clarified that hardness of target materials affects mi-
crowave emission. Next, the fracture in the target was simulated by using a
numerical simulation in order to investigate the relationship between material
hardness and the effect of fracture in the target.

When solids generally collide with each other at a speed above 1 km/s,
the collision pressure exceeds giga pascal order and exceeds the elastic limit
of most substances (M. S. Cowler and Obata, 1987; Mechanical Engineers,
2007). Therefore, a complicated phenomenon mixed with solids and fluids
happens. I used the numerical simulation of ANSYS AUTODYN-3D, which
can be applied for impact analysis of complex physical systems including fluid
and solid materials. In particular, the elastic wave which is propagated in the
target was focused on.

As in almost all hydrocodes, the material model consists of three parts: 1)
the equation of state (E.O.S.) descriing the relationship among pressure, den-
sity, and internal energy, 2) the material strength model with the constitutive
relation of solid materials, and 3) the failure or fracture model mainly for solid
materials. The projectile and targets are modeled on the Lagrange solver.

The projectile was assumed spherical and to have the properties of nylon
with 7 mm in diameter and 7 km/s in velocity. Targets are pure aluminum,
6061 aluminum alloy, and 7075 aluminum alloy targets. The subgrid mesh is
applied to save computing resorces. The mesh size of the impact point neigh-
borhood is about 1 mm and the mesh size increases with distance from the
impact point. The three-dimentional analytical model is shown in Fig. 4.26.
The material properties of nylon (66 nylon) are described by the material li-
brary of AUTODYN. The equation of state is used with shock.

The material strength is von Mises. The erosion function is set to prevent
the calculation meshes from being crushed and the calculation from stopping.
The material properties of aluminum are described by the material library of
AUTODYN. The equation of state used with shock. The constitutive law is
applied to the Steinberg-Guinan strength model (D. J. Steinberg, 1980). It’s
effective mainly in the model with the ductile material and it’s assumed that
the yield stress and the transverse elastic modulus change depending on the
state quantity.

The constitutive relations for shear modulus G and yield stress Y for high
strain rates are:
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where density r is used in h = r/rre f , where rre f is the reference density.
However, the maximum yield strength value Ymax does not exceed a value that
is shown
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Y0
�

1 + bS�G
�
#̄p + #i

� n  Ymax. (4.5)

where ej = 0 is the initial plastic distortion and usually ej = 0. Troom is room
temperature. Y0 and G0 are the yield strength and elastic modulus values, re-
spectively, at standardized conditions (T = 300K, P = 0, ep = 0). Y0 and G0,
which are variables with subscripts, are partial differential quantities at stan-
dardized conditions. Y0, G0, Y0

P/Y0, G0
T/G0, bSG, n, and Ymax are determined by

each experiment. In addition, Y0
P/Y0 ⇡ G0

p/G0 is known by a number of past
experimental results.

The fracture condition is applied to the fracture model by hydro. The ero-
sion function is set to prevent the calculation meshes from being crushed and
the calculation from stopping.

Figure 4.27 shows the crater created by the hypervelocity impact. The
depth and the diameter of crater is almost corresponded to ones of crater in
the experimental results.

FIGURE 4.26: The analysis model
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FIGURE 4.27: The crater created by the hypervelocity impact
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4.8.4 Relationship between Target Destruction and Microwave
Emission

Figure 4.28 shows the pressure distribution inside the target. To compare with
amplitude of pressure distribution of each aluminum target, the range of pres-
sure was alighed.

The pressure distriution inside the pure aluminum target is shown in Fig.
4.28a. The site near the crater is strongly pressurized between 49 µs and 51 µs,
and then the pressure gets weaker between 53 µs and 55 µs, but the pressure
gets stronger again between 57 µs and 61 µs. It is found that the amplitude of
pressure is repeatedly changed every several microseconds, because the elastic
wave propagates and reflects repeatedly inside the target.

Figure 4.28b shows the pressure distribution inside the 7075 aluminum al-
loy target. It is also found that the amplitude of pressure is repeatedly changed
every several microseconds. In the figure, it should be noted that amplitude
of pressure in the 7075 aluminum alloy target is much stronger than one in the
pure aluminum target. In Figure 4.29a, the pressure near the impact site was
monitored as shown in Fig. 4.28a. Comparing with waveforms inside the pure
and 7075 aluminum targets, the amplitude of pressure is obviously different. It
is suggested that the pressure of the elastic wave in the pure aluminum target
was smaller, because the impact energy of projectile was consumed to form the
crater. It is found that hardness of the target affects the amplitude of pressure
of the elastic wave.

Figure 4.30 shows the comparison with microwave emissions and the pres-
sure distribution inside the target. The time zones surrounded in the red and
blue dotted line at 49 µs and 55 µs are strongly pressurized near the crater site
inside the yellow dotted line. Yet, time zones surrounded in the black dotted
lines at 52 µs and 53 µs are slightly pressurized. In the field of meterial en-
ginnering, RF emission was confirmed when fracture of rock and other brittle
materials are fractued (G. Martelli, 1985; Steven G. O’Keefe, 1995). There-
fore, it is supposed that microwave intermittently emits when the crater site is
highly pressurized repeatedly and then the materials are fractured.
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(A) Pressure distribution inside the pure aluminum target

(B) Pressure distribution inside the 7075 aluminum alloy target

FIGURE 4.28: Comparison of pressure distribution inside the tar-
gets.
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(A) The waveform of pressure inside the pure aluminum target

(B) The waveform of pressure inside the 7075 aluminum alloy target

FIGURE 4.29: Comparison of pressure change at the monitored
point.
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FIGURE 4.30: Comparison with the microwave emissions and the
pressure inside the target
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4.9 Application for Detecting Debris Impact Using
Microwave Emission

4.9.1 Various Kinds of Debris Senser Systems
I investigated and clarified microwave emission phenomenon. When MMOD
impact to spacecraft, the tremendous damage may happen. In particular, space-
craft with astronauts such as the ISS or the future moon orbiting spacecraft
called Gateway is very crucial to detect the damage caused by MMOD impacts
as soon as possible and fix the damage. Also, spacecraft with the large-scale
structure such as SPS cannot ignore the damage of impacts.

Therefore, detecting impacts on spacecraft is important and the debris sen-
sors have been considered (IADC-08-03, 2013). There are some sensor systems
such as acoustic emission, a resistor-based detection, a calorimetric impact de-
tection, a surface inspection cameras, and microwave emission.

Acoustic emission is detected by an elastic wave in the range of ultrasound
usually between 20 kHz and 1 MHz. The elastic wave propagates through the
solid to the surface, where it can be recorded by one or more sensors. Yet,
the disadvantage of acoustic emission is difficult to distinguish to the signals
because the service environments are generally noisy and the signals are very
weak.

The resistor-based detector can detect a perforation hole generated by de-
bris impact in a manned space structure using a resistance film, which is at-
tached to a pressurized wall with an insulator (S. Fukushige, 2006). The re-
sistance value of a resistance film with a conductive condition is dependent
on the distance between a measurement point and the perforation hole. The
resistance value is measured by the direct current potential drop and then the
perforation hole can be detected. Also, calorimetric impact detection is based
on the fact that a substantial part of the particle’s kinetic energy is converted
into heat when impacting the target. The temperature of the target is measured
by a contacted temperature sensor. However, their ways which are required
to the attachment are not suitable for a large-scale structure and solar panels,
because the detection area has been limited.

The surface inspection cameras operate by taking a series of digital images
of a surface over a period of time and transmitting the images to Earth for
analysis. By comparing the images, the impact sites can be detected. However,
this is at the expense of an increase in the mass and power of the system and it
takes time to detection.

4.9.2 Possiblity of Debris Sonser System Using Microwave Emis-
sion

Microwave emission has a potential to be a sensor. The possibility of debris im-
pact detection using microwave is considered (K. Maki, 2004). Unlike the op-
tical sensors, microwave emission can be easily detected even in sunny places.
Also, microwave emission can be detected by discriminating the signal level
automatically and quickly. By placing multiple antennas, impact site can be
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detected using microwave (E. Soma, 2006; E. Soma, 2008). Although the detec-
tion using cross-correlation method was confirmed on the indoor experiments,
they assumed that microwave is emitted spatially-uniform or homogeneously
from the impact site. Yet, the disadvantage is that microwave emission is not
yet well understood theoretically.

From my experimental results, it was clarified that microwave emits in the
impact site with broad-band frequencies and the microwave emission inter-
mittently radiates much longer than flash and plasma phenomena. By select-
ing the frequency bands of antennas, signal-to-noise ratio can be improved by
avoiding noise level of external communication noise in service environment.
Also, I found that microwave emission correlates with the hardness of the tar-
get. By my achievements, the possibility of debris sensors using microwave
emission has been improved.

4.10 Summary
In Chapter 4, microwave emission phenomenon was investigated. By measur-
ing the emission and plasma phenomena simultaneously, the microwave ra-
diation phenomenon could be clarified. The experimental results have shown
that the time scales between impact plasma (during dozens of microseconds)
including light emission and microwave phenomena (during several millisec-
onds) are significantly different by simultaneous measurement.

In microwave measurement, it was possible to investigate the frequency
characteristics of microwaves for the first time by measuring using two kinds
of broadband LP antennas. Microwave signals radiate in a wide band, but
I discovered that the effect of shielding the microwaves by the high-dense
plasma of the impact plasma generated immediately after the impact. This
suggests that the source of microwave signals is generated near the crater site
inside the plume of impact plasma.

Furthermore, in order to investigate the microwave radiation mechanism,
hypervelcity experiments focused on various kinds of aluminum materials
were conducted. The experimental results showed that the harder the target is,
the higher the intensity of microwave signals are. By using the numerical sim-
ulation, the target hardness has a correlation with the elastic wave repeatedly
propagating in the target material, and it is considered that the intermittent
radiation of the microwave is related to the propagation of the elastic wave.

From the above, it was concluded that microwave emission phenomenon
could be clarified. The achievements can contribute to detect debris impact
using microwave emissions.
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Chapter 5

Conclusions

In my dissertation, I studied the electrical phenomena caused by hypervelocity
impacts and their effects on spacecraft. The structure of each chapter is shown
in Fig. 5.1. There are five chapters in my dissertation.

In Chapter 1, as the number of debris is huge, the collision between debris
and spacecraft is inevitable and the situation is getting worse and worse. Al-
though the mechanical phenomena (or damage) from hypervelocity impacts
have been gained attention, the electrical phenomena (or damage) are also
important to operate spacecraft safety even in the debris environment. I ex-
plained the importance of my research field there. In my dissertation, electri-
cal phenomena, including impact plasma and microwave emissions, caused
by hypervelocity impacts were investigated. In each chapter, I conducted the
hypervelocity impact experiments to clarify the electrical phenomena and their
effects on spacecraft by using the LGG.

In Chapter 2, the research to accurately estimate plasma density was done.
The plasma density and propagation of impact plasma are important to es-
timate the risk of discharge to spacecraft. There are some plasma diagnosis
methods, but plasma probe method can examine plasma parameters locally by
placing multiple probes. Of three kinds of plasma probe methods, the double
probe method was applied in my experiments. Also, the plasma temperature
to calculate plasma density was estimated by using the spectroscopic method.
In the conventional spectroscopic method, intensities at specific several wave-
lengths were measured and the temperature was derived under an assumption
of the black-body radiation. However, it was clarified that the method can-
not estimate the temperature when the line emission spectrum derived from
projectile and target materials are included within the observed wavelengths.
Therefore, I proposed the method to estimate temperature precisely by using
the streak camera spectroscopy. The proposed method has some advantages:
(1) temperature can be calculated with wider wavelength bands and higher
sampling points and (2) the wavelengths of the profiled emission line spec-
trum are identified and the temperature can be precisely calculated by exclud-
ing intensities at the wavelengths.

In addition, the temporal change of emission line spectra was analyzed
from impacts between different combinations of target and the projectile mate-
rials. By comparing the time change of emission line derived of projectile and
target materials, it was clarified that the target and the projectile material both
made a phase transition at the collision interface and a mixed gas derived from
the target and the projectile material was generated. Thereby, it was achieved
that the plasma density of impact plasma was able to be calculated precisely.
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By accurately obtaining plasma parameters of impact plasma, it will be able to
contribute to accurately estimate the impact on solar cells and power harnesses
mounted on spacecraft.

In Chapter 3, electrical damage leading PSD may occur when hyperveloc-
ity impacts on the power harness. Using the double probe method based on
Chapter 2, the relationship between impact plasma and discharge was investi-
gated. Also, there was a deviation between the probability of actual accidents
and collision frequency calculated by the debris simulation. There were two
causes: absence of the internal circuit simulated to the satellite, and the ef-
fects of impact plasma due to multiple particle impacts. The effects of impact
plasma was not unknown. Therefore, I clarified that the effects of PSD were in-
vestigated by re-examining the causes. Also, the relationship between impact
plasma and discharge was investigated by using the double probe method.

It was found that impact plasma may trigger the primary discharge and
even a single particle impact easily results in PSD occurrence in the conven-
tional configuration without a load circuit. The surface of the power harness
was melted and carbonized near impact sites. However, a single impact does
not result in PSD occurrence in the configuration with a load circuit with a re-
sistance and a capacitance. Also, PSD never occurred even when the impacts
of multiple particles. Therefore, it was clarified that the load circuit heavily
relies on the PSD occurrence by comparing the previous studies. Previous
studies have yielded an important achievement that may have overestimated
risk assessment.

In Chapter 4, the mechanism of microwave emission was still unveiled.
By measuring the emission and plasma phenomena simultaneously, the mi-
crowave radiation phenomenon could be clarified. The experimental results
have shown that the time scales between impact plasma (during dozens of mi-
croseconds) including light emission and microwave phenomena (during sev-
eral milliseconds) are significantly different by simultaneous measurement.

In microwave measurement, it was possible to investigate the frequency
characteristics of microwaves for the first time by measuring using two kinds
of broadband LP antennas. Microwaves radiate in a wide band, but I discov-
ered that the effect of shielding the microwaves by the high-dense plasma of
the impact plasma generated immediately after the impact. This suggests that
the source of microwave emissions is generated near the crater site inside the
plume of impact plasma.

Furthermore, in order to investigate the microwave radiation mechanism,
hypervelcity experiments focused on various kinds of aluminum materials
were conducted. The experimental results showed that the harder the target,
the higher the microwave radiation intensity. By using the numerical simu-
lation, the target hardness has a correlation with the elastic wave repeatedly
propagating in the target material, and it is considered that the intermittent
radiation of the microwave is related to the propagation of the elastic wave.

In my conclusions, I investigated electrical phenomena of impact plasma
and microwave emissions caused by hypervelocity impact. By accurately ob-
taining plasma parameters of impact plasma, it will be able to contribute to
accurately estimate the impact on solar cells and power harnesses mounted
on spacecraft. Based on my proposed method to obtain plasma parameters, I
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also contributed to the reliability of the satellite power system due to debris
impacts by re-examining hypervelocity experiments on power harnesses. The
microwave emission phenomenon is expected to be applied to estimate the
scale, position, and frequency of debris collisions in the future. It is concluded
that I was able to contribute not only to basic knowledge but also to applied
knowledge in the field of space engineering regarding electrical phenomena
generated by hypervelocity impacts.

FIGURE 5.1: The overview of my dissertation
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Appendix A

Specification of The Experimental
Devices

In Appendix A, the specifications of the experimental devices is described in
this experiments. Table A.2 and A.3 show specifications of experimental de-
vices described in Chapter 2 and Chapter 3, respectivity. I measured phenom-
ena of luminous vapor cloud and plasma in Chapter 2 and microwave emis-
sion phenomenon. Table A.1 shows specifications of experimental devices de-
scribed in Chapter 4.
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TABLE A.1: Specifications of main experimental devices in Chapter 4.

Experimental devices Company & Type Specifications

LNA (high frequency) R&K LA150-0S
Gain: 45dB (typ.)

Frequency range: 1500MHz - 6500MHz

LNA (low frequency) R&K LA111-0S
Gain: 46dB (typ.)

Frequency range: 9kHz-1000MHz
LP antenna (high frequency)
LP antenna (low frequency)
Network analyzer Keysight N5222B Frequency range: 10 MHz - 28.5 GHz
Oscilloscope Tektronix MSO64 DC-8GHz, 25 GSa/s
Oscilloscope Keysight DSOS254A DC-2.5GHz, 400Mpts, 10GSa/s

RF cable
HUBER & SUHNER

SUCOFLEX R� 100 SMA-female
Signal analyzer Agilent Technologies N9010A Frequency range: 10 Hz - 26.5 GHz
Signal generator Keysight PSG Analog Signal Generator E8257D Frequency range: 250kHz-13GHz
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TABLE A.2: Specifications of experimental devices in Chapter 2.

Experimental devices Purpose Company & Type Specifications Others

Data logger Plasma Yokogawa SL1000 isolated 8ch. 100MSa/s, 1Mohm
Digital CCD camera Luminous gas Hamamatsu Photonics C10600-10B 1344(H) x 1024(V) pixels
High speed video camera Luminous gas Shimadzu Hyper Vision HPV-X 128 frames, 400(H) x 250(V) pixels
Photodetector Luminous gas Hamamatsu Photonics
Plasma probe Plasma handmade
Spectroscopy Luminous gas Hamamatsu Photonics C11119-02 focal length 300mm

Streak camera Luminous gas Hamamatsu Photonics C7700-01S

wavelength:200 - 850nm,
gain:15 - 45dB,

grading: 150g/mm

TABLE A.3: Specifications of experimental devices in Chapter 3.

Experimental devices Purpose Company & Type Specifications Others

Oscilliscope Power harness
Teledyne LeCroy

WaveSurfer 24MXs DC-200MHz, 2.5GSa/s

Oscilliscope Plasma
Graphtec
DM3300 DC-10MHz, 20MSa/s

Power harness Power harness TE connectivity SPEC 55 single wall, AWG22
cross-linked ETFE polymer,

silver plated copper conductor

Power supply (SAS1) Power harness
Agilent Technologies

E4362 solar array simulator 120V, 5A, 600W

Power supply (SAS2) Power harness
Agilent Technologies

E4350B solar array simulator 80V, 6A, 480W
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Appendix B

Temperature Estimation Using The
Conventional Method

In Appendix B, I explain the significance of my proposed method to estimate
the temperature of luminous vapor cloud. To compare with the conventional
method, the streak camera spectroscopy measurements were performed in two
different wavelength regions from 342 nm to 650 nm, in addition to from 547
nm to 872 nm. The specification of the streak camera spectroscopy is the same
as I described in Chapter 2. Here, in the past research, the intensities were
calculated, when it was assumed that photodiodes with band pass filters of
a bandwidth of 40 nm in three central wavelength of 500, 700, and 850 nm,
because the same setup cannot be prepared.

When the aluminum projectile impacts on nylon projectile, the intensities
transition at three wavelength bands of 500, 700, and 850 nm is shown in Fig.
B.1. Assuming the blackbody radiation from the intensity ratio at 4 µs when
the intensities are at the maximum, the fitting was performed. The fitting
was performed in the same way with reference to past research that was fit-
ting every 1000K. Figure B.2 shows the temperature estimation using the con-
ventional method. The error bars on the horizontal axis indicate the bands
of wavelength. The fitting was performed every 1000 K, but no temperature
passing through three points was found. That is because intensities at 500
nm include the line emission originated by aluminum in addition to continous
emission.

Therefore, it is difficult to find temperature passing through three points
in the conventional method when the line emissions spectrum includes within
the observed wavelength because the observed wavelngth is narrow bands
and it is not able to identify the line emission spectrum originated target or
projectile materials.
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FIGURE B.1: The intensities transition at three wavelength bands
of 500, 700, and 850 nm

FIGURE B.2: The temperature estimation using the conventional
method
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Appendix C

Experiments for Antenna Pattern
Measurements in An Anechoic
Chamber

In Appendix B, the specifications of the experimental devices is described. It is
also important to evaluate the characteristics of the antenna. Frequency bands
of antennas are evaluated by S-parameters. S-parameters describe the input-
output relationship between ports in an electrical sysytem (AntennaTheory).
The numbering convention for S-parameters is that the first number following
the ‘S’ is the port where the signal emerges, and the second number is the port
where the signal is applied. Hence, when the numbers are the same such as S11,
it indicates a reflection measurement because the input and output ports are
the same. The reflection coefficient S11 parameters of antennas are measured
to evaluate the frequency bands of antennas. The S11 parameter of the log-
periodic antenna are shown in Fig. C.1. Also, the antenna pattern is shown
in C.4. Antenna patterns with three frequencies were measured because the
log-periodic antenna has a wide frequency band. As the frequency band of the
antenna increases, the antenna pattern tends to approach omnidirectionality.
The maximum gain of patch antennas is typically 5 dBi.
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Anechoic Chamber

FIGURE C.1: S11 parameter of the log-periodic antenna

FIGURE C.2: The photograph of antenna pattern measurements
in the anechoic chamber at ISAS/JAXA
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(A) A photo of antenna settting at E plane

(B) A photo of antenna settting at H plane

FIGURE C.3: Setups for antenna pattern measurements
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Anechoic Chamber

(A) Antenna pattern of the log-periodic antenna at 1500MHz

(B) Antenna pattern of the log-periodic antenna at 3000MHz

(C) Antenna pattern of the log-periodic antenna at 6000MHz

FIGURE C.4: Antenna Pattern of the receiver with the log-
periodic antenna
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