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Abstract

In recent years, as microspacecraft has increasingly attracted the interest by gov-
ernment agencies, industries and universities, the requirement for micropropulsion
has been enlarged. In this dissertation, two micropropulsions are proposed and
developed for 1-100 kg microspacecraft and the fundamental characteristics are
revealed. In extremely small spacecraft, less than 10 kg, the weight, size and
power allowed for propulsion are strictly limited, less than a few 100 g and 1 W.
There the best suited is a diode laser microthruster with dual propulsive mode,
laser ablation mode and laser ignition mode. That thruster has the ability con-
trolling lower thrust of micro-Newton and providing higher thrust of milli-Newton
with compact size and low power. In this study, fundamental characteristics of
the newly proposed laser microthruster are investigated. As a result, it is verified
that the laser ablation mode can control 1-30 uN thrust and the laser ignition
mode can generate 10 to 500 mN thrust. In a little larger microspacecraft, less
than 100 kg, the limitations for the size and power are a little relaxed, and more
challenging and advanced missions are enabled. They requires higher delta-v for
micropropulsion, and miniaturized electric propulsion is needed. In the electric
propulsions, a pulsed plasma thruster is the most attractive due to its low power,
compact size, and digital impulse. Here, a pulsed plasma thruster using water
propellant is proposed and investigated for the adequate micropropulsion, That
thruster can accomplish high performance and contamination free. In this study,
the cause of the major problem on that thruster, low thrust power ratio, is clarified
and the improvement methods are proposed, which increased the performance at
most 30 %. In addition to these two thrusters, a thrust stand to measure micro-
Newton thrust is developed. Thrust measurement is inevitable for the study on
micropropulsion. It measures the thrust with the resolution less than 1.0 uNs and

the uncertainty within 2 %.
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Chapter 1

Introduction

1.1 Microspacecraft

Microspacecraft have increasingly attracted the interest of researchers in recent
years|[1]. Here microspacecraft mean miniaturized spacecraft down to less than 100
kg. In the early days of space exploration, the spacecraft were very light, Sputnik
weighed a little over 83 kg. It was because of the restrictions by a launcher. Sub-
sequent tremendous growth of technologies on aeronautics and astronautics made
it possible to increase the mass and size of spacecraft to acquire higher functions,
and the development had been directed toward highly functional, larger spacecraft.

However, these days the direction has started toward the miniaturization.

The miniaturization of spacecraft is motivated by the need to reduce in the cost
of developing and launching spacecraft. Up to date, space exploration had been
mainly conducted by government agencies in the world. Enormous cost associated
with the space exploration had prevented industry from the development, whereas
the importantness of the space is increasingly recognized. The expensiveness is
caused by developing and launching spacecraft. Spacecraft are constructed using
specially made components with extremely high reliability and durability. The
miniaturization will reduce the cost and also reduce the developing cycle, which
accelerates the growth of space development. Moreover, the most saving by the
microspacecraft will be the launch cost due to the mass and size reduction. For
instance, piggyback launch dramatically decreases the hurdle to launch spacecraft

for university and industry. Indeed, several universities have succeeded to launch
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their microspacecraft in a last decade [2, 3, 4, 5].

The miniaturization improves in the mission capability, flexibility, and redun-
dancy using microspacecraft constellations. Partitioning the functions of a single,
large, highly functional spacecraft into a number of smaller spacecraft has a lot of
potentials. Cluster of spacecraft cooperatively conduct missions with orbiting in
close each other. Changing the role of each spacecraft according to the situation
increases the probability of success for the mission. A trouble on one spacecraft
would not affect the other spacecraft and that role is covered by the others. The
increasing redundancy also enables to construct spacecraft using ordinary avail-
able components, which causes the reducing cost again. Moreover such cluster
or platoon of microspacecraft enables advanced missions that otherwise could not
be performed. Several studies using the formation flying are studied [6, 7, 8, 9.
Terrestrial Planet Finder (TPF) [10] by National Aeronautics and Space Admin-
istration (NASA) and Darwin[11] by European Space Agency (ESA) are missions
to search Earth-like planets outside the solar system. They use multiple spacecraft
with telescopes as a large telescope with a diameter of several 100 meters using
interferometric imaging, which provide high sensitivity and resolution. Laser In-
terferometery Space Antenna (LISA) [12] (joint mission by NASA and ESA) is a
space-based gravitational wave observatory using laser interferometry with large
distance. Although such advanced missions are not to use microspacecraft (they
are over 100 kg), the technologies can be applied to microspacecraft and increase

the variety of microspacecraft missions.

In addition to the formation flying, microspacecraft is expected to perform
health management of the mother spacecraft or to probe planets and asteroid in
deep space exploration. Microspacecraft could not have the capability to orbit
far away from the earth by themselves. However they can be carried on a large
spacecraft because of their small size, and deorbited in deep space to conduct such

various missions.
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1.2 Micropropulsion

1.2.1 Role of micropropulsion

A key element for microspacecraft operations is a practical micropropulsion sys-
tem. These days microspacecraft have been studied, developed, and launched by
government agency, industry, and universities. However, their missions remain in
the state of the demonstration for microspacecraft. Strictly limited weight and
size for the microspacecraft leads to various constrictions for spacecraft hardware.
Especially the lack of propulsion systems reduces the variety of missions. Attitude
control of spacecraft is attainable by passive systems such as momentum wheels
and magnetic torqueres. Actually, state-of-the-art microspacecraft perform their
attitude control using such systems as minimum as possible (whereas unloading of
the momentum wheel requires propulsion). In contrast, translation motion of the
spacecraft inevitably requires propulsive capability. Advantages of microspacecraft
will be developed conducting cooperrative works by the constellation or orbiting
by themselves, which essentially need translation motion. Therefore in order to
enable advanced microspacecraft missions, a small propulsion system suitable for

microspacecraft, namely a microthruster, is needed.

Microspacecraft dealt in this study have the weight ranging from 1 to 100 kg.
That class spacecraft is categorized into class I/II microspacecraft by NASA and
Micro/Nano spacecraft by AFRL. The corresponding spacecraft’s dimension and
power are 0.1 to 1 m and 1 to 100 W. State-of-the-art propulsion hardware can be
applicable to more than 100 kg spacecraft in most cases. Hence, newly developed

technology is required to accomplish such small miniaturized spacecraft.

1.2.2 Problems to the miniaturization

Micropropulsion systems must be designed to overcome a number of challenges
associated with the miniaturization. The difficulties of micropropulsion system
are manufacturing and integrating complexity, degenerating efficiency according
to the scaling low, propellant leakage and clogging, contamination problems from

the plume, and limited power for electric propulsions. Which factor affects most
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depends on the variety of the thruster. The manufacturing and integrating com-
plexity is included in all thrusters. The complexity mainly comes from the pro-
pellant feeding system, pressurizing or mixing the propellant, and plasma con-
finement. Some researchers expect MEMS as a key technology to solve those
problems. However, state-of-the-art MEMS technology has not reached to the
level for practical applications. Decreasing the scale leads to several inefficiency
because of increased boundary layer, heating loss, and plasma loss. Concerns of
the propellant leakage and clogging are associated with microspacecraft unless us-
ing solid phase propellant. With the scaling down, leakage rate of the propellant
will remain in the same level, or may be worse. Hence the percentage of the leak-
age in the total propellant mass becomes larger with decreasing the size. Also
miniaturization will increase the probability of clogging, which often becomes a
cause of the failure of propulsion system. Contamination becomes concern for
spacecraft system, degenerating the solar cell, as well as usual spacecraft. The
miniaturization consequently leads to less power, and it increases the difficulty
using electric propulsion. A lot of electric propulsion work most effectively using

power more than a few 100 W.

1.2.3 Required propulsive capabilities
Requirements for thrust level

The propulsive capabilities required for micropropulsion will be widely varied ac-
cording to the mission and size of the spacecraft. The requirement is roughly said
as the lower range thrust and the higher range thrust. In the case of attitude
control, lower thrust is required for precise positioning and higher thrust is for
slew maneuvers. In the case of formation flying, they need lower thrust for the
constellation controls and higher thrust for the re-arrangement of their formation
patterns. Tables 1.1 and 1.2 summarize representative thrusts required for the at-
titude control and translation motion of microspacecraft. Those thrusts (impulses)
were evaluated assuming several dead bands and time interval between thrust fir-
ings, where dead band is angle or distance by which spacecraft moves during the
time interval, namely resolutions for spacecraft control. In the case of the evalu-
ation of attitude control, cubical spacecraft shape was assumed, and the typical

dimension and impulse were calculated based on the spacecraft mass. It should
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Table 1.1: Representative thrust requirement for attitude control.

Dead band angle (deg): 0.1 0.1 180 180
time interval (s): 20 100 60 300
Microspacecraft

Mass (kg) Dimension™ (m) Lower impulse (uNs) Higher impulse (mNs)

1 0.10 2.9 0.58 1.8 0.35
10 0.22 64 13 38 7.7
50 0.37 540 110 320 65

* Assume cubical spacecraft shape

Table 1.2: Representative thrust requirement for translation motion.

Dead band distance (m): 1.0x10™* 1.0x10™* 1.0 1.0
time interval (s): 20 100 60 300
Microspacecraft

Mass (kg) Dimension™ (m) Lower impulse (uNs) Higher impulse (mNs)

1 0.10 5.0 1.0 17 3.3
10 0.22 50 10 170 33
50 0.37 250 50 830 170

* Assume cubical spacecraft shape

be noted that the minimum impulse requirement is very small, micro-Newton sec-
ond range. In the case of 10 kg spacecraft, the required minimum impulse is at
most 12 pNs to maintain the attitude of spacecraft withing 0.1 deg during 100s
and at most 10 uNs to maintain the separation distance between spacecraft with
the deviation within 0.1 mm during 100 s. Actually more precise positioning con-
trol is necessary to spacecraft constellations for interferometry missions, aiming
to detect gravity waves or search for planets around distant solar systems. For
instance, above mentioned LISA mission must maintain the precise constellation
against solar disturbance torques. It requires thrust levels of 2 - 20 uN to be con-

trollable within 0.1 uN. On the other hand, the maximum impulse is more than
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mili-Newton second range. In the case of 10 kg spacecraft, the required impulse is
38 mNs to rotate the spacecraft in the opposite direction in 1 min and 170 mNs to
translate the spacecraft with the velocity of 1 m/min. Such huge impulse would
not be accomplished without certain micro-chemical propulsion.

The most important for state-of-the-art microspacecraft is the further minia-
turization to expand the varieties of missions. Therefore, the requirement for mi-
cropropulsion is in first the ability to be installed on such microspacecraft rather
than their performance. Additionally their missions are like demonstrations and
the life times are relatively shorter than commercially available spacecraft. There-
fore large delta-v is not required. However, in the next stage, highly functional mi-
crospacecraft would be required, and long mission time, hence large delta-V, will
be necessary. In such advanced long-term missions, micropropulsion with high
specific impulse becomes very attractive. The propellant tank must be eventu-
ally miniaturized, because of the high percentage of spacecraft mass and volume.
Moreover, future challenging missions would require microspacecraft proceed in
deep space by themselves using primary micropropulsion system. Small-body ren-
dezvous and outer planet orbiters have substantially higher delta-v requirements.
In those large delta-V missions, micro-electric propulsion system become neces-
sary.

Micropropulsion is used for not only microspacecraft but also large spacecraft
to control and restrain the deformation of the huge structure. In the stream of
increasing the size and function of spacecraft, spacecraft have increasingly required
larger power, which is accomplished enormous solar cell. Such enormous solar cell
will be expanded in the space and the deformation should be prevented. Several
micropropulsion system would be suitable to help expanding the cell and keep the

formation due to their compactness.

Requirements for delta-V

Next, propulsive capability for microspacecraft is discussed in terms of delta-V.
It is strongly related to the life time of spacecraft and specific impulse of the
propulsion system. The requirement will be widely changed according to the
mission as well as the thrust requirement. Here, only a few representative missions

are considered as the examples for 5 kg and 50 kg microspacecraft missions.



1.2. MICROPROPULSION 7

In the case of 5 kg microspacecraft, the mission life time will be short. Actually,
in the current stage of this class microspacecraft, most of the missions are like
demonstrations (not long life time). Even in the future where several practical
missions are conducted, the life time of the such microspacecraft will be limited in
short time (at most one year) because of the extremely limited spacecraft functions.
As examples of their missions, two kinds of demonstrative missions are considered,
which are shown in Fig. 1.1 [13]. One is an example of formation flying, where
two spacecraft fly together on slight different orbits. In order to keep the fixed
relative position, the compensation using thrusters are necessary. In the case
of, the distance of both spacecraft is 3 m and the orbit altitude is 800 km, the
required thrust is 50 uN and one round flying requires the delta-V of 1.5 m/s.
The other is orbiting around a mother spacecraft, which is simulation for health
management of other spacecraft or exploring planets and asteroid deorbited from
mother spacecraft. It should be conducted in a limited time, for instance linkage
time to the base station on the ground. Figure 1.1 shows the square orbit. In the
case of side length of 6 m and limited time of 5 minutes, the required impulse is
31 Ns and the delta-V is 6.3 m/s for 30 rounds.

Orbiting with the same angular velocity Vs - Avg: stop
but different altitude. ~ < A
F =3mLa® v,
w:orbital angular velocity Total Av =(2+3V2)v

Figure 1.1: Example missions for 5 kg microspacecraft; a) Formation flying keeping
a distance on slight different orbits (L m) and b) Orbiting around a mother ship

drawing a square orbit.

In 5 kg microspacecraft (~ 20 cm cubic size), the size allowed for propulsion
system would be typically within 250 cm?® and 0.5 kg. Additionally, the most of
fractions would be dominated by not propellant but other bus systems (controlling

systems). As a result, the useful propellant mass would be less than 100g. For
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instance, in the case of a cold gas thruster with xenon gas, 100 cm?® would be used
for high pressure (100 atm) gas tank and the propellant mass would be about 40
g. The other space must be used for pressure regulator, valves, nozzle, and so
on. In the case of a laser ignition thruster, which is addressed in this study (see
Chapter 3), five solid propellant cartridges would be allowed and the mass of solid
propellant is also 40 g. The other space must be used for laser diode driver and
propellant feeding system.

Figure 1.2 shows the relation of specific impulse and acquired delta-V for 5 kg
spacecraft. Within the limit of propellant mass (20, 40, 100 g cases are shown in the
figure), at least Isp of 50 s is necessary to conduct above-mentioned microspacecraft
missions. Therefore, low Isp thruster like a vaporizing liquid thruster would not
be adequate for this class mission, unless bringing a lot of propellant mass. Laser
ablation thruster, also addressed in this study, with low thrust but high Isp of
100-150 s would be suited for keeping formation flying and laser ignition thruster
with high thrust but low Isp will be suited for the maneuver in very short time.

In the case of 50 kg microspacecraft (~ 40 cm cubic size), the size allowed
for propulsion system would be typically within 2500 cm?® and 5 kg. There the
missions would be close to those of conventional highly functional spacecraft with
more than a few years of the life time for practical use. For instance, let us
consider North-South maneuver in GEO (geostationary orbit) which is the most
practical orbit for spacecraft. Large, highly functional spacecraft currently used
in GEO can be replaced by constellation of microspacecraft to increase the system
redundancy. Of course these microspacecraft should be brought by other large
spacecraft or transfer rocket supplying high delta-V because transfer from LEO
(low earth orbit) to GEO requires huge delta-V about 4 km/s.

In GEO most important propulsion task would be North-South maneuver. It is
compensation of the orbit inclination due to the several disturbances on the orbit.
The most causes are gravitations from the sun and moon. Both accelerations are
8.6x107% and 3.4x107% m/s? by the moon and sun respectively. As a result, the
required delta-V for the N/S maneuver for one year is usually about 50 m/s[14].

Solar pressure is another disturbance forces for spacecraft, which is about
4.5x107% N/m? near the earth. In the case of 40 cm cubic microspacecraft, the
applied force is 7x10~" N and much smaller than the gravitational disturbances.

Also, the atmospheric drag is much smaller than solar pressure in GEO.
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Figure 1.2: Relation of delta V and specific impulse; a) 5 kg spacecraft and b)
50 kg spacecraft. LAT: laser ablation thruster, LIT: laser ignition thruster, CGT:
cold gas thruster, VLT: Vaporizing liquid thruster, FEEP: field emission thruster,
LP-PPT: liquid propellant PPT, APPT: ablative PPT, MPT: monopropellant

thruster.
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Microspacecraft constellation will also need the force to keep the formation as
well as the above 5 kg spacecraft, see Fig 1.1 a). However, the required delta V
for keeping the formation in GEO is much smaller than that in low earth orbit
because of the small orbital angular velocity. In the case of 50 kg spacecraft, 10

m distance, and 5 years life time, the required delta-V is 8 m/s.

Moreover, very precise positioning of formation flying will need additional
delta-V. For instance, in the missions requiring precise positioning like LISA and
Darwin, the delta V is about 30 m/s for 5 years (they are not in GEO).

As a result, microspacecraft in GEO requires delta-V of about 300 m/s for
5 years life time. Figure 1.2 shows the relation of specific impulse and acquired
delta-V for 50 kg spacecraft. In the case of a cold gas thruster, the most fraction
of space will be used for the gas tank, and for instance 1 kg gas can be reserved
in a 2000 cm?® and 100 atm tank. However, the low specific impulse is not suited
for higher delta-V requirement. May be, micro-mono propellant engine would be
better whereas several additional components must be prepared. These chemical

propulsions are suited for re-arrangement of formation requiring higher thrust.

When micro-electric propulsion is selected, the mass for the propellant would
be less than 1 kg (other spaces for thruster head and power source). In a lot of
electric propulsions, only PPTs are suitable for this class microspacecraft. How-
ever, the low specific impulse cannot supply enough advantage by using an electric
propulsion. Liquid propellant PPT, addressed in this study, has enough high spe-
cific impulse and compact size due to liquid propellant. FEEP can deliver quite
high specific impulse, but the high voltage (10 kV) power conditioner and ion

neutralizer are are suited for over 100 kg spacecraft.

1.3 Review of microthrusters

Because of the above mentioned backgrounds and motivations, a number of va-
rieties of microthrusters have been proposed and developed in a last decade. In
this section, those microthrusters are reviewed to select the ones most suited with

microspacecraft. More details are reviewed well by Muller in elsewhere[15].
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1.3.1 Micro-chemical propulsion

Up to date almost all propulsion systems used for the space exploration are chemi-
cal propulsions due to their simpler physics, and higher completeness, than electric
propulsion. The interests are focused on the developing and fabricating the com-
mercial products rather than the fundamental research. Therefore they are con-
ducted mainly by government agency and industry. However, the miniaturization
of those propulsion includes a number of unknown problems and characteristics,
and many researchers in universities have started the studies.

In comparison with electric propulsion, chemical propulsion is characterized by
the higher thrust and no need of an electrical power source. Therefore, it would

be suitable with extremely small and short life time microspacecraft.

Cold gas thruster

Cold gas thrusters simply exhaust gas with no chemical reaction from a pressurized
propellant tank. In the tank, the propellant is stored with 1 to 200 atms. Hence
the specific impulse is small, usually ranged from 30 to 100 s, unless very light gas
like Hy, and He is used. Nitrogen is the most frequently used propellant, which
gives the specific impulse around 70 s.

The most advantage is the simplest structre in the other gas thrusters. It has
been miniaturized already over the other thrusters. Moreover, when using benign
gas, the cold gas thruster is relieved from spacecraft contamination problems.
Nevertheless, propellant leakage and clogging problems and heavy, high-pressure
propellant storage still remain as disadvantage. Use of ammonia as the propellant
is interesting and promising idea because it will enable the liquid storage and

reduce the tank size and mass.

Mono/Bi-propellant engines

Bipropellant engines are frequently considered for primary propulsion applications
on conventional spacecraft because of their high thrust and high specific impulse.
They mix two gaseous (fuel and oxidizer) and get high specific impulse, up to
300 s. Nitrogen tetroxide (NTO) and monomethylhedrazine (MMH) as oxidizer
and fuels are used in the most cases. However, its complexity using separate

feeding systems for fuel and oxidizer is disadvantage. Also leakage and clogging of
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propellants becomes concern as well as or more than cold gas thrusters due to the
complex system. Moreover, combustion efficiency and mixing losses are affected
by the miniaturization, and the associated degradation of the performance would

be worse than cold gas thrusters.

Using power MEMS technology for micro-bipropellant engine have been pro-
posed and examined [16]. They accomplished the chamber pressure up to 12 atm
(over the pressure failed the motor) and got the 1 N thrust. The most problems of
such thrusters using power MEMS are suitable valve development, which should
be fabricated using MEMS. Several MEMS based thruster suffers from the lack of

suitable micro-valve.

Micro monopropellant engines are positioned between bipropellant engines and
cold gas thrusters in the specific impulse and complexity. Hence the advantages
and disadvantages are also middle of them. However, from the view point of the
contamination, they have worse than both thrusters. It is because that they use
most commonly hydrazine as monopropellant, which have high toxicity. It also

costs the ground test and propellant loading procedure.

Recently HAN-based monopropellant engines have attracted interests, which
uses a mixture of an oxygenrich component called HAN (hydroxylammonium ni-

trate) and a fuel-rich component. It is characterized by the non-toxicity.

Digital microthruster array

Solid rocket motors have advantages of the that compact size, no propellant feed-
ing system, high specific impulse. However, the obvious disadvantage is difficulty
to use arbitrary of quantity, that is they are not restartable. One of the methods to
solve the problem is partitioning solid propellant into small pellets and installing
them into a numbmer of micro chambers, whereas the installing micro-chamber
leads to decrease of the energy density. Several researchers have examined that
idea using power MEMS technology [17, 18, 19, 20], which are called as digital
microthruster or micro solid rocket array. Micro-chambers with the dimension of
1 mm or below are fabricated and arrayed on a single chip. Every micro solid
propellant is ignited by a heat element. Their solid rockets have very high energy

density, namely small propellant tank volume, and are released from the propellant
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feeding concerns. However, they suffer from low ignition probability and low com-
bustion efficiency. Inexact touching of heat element on the propellant caused the
failure of the ignition. Also another disadvantage is the change of the trust vector
by shot-to-shot. In the propulsive task of translation motion, the synchronous
firing of multiple propellants with symmetry at the center (thrust point) would

solve the problem to some extent.

1.3.2 Micro-electric propulsion

In contrast to long history of the practical use of the chemical propulsions, electric
propulsion has started to be applied in a last decade. The research on electric
propulsions started since the early days (1960s) [21, 22]. However, in the space
exploration which needs high reliability, they hardly changes already-established-
systems into novel systems, even if they are superior than old ones. In last decades,
several missions have started installing electric propulsions in challenging deep
space missions [23, 24, 25, 26, 27].

Micro-electric propulsion systems are characterized by the high specific impulse
over the micro-chemical propulsion. High specific impulse decreases the size and
weight of propellant tank, which had dominated the fraction in the size and mass of
spacecraft subsystems. On the other hand, electric propulsions are disadvantaged
by the need of a high voltage power source. Then the reduction of propellant tank
must be enough to compensate the increase of the power source.

The scaled-down of electric propulsion would lead to several inefficiency as well
as chemical propulsion. Increased surface to volume ratio by the miniaturization

increases the plasma losses to walls.

Pulsed Plasma Thruster

In electric propulsions, Pulsed Plasma Thrusters (PPTs) [28] have very simple
structures and robustness in comparison to others. They utilize solid polymer
Teflon® (PTFE) as the propellant. The polymer surfaces which contacts to plasma
are ablated by the plasma and fed into it as propellant (discharge ablation feed-
ing). Such PPTs are sometimes called as ablative PPTs or ablation fed PPTs
(APPTs) to distinguish PPTs using gas or liquid as the propellant. The receded
propellant is re-fueled by simply pushing the back using a spring. Then they are
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released from the complex propellant feeding system and concern of propellant
leakage. Moreover their capability to work with low energy (1 to 10 J) is suit-
able with power-limited microspacecraft. The thrust is generated in very short
time ( 5 ps), and that impulsive thrust enables digital control of the impulse with
high resolution. A dditionally, the thrust efficiency is independence on the firing
frequency, and the thrust can be arbitrarily throttled within the allowed electric
power.

On the other hand, associated problems with PPTs are their low thrust perfor-
mance and concern of contamination from the ablated gas. Most electric propul-
sions currently used for several missions have the thrust efficiency of 50 % and the
specific impulse of 1500 to over 3000 s. However typical flight qualified PPTs have
the performance of less than 10 % and 800 s. Many researchers have considered
that those poor performance comes from the excessive propellant feeding due to
discharge ablation. The ablated propellant is kept to be evaporated from the solid

surface even after the discharge termination.

Micro electrostatic thruster

Electrostatic propulsions, represented by ion engines and Hall thrusters, are lead-
ing thrusters in electric propulsions, and used in several missions as primary en-
gines [23, 24, 25, 26, 27]. Neutral particles are ionized into ions in a discharge
chamber and they are electrostatistically accelerated by voltage difference of 300
(Hall thruster) to 1000 (ion engine) V. The extracted ion beam is neutralized using
a neutralizer, where hollow cathodes are often used due to their low electron cost.
Xenon is frequently used as the propellant, because of the relative low ionization
potential of heavy and benign gaseous.

Their great achievement in several missions have attracted researchers’ inter-
est to apply them to micropropulsions. Then micro-ion-engine and micro-Hall-
thrusters have been proposed and developed [29, 30, 31, 32, 33]. However, the
scaled-down causes the performance decreasing. FElectrostatic propulsions con-
fine plasma using magnetic field, where Larmor radius of the particles should be
less than the characteristic length. Hence the decreasing size of thrusters requires
stronger magnetic field to confine plasma. Even if enough magnetic field is applied,

the increased surface volume ratio leads to more plasma losses. Also decreased
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power causes the higher ion beam cost. In addition, the need of ion beam neutral-

izer leads to system complexity and make the miniaturization difficult.

Field emission thruster

Field emission electric propulsions (FEEPs) are also electrostatic thrusters but
with unique characteristic on the plasma generation processes [34, 35]. They
directly extract atomic ions from the free surface of liquid metal at the edge of an
emitter. The emitter has needle or slit shape and liquid metal is fed through or
wetted on it by the action of capillary forces. High voltage of 10 kV range is applied
at the edge and the strong electric field is generated. When the field reaches a
threshold value (~10° V/mm), atoms on the liquid surface are eventually extracted
and electrostatistically accelerated. Cesium or indium are usually selected as the
propellant.

The FEEPs are characterized by their ultra high specific impulse of 4000-10000
s range because of the high applied voltage. Also they can deliver extremely
small thrust in the 1-10 N range. It is suitable for accurate positioning of the
spacecraft. Their unique plasma generation method, with no discharge chamber,
inherently avoids the plasma losses into walls and leads to high efficiency (over 70
%). Moreover it removes the concern related to volume surface ratio and suitable
for the scaled-down.

The disadvantages of FEEPs are concerns on electromagnetic interaction (EMI)
due to their high voltage. Additionally use of high applied voltage requires heavier
power supply than lower voltage devices with the same power range. As well as

the other electrostatic thrusters, FEEP requires an neutralizer for the ion beam.

Colloid thruster

Colloid thrusters have similar acceleration mechanism as FEEPs and were stud-
ied in 1960s to 1970s proceeding in FEEPs [36, 37]. High voltage is applied to
a capillary tube with liquid propellant, and not atomic ions but charged liquid
droplets are extracted from the emitter. They use solutions as propellant, for in-
stance glycerol doped with sodium iodine to produce positive droplets and glycerol
doped with sulfuric to produce negative droplets. In the development of colloid

thrusters, specific charge, defined as charge per droplets mass, is a key factor to
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determine the performance. The typical values are in the range of 10? to 10°
Coul/kg. Recently, application of MEMS technology [38] and examinations of
alternative propellants [39, 40] are studied.

The using no discharge chamber gives the similar characteristics as FEEPs.
In comparison to FEEPs, colloid thrusters have higher thrust (200 uN/W) and
lower specific impulse (500 - 1500 s). In addition, unique ability to produce both
positive and negative droplets according to the solutes enables self-neutralizing
colloid thruster with bipolar array. It eliminates the disadvantage of needing a

neutralizer.

Micro Resisto/arc-jet thruster

resistojet or arcjet thrusters convert the electric energy into the thermal energy
using a resistive heater or arc discharge respectively, and electrothermally acceler-
ate the propellant. They provide higher thrust than other electric propulsions but
lower specific impulse around 200-500 s. Resist/arc-jets provide specific impulse as
well as bipropellant engine without the complexity of such engines. However they
requires an additional power source. Difficulty in the miniaturization is similar
to chemical propulsions, inefficiency of scaled-down and propellant leakage and
clogging. In recent years, a very low power arcjet (a few W) has been studied
[41, 42, 43].

Laser ablation microthruster

Laser ablation microthrusters are sometimes categorized into a beaming propulsion
rather than electric prpulsions. The beaming propulsion is to transmit the energy
from outside of the spacecraft using beam (as laser, microwave, or solar window)
[44, 45, 46]. It has the potential for significant weight reduction and improved the
payload ratio. The beaming propulsion can be categorized into several types, by
the laser types or the energy conversion processes. A laser ablative propulsion is
one of those [46, 47], which focuses and irradiates the laser beam on the surface of
a solid propellant (metals and polymers). The heated and evaporated propellant

by the laser beam is ejected from the surface (laser ablation) to provide thrust.

Phipps et al. proposed the use of laser diodes for the laser ablative propulsions
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as a micropropulsion [48, 49], as the miniaturization of spacecraft increasingly at-
tracted attentions, The thruster is referred as a diode laser ablation microthrusters
in this study. The propulsion system includes diode lasers, optical system, and
solid ablative propellant. The compactness of laser diodes and the associated op-
tical system enable an onboard laser beam source. Actually, typical diode lasers
weigh 1-2 g and less than 10 g even with the optical system. In addition to the
compactness, laser diodes have advantages of low operation voltage and high con-
vergent efficiency. Diode lasers require the operation voltage less than 5 V and
have the convergent efficiency over 40 %. Solid polymer is commonly used as the
propellant (ablative material) for the diode laser ablation microthruster, because
most diode lasers do not have enough intensity to ablate metals.

The diode laser ablation microthrusters are characterized by the compactness,
the use of solid propellant, and the accurate thrust control. The compactness of
diode lasers and the low operating voltage enable the higher miniaturization than
other electric propulsions. The use of solid propellant solves the problem of the
propellant leakage and clogging as well as PPTs. The thrust can be widely and
precisely adjusted by varying the laser pulse width.

In contrast, the disadvantages are their feeding system and lens fouling. They
must equip a certain mechanism to feed solid propellant for the laser irradiation.
The propellant feeding system should be compact, light weight, and long life time.
Developing such a feeding system is essential to realize the diode laser ablation mi-
crothruster. Lens fouling by the plume jet becomes severe problem for propulsions
using beaming energy. Phipps et al. have proposed and examined the transparent
mode ablation to defeat that problem, where laser beam irradiate the propellant
from the opposite direction to the plume jet through transparent material. How-
ever that mode decreased the thrust by half and limits the varieties of usable

propellant.

1.3.3 MEMS based propulsion

MEMS based propulsion systems allow extremely small devices to be applied to
microspacecraft less than 1 kg. Hence several MEMS-based thrusters have been
proposed; MEMS-based, cold gas thruster, resistojet, FEEP, and ion engine. It

will allow to integrate different propulsion components on a single MEMS chip,
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saving the size and weight for thrusters. However many of these concepts are still
in the very early development stage. The most important component is a valve
controlling the propellant. The valve with low leakage rate and long life-time
should be developed to apply MEMS based propulsion to microspacecraft.
Additionally, excessive miaturization using MEMS would have less benefit. It
is because that the most dominate size and weight in propulsions is not a thruster
head but propellant and its feeding system. The minimum size allowed for a
thruster head would be determined by the propellant. Then the head should be
designed to provide as high efficiency as possible within the range. The excessive

miaturization would only increase disadvantages associated with the scaled-down.

1.4 Microthrusters for 1-100 kg microspacecraft

In this study, a diode laser microthruster with dual propulsive mode and pulsed
plasma thruster using liquid propellant are selected as promising micropropulsions

for 1-10 kg and 10-100 kg microspacecraft respectively.

1.4.1 Dual propulsive mode diode laser microthruster

The ability required for propulsion of 1-10 kg microspacecraft is first the compact-
ness rather than high specific impulse. The missions expected for such microspace-
craft would be commonly simple and short-time missions, because the function is
quite restricted due to severe limits of the size, weight, and power. The bus sys-
tem dominates most of the volume and weight, and only a small fraction would
be provided for sensing devices and propulsions. The electric power that such
microspacecraft provide for propulsion system is restricted at most a few Watts
in the current stage, at most 20 W even in the near future. Orbit raising needing
large delta-v or constellation controlling in long time, over a few years, are not
required (impractical) for this class spacecraft.

Therefore high specific impulse of electric propulsions are not so attractive
for that class microspacecraft. Additionally loading an additional power source
for propulsions would prevents them from the application in such small space-
craft. Chemical propulsions using gas propellant, cold gas thrusters and mono/bi-

propellant engines, are also not suitable due to their propellant feeding system.
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Those systems need strict, complex, and heavy components by handling and stor-
ing highly pressurized propellant. Moreover they gives several risks of propellant
leakage and clogging. MEMS-based microthrusters may have the most advantage
in the scale. However, their technologies are not in the practical stage. After
all digital microthruster array and laser ablation microthruster are suitable for
1-10 kg microspacecraft (whereas laser ablation microthrusters are categorized in
electric propulsions but they need a power source with only a few W).

The propulsion capable to generate both the lower range and higher range
thrust is very attractive for 1-10 kg microspacecraft. The applications of the
propulsion are represented by accurate constellation positioning and attitude con-
trol using lower thrust and re-arrangement of the constellation and slew manevver
using higher thrust. In order to limit the weight and size of the microspacecraft,
it is essential to satisfy the requirement of lower and higher range thrusts with
the same propulsion system. To our knowledge, there is as yet no single propul-
sion system which can supply such a wide range of thrust for the 1-10 kg class
microspacecraft.

In this study, a novel type of microthruster enabling multiple propulsive tasks
is proposed. That microthruster has dual propulsive modes using a diode laser:
laser ablation mode and laser ignition mode. Its propellant consists of polymeric
material and pelleted pyrotechnic. In other words, it is the thruster combining
a diode laser ablation microthruster and laser ignited digital microthruster array.
It works as laser ablation microthruster when the laser irradiates the ablative
material, and works as micro solid rocket when the laser irradiates a pelleted py-
rotechnic. That thruster is referred as a dual dropulsive mode laser microthruster
or simply laser microthruster in this thesis. The study on that thruster will be
described in Chapter 3.

1.4.2 Liquid Propellant Pulsed Plasma Thruster

In the case of 10-100 kg microspacecraft, propulsion system with high delta-v
would be required to conduct more practical and advanced missions. Whereas
such missions have not been expected for 1-10 kg microspacecraft, they would
become practical when the scpacecraft are scaled up to 10-100 kg. Of course,

however, the compactness is still required, but the limits on the propulsion system
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will be relaxed up to 1-10 kg and 10-100 W. Those allows the selection of electric
propulsions.

In electric propulsions, both PPTs and FEEPs are released from the concerns
of propellant feeding system. Whereas FEEPs use liquid metal as propellant
and need the valves, that handling is much better than highly pressurized gas
propellant. However, high voltage applied for FEEPs (5-20 kV) causes the heavy
power source and electromagnetic interference and the need of neutralizer causes
additional system weight and complexity. Therefore PPTs have the most potential
to be applied in 10-100 kg microspacecraft. Nevertheless PPTs are sometimes
defeated by their very poor performance. The typical flight model PPTs have
the thrust efficiency of less than 8 % and the specific impulse of less than 800s.
They are much lower than the values of typical electric propulsions. Researchers
on PPTs believe that the low performance comes from the excessive feeding of the
solid propellant. A lot of Teflon would be vaporized after the main discharge. That
gas is not electromagnetically accelerated and leads to decrease of the spectrum
efficiency, or propellant utilization efficiency.

Exhaust plume contamination issues are always associated with electric propul-
sions. The plasma generated and exhausted by thrusters has the potential to affect
solar cells. The plasma in the vicinity of the cell causes shorting them or arcing
between spacecraft and plasma by the raised spacecraft potential difference. In
addition to such plasma contamination, use of toxic or reactive propellant leads to
further issues. PPTs use commonly Teflon®(PTFE, —CF,CF5;—) including car-
bon and fluorine. The carbon causes charring of spacecraft and it can degradate
solar cells and optical instruments. Charring of the thruster itself can decrease the
life-time of thruster by shorting the insulation of electrodes or spark plug. The
high toxicity of fluorine would also causes such contaminations. Cesium that is
used as the propellant of FEEPs also results in potential contamination problems
due to that high reactivity. In long missions, those contaminations concerns would
be important problem. In actual, it is one of the reasons why ion engines and hall
thrusters most commonly use benign gas, xenon, as the propellant.

PPTs with high performance and little contamination are very attractive and
promising microthruster for 10-100 kg microspacecraft. Here, use of liquid pro-
pellant for PPTs is studied to achieve such a microthruster. Liquid droplets are

intermittently supplied by an liquid injector into the interelectrode space. The
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main discharge is initiated using a spark plug or directly by the pressure rise
in the interelectrode. Water is selected as the promising propellant due to the
clean constitution, handling ability, safety concern, and capability sharing with
life-support system. A pulsed plasma thruster using liquid as the propellant is
referred as a liquid propellant pulsed plasma thruster (LP-PPT). The study on a
liquid PPT will be described in Chapter 4.

1.4.3 Thrust Stand for Micropropulsion

Accurate thrust measurement is the most important on the research of micro-
propulsions. The thrust generated by and required for micropropulsions is ranged
from very low (micro Newtons) to high (mili Newtons) levels. Thrust measurement
of mili Newton orders has been performed since the early days of the space explo-
ration. However, need of extremely small thrust measurement is newly emerged in
a last decade with micropropulsions, and it is difficult to accurately measure those
thrusts. Hence, studying on the above-mentioned two microthrusters, a thrust
stand to measure micro Newtons thrust is designed and developed. The stand is
designed not to measure thrust of a special thruster but to be commonly used for

any micropropulsion. The study on a thrust stand will be described in Chapter 2.

1.5 Objectives

1.5.1 Objectives of this study

The objective of this study is to develop micropropulsions suitable for 1-100 kg
microspacecraft, and the following studies are performed: developing a highly
accurate thrust stand for microthrusters, studying a dual propulsive mode laser
microthruster for 1-10 kg microspacecraft, and studying a liquid propellant pulsed

plasma thruster for 10-100 kg microspacecraft.

1.5.2 Outline of the contents

Succeeding this chapter, first development of thrust stand for micropropulsions is
introduced in Chapter 2. Study on a dual propulsive mode laser microthruster

is reviewed in Chapter 3. Study on a liquid propellant pulsed plasma thruster is
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reviewed in Chapter 4. Conclusions obtained by this study are given in Chapter
5.

In Chapter 2, firstly the detailed explanations are introduced for every com-
ponents of the thrust stand. Then the dynamics of a thrust stand and analysis
method of thrust measurement are given, where a new analysis method for micro
Newton thrust measurement is proposed and that effect is verified. The mea-
surement of thrust widely ranged from lower to higher level is verified using two
microthrusters described in the succeeding chapters. Finally the error associated
with the stand is discussed in the view points of the resolutions and the accuracy.

In Chapter 3, follwing to the introduction of the laser microthruster, exper-
imental setup in common with laser ablation and ignition modes are reviewed.
There After that the results and discussions on the both modes are given in dif-
ferent sections. In the laser ablation mode, first the most appropriate ablative
material was surveyed of several materials. The fundamental thrust performance
of that mode was evaluated using the thrust stand. The ablation processes of
the best material was investigated by the effect of carbon density in PVC and
mass spectroscopy. In the discussion, to clarify the ablation mechanism, analysis
of heat conduction problem was conducted. In the laser ignition mode, first the
laser ignition of pyrotechnic in vacuum was examined and the threshold power for
the ignition was clarified. In the discussion section, the laser ignition threshold
and the ignition processes of boron/potassium nitrate were investigated. There
numerical calculation to predict the threshold was performed.

The objective of the study in Chapter 4 is to increase the thrust to power
ratio of a liquid propellant pulsed plasma thruster. The fundamental verification
of LP-PPT was conducted in Kakami and the author [50, 51, 52, 53|, where the
successful operation using liquid and the high specific impulse were verified. In
this study, the clarification of the acceleration processes is conducted to increase
the performance. To specify the characteristics of a LP-PPT, a liquid PPT and
ablative PPT with the same electrodes and external circuits were designed. First,
the performance and the energy partition on both PPTs were compared. There
the resistances in a PPT circuit was mainly investigated by the current waveform
and observation using a ultra high speed camera. As a result, two methods to
improve the thrust to power ratio were proposed. The proposed two improvement

methods were experimentally examined and the effects are discussed.



Chapter 2

Thrust Stand for Micropropulsion

2.1 Introduction

Thrust measurement is most essential to validate the performance of thrusters.
However it is difficult to accurately measure extremely low thrust produced by
microthrusters. In the early stage of space development, few studies have ad-
dressed low thrust measurement of microthrusters, since the main focus at that
time was on developing primary propulsion systems. Stark et al.[54] performed
a study of low thrust measurement during the early 1970s. They developed a
torsional type thrust stand that oscillates horizontally and measured thrust of ion
engines ranging from 5 uN to 200 mN. Notwithstanding, that thrust stand was
quite complex and expensive. Recently, several studies of low thrust measurement
using a thrust stand have been done [55, 56, 57, 58, 59, 60] because of the in-
creasing interest in microthrusters. Haag [55] designed a thrust stand with the
same mechanism of Stark’s, but with simpler components. He measured impulse
of Pulsed Plasma Thruster (PPT) of 300 uNs. Cubbin et al.[56] developed an
optical interferometric proximeter for measuring impulse from PPTs within the
range of 100 uNs to 10 Ns. However, most of microthrusters produce lower im-
pulse (order of 10 uNs) than 100 uNs. Although there are other thrust stands
[57, 58, 59, 60] allowing measurement of such low thrust, most are specialized for

very lightweight thrusters.

23
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In this study a thrust stand has been designed to accurately measure impulse
produced by microthrusters. The stand has the same mechanism as Haag’s one
[55], horizontally swinging torsional balance. In order to estimate the performance,
lower impulse (1 - 80 uNs) was measured and two types of microthrusters: a liquid
propellant PPT and a diode laser ablation microthruster were used. The impulses
of a PPT used here ranged from 20-80 uNs and a laser microthruster had lower
impulse of 1-30 uNs in laser ablation mode and higher impulse of 10 mNs or 500
mNs in laser ignition mode. The mechanical noise induced from the background
vibration is a crucial problem for low impulse measurement. A data analysis
method to more accurately evaluate such low impulse was established. By adding
additional term into a fitting function, actual response from microthruster was
separated from mechanical noise. Our method reduced the variance down to one-
third that of a normal fitting method.

2.2 Thrust stand

A thrust stand addressed here is separated into five components: torsional bal-
ance, displacement sensor, electromagnetic damper, counter weight, and calibra-
tion system. Figure 2.1 is a schematic diagram and picture of the thrust stand.
A thruster is installed on the torsional balance and the reaction force is measured
as displacement of the balance.

In this study, mainly impulse measurement was conducted. Impulse measure-
ment is strongly required because a number of microthrusters are repetitively
operated in pulses. In whole of this work, thrust measurement means impulse

measurement in exact meaning.

2.2.1 Torsional balance

A balance for a thrust stand measuring micro-Newton thrust requires the following

characteristics.
e small restoring force
e 1o affected by environmental disturbance

e 1o static friction, no slippage, and high endurance for rotational axis
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Figure 2.1: Schematic drawing and photograph of the thrust stand system.
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Impulse from microthrusters are generally very small, and high sensitivity, large
displacement against small impulse, is required for the balance. Hence small restor-
ing force is necessary. Moreover impulse measurement requires long oscillation
period for the balance in order to assume the force as impulsive force. Small
restoring force is suitable also with that requirement. It is unrealistic that we
require a perfectly quiescent environment for the place to carry out experiment.
In most cases the environment has several disturbances, like minute shaking of a
chamber, floor, and building. Then the balance should not be affected by those
disturbance. Static friction applies a threshold to displace the balance and breaks
the linearity for a very small thrust response. Slippage of rotational axis causes the
misleading of the impulse, because the displacement of balance from microthruster
is extremely small, micro-meter levels.

A horizontally swinging torsional balance using flexural pivots was selected
to satisfy the above requirements. It has the following advantages. Firstly, a
torsional balance can adjust its gravity center on the axis using counter weight
and make itself insensitive to the environment disturbance. In contrast, a ballistic
pendulum, which is sometimes used for thrust stand, is directly affected by those
disturbance (if the gravity center matches to the axis, it can not work). Secondly,
horizontally swinging structure gives good property to set a thruster on that arm.
Arms of vertically swinging balance sometimes induce the difficulty to install a
thruster on it. Thirdly, a flexural pivot provides very good rotational abilities.
The flexural pivot is made of flat crossed springs supporting rotating sleeves,
and has the characteristics, high radial and axial stiffness, frictionless, stiction-
free, low hysterisis, low center-shift, and long (infinite) life time. A knife edge is
sometimes used for the rotational axis, and would be suited with a light-weight,
simple balance. However, it has the potentials of stiction and hysterisis due to the
wear and deformation of the edge. We have to care every time to those effects.

The balance designed in this study is built in three parts: a swinging arm
with H cross section, rotational axis with flexural pivots, and stationary frame-
work supporting the axis. The H-cross-sectional arm has the height of 50 mm
and the width of 55 mm, with the each plate thickness of 2.4 mm. The vertical
plate is strengthened by welding 3.0-mm-thickness-plates on the both sides. The
arm is vertically penetrated by and welded to the rotational axis with a circular

tube, which has the outer/inner diameter of 30/24 mm. The rotational axis is
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supported by two commercially available flexural pivots, which connect the axis

to the stationary framework. The flexural pivots made by Lucas Aerospace Ltd.

Figure 2.2: Photograph of a flexural pivot with the rotational spring constant of
0.191 Nm/rad.

have the rotational spring constant of 0.191 Nm/rad, the diameter of 15.88 mm,
and the length of 25.4 mm. The picture of the flexural pivot is shown in Fig. 2.2.
The above three parts (except for the flexural pivot) are made of aluminum to
provide light weight structure. That balance swings with the natural period of 4
- 5 s with a thruster, counter weights, and several mounting structures, whereas
natural period of 1.3 s without those parts. The design of the thrust stand was
shown in details in the reference[50].

Several electrical feed lines are connected from the balance to the outer frame-
work. Standard feed lines are five vinyl coating copper wires of 0.8 mm in diameter
and one coaxial cable 2.0 mm in diameter for a linear stage of counter weight and a

force transducer respectively, which are described in the following sections. Pulsed
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plasma thrusters need two vinyl coating wires 1.2 mm in diam. to charge the ca-
pacitor, one high voltage endurance wire 3.5 mm in diam. for a spark plug, and
two pair of twisted vinyl coating wires 1.0 mm in diam. for a Rogowski coil and
liquid injector. Diode laser thrusters need two pairs of twisted vinyl wires 1.0 mm
in diam. for a diode laser and propellant feeding system. These feed lines are
slacked off as much as possible in an effort to minimize the friction force.

The electrical feed lines cause the damping force to the balance. Figure 2.3
shows the balance oscillation under the situation of a PPT setting (a magnetic
damper was not worked). The balance has the damping time constant of 60 s and
the natural period of 4.2 s. The small damping ratio of 0.07 gives little effect to

the estimation of the oscillation amplitude in the first cycle (see Section 2.3).
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Figure 2.3: Sample waveform of the oscillation of the balance with damping by

electrical feed lines (no magnetic damper).

2.2.2 Displacement sensor

A linear variable differential transformer: LVDT was used as displacement sensor.

The thrust stand dealt here is oscillated with the amplitude of 2 ym by the 10
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uNs impulse. Then sub-micro-meter resolution is required for a displacement
sensor. A LVDT can supply such high resolution. Additionally a LVDT is a
contact-free displacement sensor and has no effect on thrust measurement. In
general, it consists of magnetic core, first excitation, and second receiving coils.
The displacement of the core gives change of the mutual inductance between two
coils. A LVDT made by Shinko Electric Co., LTD was used (type:1301-2; size: CC-
36). A signal conditioner HM100-5.0 provided by the same company was used. It
supplies an excitation signal and convert the output AC signal of second receiving
coil to DC signal. Its circuit diagram is shown in Appendix, Fig. 0 F.1. The
sensitivity can be set in four different levels and the third highest sensitivity was
used in all thrust measurement. Table 2.1 shows the specifications of the LVDT

system used in this study.

Table 2.1: Specifications of a LVDT from Shinko Electric Co., LTD.

Average sensitivity 12.4 pm/V
Movable range +3 mm

Excitation voltage 5 kHz

Figure 2.4: Picture of the displacement sensor, LVDT: Linear Variable Differential

Transformer, on the y — z stage.

The magnetic core of the LVDT is installed at the edge of and below the

balance arm. First and second coils in the same housing are set on a yz stage.



30 CHAPTER 2. THRUST STAND FOR MICROPROPULSION

The yz stage has rough alignment for z (height) and tight alignment for y (balance

moving direction). The picture is shown in Fig. 2.4.

2.2.3 Electromagnetic damper

An electromagnetic damper was installed to suppress the undesirable oscillations,
which are mechanical noise induced by background vibrations and remained thrust
oscillations after the measurement. Displacement signal of the LVDT was fed back
to the electromagnetic damper to generate the force proportional to the derivative
of the displacement as damping force. The electromagnetic damper consists of an
iron core and coil. The iron-core is installed on the opposite side of balance to a
thruster, which is made of soft iron and has the diameter of 20 mm. The coil was
set on the stand base, which was wounded on a acrylic circular tube with the 40

mm diameter with the number of turns of about 200.

Figure 2.5: Picture of the magnetic damper.

The force produced by a solenoid coil is linearized by adding bias current.

Applying current:J to the coil produces the force: Fiamper
1.,
Fdamper = §L J (21)

to the iron-core, where L’ is the inductance derivative of coil along the moving
direction. The squared dependence of the force on the current is not useful to

construct a simple feedback system. Then the current is biased at the working
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point Jy, and the electromagnetic force becomes
1
Fdarnpcr - §L/(JO + J1)2 (22)

1
= 5L’Jg + L' JoJy + O(J3?) (2.3)

, where Jj is the current proportional to the derivative of the displacement of the
balance. The first term of bias curernt Jy works only to displace the balance point.
The second term is proportional to the derivative of the displacement, and works
as the damping force. The third term of J? is negligible, if the bias current: Jy is

much larger than J;.
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Figure 2.6: Magnetic damper feed back system.

Figure 2.6 shows the flow chart diagram of the active damping system. The
output from a displacement sensor (LVDT) is differentiated and amplified using
an analog circuit. Bias voltage is added to that signal and the summation is
converted to the current. By changing the gain of the amplifier, damping force
can be arbitrarily controlled, remote on-off control. Its circuit diagram is shown
in Appendix F.

The magnetic damper was turned off a few second before firing a thruster.
All thrust measurements were conducted under only minute damping by feed
lines. After recording oscillation waveform by the thrust, The damper was re-

worked and the oscillation was suppressed for the succeeding thrust measurement.
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The bias current Jy was set about 200 mA and the maximum amplitude of the
derivative current J; was about 100 mA. They supplied enough force to damp the
balance oscillation (over damped waveform was obtained with increasing the gain a
little). Figure 2.7 shows the oscillation waveform damped by the magnetic damper.
Although Jj is not much larger than J;, and the third term in r.h.s. of Eq. 2.3
worked. However, the effect was not severe at all, because the measurement was
performed wit no damping. If the damped oscillatory waveform is to be measured,

the damping force should be precisely exerted.
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Figure 2.7: Oscillation of the thrust stand by the thruster firing and its damping

using the electromagnetic damper.

2.2.4 Counter weight

Adjustment of gravity center on the rotational axis is one of the most effective
methods to avoid mechanical noise induced by background vibrations on a tor-
sional type thrust stand. If the gravity center of the torsional balance is just on
the axis, the background vibrations does not affect the balance at all. It only

sways the whole of the thrust stand. For instance, the base motion (acceleration):
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X induces the torque: Theise ON the balance, and
Tnoise - ZGMX (24)

where [ is the position of gravity center from the rotational axis and M is the
total weight of the balance. Then the torque is directly affected by lg. Other
types of base accelerations, like rotation, are also proportional to the position of

the gravity center.

Counter weight
(brass)

Figure 2.8: Picture of the linear stage and counter weights to control the gravity

center of the balance.

In this study, a counter weight was used to adjust the gravity center on the
rotational axis, whereas it is sometimes used just to balance the stand. Generally
a thrust stand balance has a long arm to increase the sensitivity to thrust, and
consequently the other side has a shorter distance from the axis due to the limited
space in a space chamber. Thereafter the gravity center is largely shifted from the
axis. The thrust stand dealt here has the gravity center +20 cm away from the
axis with no counter weight, assumed 1 kg thruster. Then 2 kg counter weight
-20 cm away from the axis will shift the gravity center to the axis. However, it is
difficult to perfectly set the gravity center just on the axis.

The position of the counter weight was adjusted using a linear stage, which is
shown in Fig. 2.8. The linear stage is SPL28T08B-06C2T made by ORIENTAL
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MOTOR Co., Ltd.. Rough alignment of the counter weight was conducted by
cumulating several weights (100 - 800 g), and tight alignment was performed using

the linear stage.
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Figure 2.9: Limit cycle of counter weight adjustment.

Fine adjustment of the counter weight was carried out as the balance does not
move even if the base plate on which the stand was placed was inclined. Figure 2.9
shows the limit cycle of the counter weight adjustment. In the figure, a horizontal
and vertical axis show the position of | the counter weight and balance respectively.
In general, the base of the stand is not perfectly horizontal and a little inclined.
Hence the changing the position of counter weight produces the displacement of
the balance. That relation can be expressed by a line in the plot of the counter
weight position and the balance displacement, as shown in the figure. At the
initial state, the gravity center is out of the axis, and inclining the base shifts the
position of the balance (1 — 2 in fig. 2.9). Secondly the position of the balance
is made back to the origin by moving the counter weight (2 — 3). Thirdly, the
base inclination is removed (3 — 4). By repeating the processes several times, the
gravity center comes close to the axis (just on the axis, the balance is not affected

by the base inclination).
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The gravity center was set up within less than 10 pum off the axis. Inclining

the base causes the displacement of the balance, xincline, as

Zincline = lmcasuro ZG Sln(@)Mg/k (25)

where « is the inclination angle of the base plate in radian. The thrust stand
typically has the total weight of 4 kg with 1 kg thruster and 1.5 kg counter weights.
Typical base inclination angle was 1 - 2 degrees in this study. That inclination
applies the force of about 1 N at the gravity center. Adjustment of the counter
weights by the above-described method was conducted for the shifts xiyeine to be
less than 12 ym (1 V output). It means the approximately 11 pm deviation of
gravity center from the rotational axis. Corresponding counter weight motion is

30 p m, and it must be controlled with the resolution less than 30 pm.

2.2.5 Calibration system

Calibration is performed by striking the thrust stand with an impact pendulum.
The impact pendulum strikes a force transducer attached on arm of the thrust
stand. The force transducer records the history of the impulsive force, whose
integral yields the impulse. After every thrust measurement, the thrust stand
was calibrated. Electrical feed lines from microthrusters had a little different
configurations every time, which led to a little change of the spring constant of the
balance. Sample of calibration plots is shown in Fig. 2.10. For every calibration, 20
pairs of impulse and amplitude were measured and its regression line through origin
was determined by the least-square method. The coefficient of determination was
always higher than 0.99. The calibration coefficient was typically ranged from 50
to 80 uNs/V, according to a thruster.

A high resolution force transducer, ICP®quartz force sensor made by PCB
Piezotronics, Inc., was used, whose specifications are shown in Table 2.2. It uses
piezoelectric element with built-in IC, and has high sensitivity and high frequency
response. An electrical line from the force transducer is connected to a handmade
signal conditioner outside the chamber. The electrical circuit diagram is shown in
Appendix F.

The impact was varied from 80 to 300 uNs by changing the initial angle of

the pendulum. The transducer is 120 mm distant from the rotational axis on the
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Figure 2.10: Sample of calibration; 20 sets of impulses measured by the force

transducer and the associated oscillation amplitude.

balance; a thruster was from 305 mm according to the thruster configuration. The
effective impulse delivered to the thrust stand was 20-80 uNs. Figure 2.12 shows
the picture of the impact pendulum. The impulse delivered from a pendulum can

be written as

\/QJMgl(;(l — Cos Q)

l hammer

(2.6)

Ipcndulum =

where lpammer 18 the distance of the hitting point from the rotational axis, ¢ is the
initial angle. Therefore, to carry out small impact to a thrust stand, short {5 and
light M are required. The pendulum is made of an aluminum plate with 300 mm
length, 10 mm width, and 2 mm thickness. The rotational axis of the pendulum
is set at almost center of the plate. On the impact position to a stand, a piece of
tape is wrapped in order to extend the impact time between the pendulum and
force transducer. Figure 2.13 shows a typical output of the force transducer struck
by the impact pendulum. The typical impact time was 2 - 4 ms, which is enough
slow impact to detect by the force transducer 209C01. The force waveform of

the impact is not a single peak but multiple peaks as shown in the figure. This
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Table 2.2: Specifications of a PCB force transducer 209C01.

Average sensitivity 490.7 mV /N
Maximum static force: compression 48.9 N
Broadband resolution (0 to 10 kHz)  0.09 mN
Low frequency response 0.5 Hz
Upper frequency limit 100 kHz
Discharge time constant >1s

Electrical connection

B33
- Force transducer

Figure 2.11: Picture of the force transducer 209C01.

multiple impacts would be caused by elastic oscillations of the pendulum during
the impact.

The impact pendulum was remotely controlled by rotating a propeller using
a DC motor. The remote controlling is necessary because the thrust stand has
very high sensitivity and is easily disturbed by the air convection from someone’s
closing it to operate the pendulum. The propeller can rotate up to the position of
a stopper stick and the pendulum is sustained at that position, that determines
the initial angle. The position of stopper stick was manually changed, which gives
varieties of the impulse. When the propeller was rotated in the counter direction,
the pendulum starts to swing and impacts the force transducer. Right after the
hitting, the propeller was returned to the initial position in order to prevent the

second hit of the pendulum to the stand.
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Figure 2.12: Picture of the impact pendulum to strike a force transducer. The

pendulum is manipulated by remotely controlling a propeller set on a DC motor.
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Figure 2.13: Sample of raw output of the force transducer.

It should be noted that it is hopeless to directly measure the force from mi-
crothrusters by using a force transducer. The response frequency of the force
transducer is determined by its natural frequency of the elastic body (in the case
of 209C01, quarts body). The direct measurement requires the higher natural
frequency than the characteristic time of the thruster. However, for instance, the
force transducer used here had the upper frequency limit of 100 kHz, and thrust
of PPTs changes with the frequency of 1 MHz. Thus it is impossible to directly
measure the thrust from PPTs. In addition, to directly measure the thrust from
thrusters, the force transducer should be mounted to the thruster. The attach-
ment drastically decreases the natural frequency, and response frequency, may be
down to a few hundreds Hz. In the case of steady thrust or extremely low thrust
frequency, a force transducer can be used to measure the thrust if the following two
conditions are satisfied. First, thrusters must be installed on a force transducer,
which leads to a lot of difficulty to design thrusters and perform experiments.
Secondly, the force transducer must have enough low frequency responce. Some
transducers do not have such low frequency resoponse. For instance, the trans-

ducer dealt here has the discharge time constant of 1 s and can not be used for
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that use (discharge time is explained in Appendix A).

2.3 Dynamics of thrust stand

2.3.1 Basic analysis

The momentum equation for the torsional balance is

Jd—29 + ci9 + k0 = lieeF (1) (2.7)

dt? dt

where 6 is the displacement angle of the balance, J is the moment of inertia of
the balance about the rotational axis, ¢ is the coefficient of viscous damping for
rotation, k is the coefficient of torsional spring constant, and F'(¢) is the applied
force to the distance lgo.ce away from the rotational axis. A displacement sensor
measures the distance [0 away from the axis, and there displacement x can be
expressed as lsensorf if 6 < 1. By introducing the natural angular frequency wy
and the viscous coefficient p, the momentum equation can be written as

d2 d lsonsorl orce
TRl + QME:B + wir = %F(t) (2.8)

where wy = \/g and = % (2.9)

In this study, only impulsive force with e << 79 or short time force with
Throce < To 1S measured, where Ty, is the characteristic time of the applied force
and 7y is the natural period of the balance, 27 /wy. In the special case of the
impulsive force, F'(t) = I4(t), and the stationary initial conditions, z(0) = 0 and

#(0) = 0 (short time force is considered in the succeeding section), the solution is

x(t) = Aexp(—put)sin(w't) (2.10)
where, A= %I and W' = \/wi— 12 (2.11)
If there is no damping,
x(t) = Agsin(wot) (2.12)
where, Ay = %I (2.13)

In the operations of the thrust stand, the electromagnetic damper was turned off

before the thruster fire, and the oscillation of the balance was measured under
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small damping due to some feed lines. Under such small damping effect, the

amplitude with damping A and without damping Ay are related as

o lsonsorlforcol . 1

A = on\/l_CQ - \/1_C2A0 (214)
= (1 + ;) A ((<T) (2.15)
-

C = (2.16)

where ( is the damping ratio. Then the damping force affects the amplitude by
the second order, and small damping like { < 1 can be neglected. Actually typical
value of wy and g is 1.5 and 0.01 1/s, and the damping ratio is 0.007 < 1. The
associated difference between A and Ag less than 0.01 %. Therefore the damping

is neglected in the following sections, and Eq. (2.12) is used to obtain the impulse.

2.3.2 Analysis for short time force

Here let us to extend the above analysis to the short time force, that is, impulsive
force approximation is not valid but the time of applied force is shorter than the

natural period. The following force with finite pulse width:7,ys is considered

I ulse s 0<t§ ulse
F(t) = { /Tou Tpul (2.17)

0 , tSO, Tpu150<t

where I means the delivered total impulse. Then the solution for Eq. 2.9 under
the force Eq. 2.17 is

1 — coswyt
A(]i ) 0<t S Tpulse

z(t) = 0 pulse (2.18)

] ulse 2 :
A AT 2] G /) S0, T <
CUOTpuslo/2

A thrust stand has the oscillation amplitude

sin(woTpuise/2)

Apulso = AO
Lu(]Tpuslo/2

(2.19)

The comparison of Ay and Apuse is shown in Fig. 2.14. If the applied force can
not be regarded as impulsive force, the oscillation amplitude should be corrected
according to Eq. (2.19). In the processes, however, we assumed the rectangular
waveform for the applied force and estimate its period. The uncertainties of those

lead to error of thrust measurement.
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Figure 2.14: Comparison of the oscillation amplitude with impulsive force and

short time force.

2.3.3 Analysis for micro-Newton thrust

The most serious problem for micro-Newton thrust measurement is a mechanical
noise that is induced on the balance by background vibrations. The oscillation am-
plitude Ay is usually obtained by fitting the ideal thrust stand response Eq.(2.12)
on the measured displacement history of the balance. However, such measured
data always includes the background vibration noise. It includes many compo-
nents around the natural frequency of the balance that cannot be excluded by
a low-pass filter. The associated error becomes serious in case of low impulse

measurement, micro-Newton thrust, or on the condition of large mechanical noise.

Herein, a method separating the actual response of the thrust stand from
the mechanical noise is established to accurately measure micro-Newton thrust.
An additional term which expresses the mechanical noise is added in a fitting
function. The real mechanical noise includes a number of harmonic components.
It is assumed that the noise can be expressed as a sinusoidal wave with the natural

frequency, because mechanical noise includes a harmonic component of the natural
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frequency most of all. Let us express the amplitude of the sine component as A gise-
Its cosine component is obtained from the position at ¢ = 0, namely z(0). Then

assume a function
xe(t) = Agsin(wot) + Anoise Sin(wot) + x(0) cos(wot) (2.20)

which is the sum of an ideal thrust stand response and a simulated noise. Con-
stants Ag and A, are determined when this function is fitted on measured data.
Consequently, the obtained A would include less effect from the noise. The period
of this curve-fit should be ranged before the thruster firing to reflect the informa-
tion of the noise. Hence the curve fit was performed from —7y to 79, where 79 is
the natural period of the balance. The effect of that method and the optimum
fitting period will be discussed in Section 2.6.

2.4 Verification of thrust measurement

2.4.1 Pulsed Plasma Thruster

Pulsed plasma thrusters (PPTs) produce electromagnetic force by the interaction
of discharge current and its self-induced magnetic field. In 10J class PPTs, the
discharge terminates within 10 us. The period when the thrust is applied is much
less than the natural period of the thrust stand developed here (typically 4 s).
Therefore PPT thrust can be regarded as impulsive force.

Measured oscillation waveform of the stand was fitted on Eq. (2.12). Stand
oscillation by PPT thrust is much larger than noise induced on the thrust stand
by background vibration. The impulse of a 10 J class PPT is from 10 to 100 uN,
which is controlled by the capacitor-stored energy. The thrust stand addressed
here had the mechanical noise corresponding to a few uNs thrust.

Figure 2.15 shows samples of the oscillation waveforms of the thrust stand by
a PPT single shot fire. Figure 2.15 a) is the case of 11.5 J capacitor-stored energy
and b) is the 2.9 J. Before the firing, the stand was maintained to be quiescent
by working the electromagnetic damper. At a few seconds before the firing, the
damper was turned off and the stand was set free. At the moment of the PPT
fire, the stand starts to move downward (the negative direction of the signal has

no mean). Fitted sinusoidal curves show the good agreement with the measured
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Figure 2.15: Sample of the oscillation waveforms of the thrust stand by PPT firing,
capacitor-stored energy of a) 11.5 J and b) 2.9 J.
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displacement. In the second cycle of the oscillation, the fitted curve starts to
deviate from the measured line a little. The curve-fit was performed only during
the first cycle of the oscillation (in precise a little longer than the cycle), and the

damping had no effect on the curve fit.

2.4.2 Diode Laser Ablation Thruster

A diode laser ablation thruster generates the thrust by the laser ablation jet and
the impulse is mainly adjusted by its laser pulse width. In this study, the pulse
was controlled up to one second. Hence the impulsive force approximation is not

valid, and short time force analysis Eq. 2.18 should be applied.

In addition, the analysis method described in Section 2.3.3 was used because
the impulse level was comparative with the mechanical noise. The maximum
thrust of the laser ablation ranged from 10 to 30 uNs according to the ablation
materials. Accurate thrust measurement was required to conduct reliable exami-

nation for the material selection.

Figure 2.16 shows a sample waveform of measured oscillation and its fitting
curve by laser ablation thrust. Figure 2.16 a) is the pulse width of 0.8 s and b)
is 0.2 s. In the figure, the damper was turned off before ¢ = 0 s and the laser
microthruster was fired at ¢ = 2.0 s. You see the existence of mechanical noise
before the firing. There, noise fitting curve, second and third terms on the right
hand side of Eq. (2.20) is also drawn. In the case of Fig. 2.16 a), the noise
affected the actual response to decrease the signal, and, in b), affected one to
enhance. Introducing the noise curve helped to remove the noise effect from the

actual response.

Figure 2.17 shows the effect of the analysis method including noise fitting
curve, where the relation of ablated mass and produced impulse is shown. The
measured impulses from laser ablation had some variations due to actual variations
of exhaust velocity but also mechanical noise. The latter variations were decreased
by the data analysis method described in 2.3.3. In the case of normal fitting,
namely using Eq. (2.12) as the fitting function, R?: the coefficient of determination
was 0.918. On the other hand, using Eq (2.20), R? improved to 0.977.
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Figure 2.16: Sample of the oscillation waveforms of the thrust stand by laser
ablation, the pulse width of a) 0.8 s and b) 0.2 s.
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mass and the impulse, a) result by the normal sinusoidal fitting and b) result by

the analysis method including the noise fitting curve.
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2.5 Application to huge impulse measurement

Here the thrust stand was customized to measure higher thrust of 10 to 1000
mNs produced by the laser ignition mode. The thrust stand addressed here was
designed to measure very small, micro-Newton thrust and the measurable range is
up to 10 mNs. It is limited by the movable range of the displacement sensor. When
huge impulses over 100 mNs are applied to the thrust stand, the balance oscillates
too much, exceeding 100 mm ! Such large deflection will damage the flexural
pivots. Hence an alternative displacement sensor and increase of the stiffness are
necessary for higher impulse measurement. Moreover, the impact pendulum for
the calibration carry the impulse up to 10 mNs even with additional weight, and

another impact pendulum for huge impact is necessary.

Qafgnce' 43

Figure 2.18: Picture of the thrust stand with additional springs and weights to

increase the stiffness of the balance.

In order to increase the stiffness of the balance and decrease the sensitivity to

the impulse, additional helical springs are installed. The sensitivity of the thrust
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stand for micro-Newton thrust was about 0.2 pm/uNs, which means the 0.2 m
displacement in the case of 1 Ns. The displacement must be decreased at least
down to the level which flexural pivot can endure. The flexural pivot use here has
the cycle life of infinite when its deflection angle is within 10 degrees (under light
radial loading). It corresponds to the 50 mm displacement of the balance at 300
mm away from the axis. The sensitivity of the stand is inversely proportional to
square root of the stiffness and moment of inertia. Thus additional helical springs
and 2 - 4 kg weight were installed, shown in Fig. 2.18. Moreover, a thruster was
installed at the position of 120 mm. Those decreased the sensitivity of the thrust
stand by one tenth, namely down to about 0.02 m/Ns at the edge of the arm.

A laser displacement sensor was used to measure the large deflection of the
balance, because the LVDT used here cannot measure the displacement more
than 3 mm. It irradiates laser beam on a target and detects its scattering light.
Table 2.3 shows the specifications of the laser displacement sensor used here, LK-
500 made by Keyence Corporation. The laser beam was irradiated from outside
of the chamber through a view port, The sensor was operated using a long range
mode with low resolution due to the long distance by the chamber (see Table 2.3).
Displacement of the stand was measured at 320 mm away from the rotational axis

to increase the resolution.

Table 2.3: Specifications of a laser dispacement senosr (Keyence Corp.).

Model LK-500 (sensor head)

LK-2500 (amplifier)
Mode Fine Long
Detecting distance 350 mm 500 mm
Detecting range +100 mm 4250 mm
Detecting distance 350 mm 500 mm
Light source Visible red semiconductor laser (690 nm)
Spot diameter D 0.7 mm D 0.3 mm
Resolution 10 pm 50 pm
Sensitivity 10 pm/mV 50 pm/mV

A new calibration hammer was designed for over 100 mNs impulse. The impact
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Figure 2.19: Picture of the impact pendulum providing 100 mNs impulse.
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hammer shown in Fig.2.12 was designed to deliver very small impulse, which
cannot deliver the impulse of over 100 mNs. Impulse delivered from an pendulum
is expressed by Eq. 2.6. In the case that the mass M is concentrated at a point

Imass away from the axis,
g~ byass,  J =~ MIZ, (2.21)

and

Ml?(’;ﬂ\/Qg(l — oS ¢) (2.22)

I pendulum —
l hammer

Hence, the shorter the impact point and the longer the gravity center, and the
impulse become larger. Figure 2.19 shows the picture of an impact pendulum for
huge impulse. It has a long arm with large weight and impact point close to the
axis. The pendulum can deliver the impulse from 100 to 300 mNs.

The impact point of the pendulum is made of a spring, copper plate, and
silicon rubber plate in order to increase the impact time. In general, impact time
against metals is order of 1 ms. The maximum static force of the transducer used
here is 48.9 N, and the maximum impulse allowed for the transducer is restricted
within about 50 mNs. Therefore, long impact time is necessary to increase that
impulse. Here a helical spring of the 4 mm diameter was installed at the hitting
point. Figure 2.19 shows the picture of the hammer. That hammer gave enough
long impact time. The typical waveform of the force transducer is shown in Fig.
2.20, which has the impact time of about 60 ms. However, this longer impact
time induces drift on the output of a force transducer. It is caused by the finite
discharge time of a piezo electric force transducer. The correction was performed

to correctly remove that drift, whose method is described in Appendix A.

2.6 Error associated with the sinusoidal curve-
fit

In this section, we analytically evaluate the error associated with the sinusoidal
curve-fit on the measured data. The effect of the analysis method proposed in Sec-
tion 2.3.3 is compared with the normal sinusoidal curve-fit method in the analysis

and experiment.
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Figure 2.20: Time history of the force transducer output striked by the huge
impulse pendulum (Fig. 2.19).

2.6.1 Normal sinusoidal fitting

When an impulsive force is applied to the balance of stationary state, the displace-

ment history of the balance becomes

Signal : z,(t) = { ’ <t (2.23)
Asin(wpt) t>0
which is measured as the signal. The amplitude A is related to the applied im-
pulse by Eq. 2.13. However, the balance is not actually stationary. Mechanical
vibrations and other kinds of noise are included in the actual data. Then the
measured signal always includes noise, which causes error of the impulse measure-
ment. Here this error is analytically discussed for the case in which the amplitude
is determined by the least-squares method. First let us express an arbitrary noise

of the period [—1/2,1/2] as the Fourier series,

Noise : zy(t) = > Apsin(wnt+6,) , wy = —— (2.24)

n=1
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Amplitudes and phases of its harmonic components are determined from the
Fourier series of the noise data. The actually measured signal is the summation

of the ideal wave and noise waves, that is z4(t) + (). When a fitting function:
Fitting curve : z;(t) = Ajsin(wot) (2.25)

is fitted on the data with the period [0, NTp|, where N is the arbitrary natural

number (N =1,2,3...), the squared deviations is

M = /0 Mt o) + onlt) — 2, (0] (2.26)
_ /ONTOdt [(A — Ay)sinwot + i A, sin(wy,t + 6,) (2.27)

Differentiating Eq.2.27 with respect to A; and setting it equal to 0 give the am-
plitude Ay such that the squared-deviations achieves the minimum value. After a

few algebraic manipulations, the amplitude is obtained as

A = A+ A ONT) (2.28)
n=1
(T, T2) — 3 L ;
I, = sin wot sin(wy,t + &, )dt (2.29)
T(] T

where the first term of Eq. 2.28 is the actual amplitude and the second term
indicates the error caused by the noise Eq. 2.24. Our interest is in the ensemble
averages and variances of the obtained amplitude. Phases of the harmonic com-
ponents are random within 0 to 27 because the noise is assumed to be a random

process. Hence,

< sin(wpt +9d,) > = 0 (2.30)

< JONT) . — (2.31)

n

where < - > denotes the ensemble average; hence
<Ar> = A (2.32)

The mean value determined by the least-squares method agrees with the real value

(trivial). Next, we calculate the mean square to obtain the variance.

<Al> = < (A +> AnIfLO’NTO)> <A +3 Amlf,?’NTO)> > (2.33)

n=1 m=1
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= A2+ Y < A, A, >< [ONTI[ONTo) (2.34)
= A+ <AL > wonty)(wa/wo) (2.35)

2 sin*(Nra)
wonty) () = 15 122 (2.36)

where
<IN > = 0 (2.37)
< [ONT) [ONT) & ong = 0 , nF#EM (2.38)
wo, Nty (Wn/wo) , n=m

were used. To consider non periodic random process noise, let [ — oo. Then the
summation becomes an integral. Using the relation

lim ! <A2> = 218(w) (2.39)

l—o0

the means-squared of the amplitude becomes a power spectrum density S(w). The
definition and detailed explanation on the power spectrum density is described in
the reference[61]. Hence,

1 2 L o

5 < Ay > = §A + /—oow(O’NTO) (w/wp) S(w)dw (2.40)
Derivations of Egs. 2.39 and 2.40 are shown in Appendix C.

Finally, we obtain the expression of the variance

o? = /_o:ow(o’NTo) (w/wp) S(w)dw (2.41)

Generally the integral of power spectrum of the random process gives its mean-
square value of it. The function wo ny7)(x) can be regarded as a weighting function,
which is shown in Fig. 2.21. Therefore the weighting function for N = 1: w1, ()
has a large peak at x = 0.8374 with width of 0.4 to 1.3. Hence, noise near the
natural frequency contributes greatly to the variance. In contrast, the higher
frequency component contributes little to the curve fit error because the function
decreases biquadratically (see Eq. 2.36). The position of the peak shifts toward
xr = 1 as the fitting period increases, with touching on the curve of N = 1; the

peak width becomes narrow.
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Figure 2.21: Weighting functions according to fitting periods; [0, 7o), [0, 275,
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2.6.2 Curve-fit including noise effect

Next, let us consider the case in which a function:

0 + Ay si t+xz(0 t t<0
Ti(t) = , v sinwyt + (0) coswy (2.42)
Ajsinwot + Ay sinwgt + 2(0) coswot ¢ > 0
is used as a fitting function and the fitting range is [-NT0, NT0], where N is

again arbitrary natural number. Then the squared deviations is

= / R (o) + an(t) —a3(8)]] (2.43)

~NTp

Amplitude A%} is determined in the same way, as
x 1 & 0,NT, —NT,
Aj = At 24, (T{ONTo) — p(-NTo.0)) (2.44)

where 2.43 is differentiated with respect to both A} and Ay and the simultaneous
equations are solved for A}. The mean value also agrees with the real value and

the variance becomes

0’ = /_Oowzk—NTo,NTo) (w/wp) S(w)dw (2.45)
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. 8 sin*(Nrx)
w(—NTO,NTO)(x) = N2712 (1—22)?

(2.46)

The variance is again expressed as the integral of the power spectrum and another
weighting function, wi_yg NTO)([L'). The weighting functions for N = 1, 2, and 3
are shown in Fig. 2.21. All those functions become zero at x = 1. Thereby the
contribution of the noise of the natural frequency is greatly eliminated. They have
two larger peaks on both sides of it than the peak of normal fitting. In general,
the mechanical noise has a sharp peak at the natural frequency, and contributions
from those side peaks are not serious.

Figure 2.22 shows the power spectrum calculated from the measured noise. It
has a strong and sharp peak at the natural frequency. The integral of Eq. 2.45 was
calculated for each weighting function using this spectrum. Table 2.4 shows the
result with variances obtained from the actual fitting of the 210 data. Variances
calculated from the theory using Eq. 2.45 agreed well with variances obtained by
fitting the Eq. 2.25 or 2.42 to the 210 artificial data. Therefore, Eq. 2.45 was
shown to be valid to estimate the variance which would be generated when the

amplitude was obtained by the actual curve fit.

Table 2.4: Mean values and variances of obtained amplitudes from three different

analysis methods: a normal fitting and a sinusoidal wave with a noise wave.

Flttlng range [0, T(]] [—T(), T(]] [—QT(], QT(]]
Iz o’ Iz o’ Iz o’
Predicted value* 1.0000 0.0299 1.0000 0.0122 1.0000 0.0105

Measured value 1.0020 0.0306 0.9995 0.0124 Na Na
* using Eq. 2.45

Here we conclude that the variance of the amplitude determined by least-
squares method can be obtained as the integral of power spectrum density times
an appropriate weighting function. Therefore, in order to minimize the associated
error, we should measure the power spectrum of the mechanical noise on the
balance and then select the best fitting function and period that minimize the

integral of Eq. 2.45. For instance, in our experiment, the optimum fitting method
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Figure 2.22: Power spectrum density of the mechanical noise, calculated by FFT

from measured displacement of the balance.

was the fitting function Eq. 2.42 and fitting period [—2Tj, 27| which would reduce
the variance down to 0.0105 (see Table 2.4).

2.7 Accuracy of the impulse measurement

Error of impulse measurement would be induced by the following causes: noise on
the displacement sensor, resolution of a force transducer, resolution of a digital os-
cilloscope, accuracy of the position of a thruster and force transducer, deviation of
angle of the thrust vector, etc. Noises on the displacement sensor include mechan-
ical noise and other electrical noises. However, only a low frequency mechanical
noise induces errors on the curve fitting procedure and the other high frequency
noises contribute little (see the previous section). In experimental conditions dealt
in this study, the standard deviation of the mechanical noise was 1.1 uNs against
the thruster impulse of 1 to 80 uNs. The force transducer resolution was 90 pN
from Table 2.2. The digital oscilloscope resolution corresponded to 0.4 uNs of
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impulse. Both position of the force transducer and the angle of the thrust vector
axis of thruster were set within the accuracy of 0.3 mm and 5 degrees respectively.

First, presume an error caused by a mechanical noise, inducing shot to shot
variation when the amplitude of the balance is estimated from displacement data.
The accuracy of the amplitude determined by the curve fitting under arbitrary
noise was discussed theoretically in the above section. According to that result, if
normal sinusoidal fitting is performed, the associated error of the amplitude would
be 1.0 uNs. In contrast, if a fitting function of Eq. 2.20 is used, this error would
be decreased down to 0.6 uNs of impulse

Secondly, the accuracy of the calibration constant is addressed. It is given as

I pcndulumlsonsor
sensor 2.47
Alpcndulum ( )

where Ipendulum 18 impulse measured by the force transducer and lpenduium is its
position from the rotating center of the balance. The uncertainty of the averaged
value of Ienduium Over A can be reduced by increasing the number of measurement
points. Actually the measurement was performed about 20 times in the every ex-
periment, and those effects was found almost negligible. Uncertainty arose mainly
from the error of position measurements of lsensor and lpenduium. Consequently,
a typical calibration constant was 49.5+1.2 uNs/V. The total error of impulse
measurement is affected by the errors of both calibration constant and measured

amplitude,
A’ = Ad?A? + AA%Q? (2.48)

where AA and A« are the uncertainties of the amplitude and calibration constant
respectively. If AA/A > Aa/a, the amplitude error becomes dominant; thereby,
the improved analysis method, curve fit including noise data, would be valid, and
vice versa. For instance, for impulse of 10 uNs, where the error from the measured
amplitude was dominant, the total error would be 1.0 uNs if normal sinusoidal
fitting were used. If the fitting function Eq. 2.20 were used, this value would be
decreased down to 0.6 uNs. On the other hand, for impulse of 100 uNs, the total
error was 2.6 uNs, where the error caused by calibration constant was dominant.
Accuracy of positions of the thruster and force transducer becomes particularly

important.
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2.8 Conclusions of Chapter 2

In this chapter, a thrust stand for micropropulsion was developed and the following

conclusions were obtained.

e [t is shown that the thrust stand has high resolution and high accuracy and it
can be applied for wide varieties of micropropulsions. The resolution was less
than 1.0 uNs and the accuracy is within 2.0 %. That thrust measurement
was examined using thrusters of the weight up to 2.0 kg (the stand was
designed to endure thruster weight over 10 kg). The measured thrust was
1 to 30 uNs in the laser ablation thrustr, 20 to 100 uNs in a pulsed plasma

thruster, and 10 and 500 mNs in a laser ignition thruster.

e To increase the resolution on micro-Newton thrust measurement, accurate
adjustment of the gravity center (<10 p m) and effective damping of the

stand are essential.

e A fitting-curve was newly proposed to removing the mechanical noises in-
duced by background vibrations. That effect was analytically clarified and

experimentally verified.






Chapter 3

Dual Propulsive Mode Laser

Microthruster

3.1 Introduction

3.1.1 Micropropulsions for 1-10 kg Microspacecraft

Recently several laboratory and flight models of 1-10 kg class microspacecraft have
been developed and successfully launched by several researchers and universities’
students team|2, 3, 4, 5]. Those microspacecraft have conducted the observation of
the earth, measurement of the upper atmosphere, and so on. Increasing activities
to develop such 1-10 kg microspacecraft is motivated by their reasonable cost
for the launching and developing. They are manufactured using commercially
available components, in contrast to highly functional spacecraft using, extremely
expensive, special components. The microspacecraft are launched as piggy-back
satellite or using an economical rocket of Russia. They make universities’ student
teams possible to design, fabricate, and launch the microspacecraft, which is also
expected as an effective educational course.

In the current stage, however, most of such microspacecraft conducts only
very simple missions as demonstrations. Severe limit of weight and size restricts
the functions of spacecraft. Especially lack of the propulsion systems make the
mission variety to be limited. In order to enable advanced microspacecraft mis-
sions, such as formation flying, a microthruster suitable for such microspacecraft

is needed. The micropropulsion installed to the spacecraft would realize a number

61
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of advanced and attractive missions as described in Chapter 1, like formation fly-
ing, maintenance of mother spacecraft, probe satellite for deep space exploration

expected as promising utilization of microspacecraft.

3.1.2 Dual propulsive mode microthruster

Here, a novel type of microthruster enabling multiple propulsive tasks is proposed,
that is a dual propulsive mode laser microthruster. Recently several types of
microthrusters are proposed and developed as reviewed in Section 1.3. However,
there has been no microthruster which has enough compact size and provides
widely ranging thrust yet. The microspacecraft envisioned here has a weight of
less than 10 kg and characteristic length of 10-20 cm. In such microspacecraft, the
space allowed for the propulsion system would be strictly limited, typically less
than 0.5-1.0 kg and dimensions of 5-10 cm including a power source used for the
propulsion. With satisfying such limits, propulsion system must provide thrust
ranging from lower to higher thrust of 1 uN to 1 Ns. Therefore it is essential to
satisfy the requirement with the same propulsion system. To our knowledge, there
is as yet no single propulsion system which can supply such a wide range of thrust

for the 1-10 kg class microspacecraft.

Ablation jet

Diode laser Combustion jet

Laser Ablation Mode Pyrotechnic

Laser Ignition Mode

Figure 3.1: Conceptual diagram of the laser abaltion mode and laser ignition

mode.
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Our microthruster has dual propulsive modes using a diode laser. Its propellant
consists of polymeric and pyrotechnic materials. When the laser beam irradiates
the surface of the polymer propellant, the laser ablation jet generates low thrust:
laser ablation mode. The thrust is controlled by the laser pulse width, and fine
adjustment of the thrust is enabled. When the laser irradiates and ignites the
pyrotechnic material, which is loaded in the arrayed small chambers, higher thrust
is generated by the solid propellant combustion: laser ignition mode. The thrust
is roughly controlled by the mass of the loaded pyrotechnic material, and it is
predetermined during the thruster design process. Figure 3.1 shows a conceptual
diagram of the two modes. In the laser ablation mode, the laser beam provides
energy to the ablation jet, and in the laser ignition mode, it plays a role of an
ignitor for the solid propellant.

The two modes can be easily interchanged by changing the location irradiated
by laser beam. The greatest benefits of our thruster are ”compactness” and ”wide
thrust range.” We believe that compactness is the most important feature for the
microthruster and, to our knowledge, there is no thruster which can supply thrust
over the four orders of magnitude using a single propulsion system and can be

installed in a 1-10 kg microspacecraft.

3.1.3 Propellant Feeding System

One of the most important components for a laser microthruster is a propellant
feeding system. The solid propellant or diode laser must be translated after every
shot. That function is always necessary in the laser ignition mode. In the ablation
mode, it will be shown in the experiment that the multiple shots at the same beam
spot decreases the impulse. Hence we must have a certain mechanical system feed-
ing new propellant for laser beam, and such system should be compact, light, and
tough. In very small micropropulsion less than a few hundreds grams, such me-
chanical systems will dominate a large fraction of the system. Therefore proposing
the effective feeding mechanism is essential to develop a superior micropropulsion
system.

A prototype laser microthruster designed by Phipps and Luke [48] was using
polymer tape as the propellant. Rolling up the tape-shaped propellant saves the

space for propellant storage. However, it needs two axes motions of the propellant,
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rolling and traversing the tape. Otherwise only a fraction of entire tape can be
utilized. Additionally, more than two rollers (pinch and extension rollers) are
needed to effectively roll the tape, which causes increase of the construction weight.
Moreover, the most problem of such tape-shaped propellant is the difficulty to

loading pyrotechnic propellant in the same propellant with ablative material.

We propose a new type of propellant feeding system which enables the effective
use of propellant by a simple mechanism, suited with the laser ignition mode. The
propellant has a cylinder shape. Ablative materials are rolled on it or the cylinder
itself is made of ablative materials. Pyrotechnics of laser ignition mode are loaded
into chambers prepared inside the cylinder. It means that both laser modes can
coexist in a single feeding system. Additionally, it requires only one rotational
axis to use the whole cylinder sufrace, because the cylinder rotates and proceeds
along axis by screw motion. The conceptual diagram is shown in Fig. 3.2. This
propellant feeding system makes it possible to effectively use the entire surface of
the cylinder using a single rotating mechanism. We have designed a prototype
thruster with that feeding mechanism and used it to demonstrate the operation

of laser ablation and ignition.

Target fuel tape Plume
tr?ﬂé?&?ﬁé‘t Laser beam Target fuel cylinder
( R-mode)
ablatant / Screw

Rotation

Laser beam
( T-mode) SN
Laser beam Plume
Rotation ‘\/
a) b)

Figure 3.2: Conceptual drawings of propellant feeding systems; a) tape-shaped
propellant and b) cylinder-shaped propellant.
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3.1.4 Lens Fouling Problems

Lens fouling could be a crucial problem for laser-using thrusters. In this work, a
transparent wall was installed between the optical assembly and the propellant.
In the laser ablation experiment, it was confirmed that at least 1500 shots of laser
ablation gave no effect on the laser optical system and thruster performance. On
the other hand, the combustion of pyrotechnics largely affected the transparency
of the protection wall. Hence the circular protection wall was rotated after every
shot and supplied new transparent surface for the laser beam.

However, such protection system used here is not practical to the actual appli-
cation. That protection window needs somewhat large system, and other simpler
and more reliable protection system is necessary. Here we present three ideas to

protect the optical system:
e Use of optical system with long focal length.
e Use of moving protection wall or tape.
e Application of transmission mode

Long focal length decreases the lens fouling because contamination to lens system
would quadratically decrease with the focal length. However, this is not a perfect
protection, and durability test should be performed for each thruster. Moving
protection wall or tape can solve the fouling problem. A rolled transparent tape
would be useful because of the comapactness. As mentioned above, however,
such system needs another mechanics, and leads to the down of the durability
and reliability. Transmission mode means laser irradiation through a transparent
material from the opposite direction to the plume-generated side, whose conceptual
diagram is shown in Fig. 3.3. In this mode, there is no matter about lens fouling.
Phipps et al. [48, 49] proposed the transmission mode for diode laser ablation
thrusters and investigated the difference from the reflection mode (irradiation
from the same direction as the plume). The disadvantage is the reduction of the
thrust performance in the laser ablation when using the transmission mode, which
was shown by Phipps et al. in the reference[48, 49].

One Newtown class microthruster addressed in Section 3.6 utilizes the trans-

mission laser irradiation in laser ignition mode. The laser was irradiated from the
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axis toward the outward in radial. Figure 3.3 is an illustration of an application

of transmission mode for laser ablation and ignition.

Ablation plume Nozzle

mbustion plume

Diode laser, Diode |
Ablation material

Transparent material

Pyrotechnics
Incident window

Figure 3.3: Conceptual drawings of transmission modes for laser ablation and

ignition.

3.1.5 Objectives of this chapter

The objectives of this chapter are verifying the operation and clarifying the funda-
mental characteristics of a dual propulsive mode laser microthruster. The charac-
teristics of above-mentioned laser ablation and laser ignition modes are separately
investigated. Both modes use the same propellant feeding system and can be

interchanged by the variety of the propellant, polymer or pyrotechnic.

Laser ablation mode

A number of studies have been conducted in the field of laser ablation. They are
commonly not for the laser ablative propulsion but for various industrial applica-
tions, laser machining, laser hardening, laser deposition and so on. Then physical
processes included in the laser ablation have been well studied [62, 63, 64, 65, 66,
67]. The processes include absorption of laser irradiation, heating the ablative
material by the energy, and the phase transformations. However, there are a few
studies on the characteristics unique on propulsions (thrust and Isp) and those
dependence on the laser parameters. Moreover, most studies on the laser ablation
are using high intensity lasers (CO,, excimer, and YAG) and with extremely short
pulse. The typical laser intensity is over 10> W/m? and the laser pulse width is less

than 107% s in many researches. In contrast, laser beam dealt here is an infrared
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laser with lower laser intensity (1 MW /m?) and longer pulse width (100 ms). The
laser ablation physics of those levels has not been focused in this field.

Therefore in this study, first the ablative materials are selected to generate
ablative plume using a diode laser. As a result polyvinyl chloride is considered
as the best material and the fundamental thruster performances: plume direc-
tion, momentum coupling coefficient, specific impulse, and multiple shots effect
are measured with changing the laser pulse width. Next, to clarify the ablation
mechanism, effect of doped carbon density and mass spectroscopy of the exhausted
plume are investigated. In the discussion, photothermal ablation model is applied
in the diode laser ablation processes. It consists of thermal heating and ablating
processes. Analytical expressions are derived and compared with the experimen-

tally measured results.

Laser ignition mode

Several researchers have studied on the laser ignition of chemical propellants [68,
69, 70, 71, 72, 73]. The ignition using laser benefits from the high intensity and
the electrical insulation. They observed that the ignition depends on a thermal
mechanism, and the incident laser energy and the laser power density control the
ignition threshold. They also noticed that the laser energy required for the ignition
decreases as the laser power is increased. However, most of them have conducted
the experiments in the atmosphere. Only a few studies were carried out in the
lower background pressure [70]. Additionally, different kind of lasers, focusing,
and pyrotechnics were used in those studies.

The objectives are first to verify the laser ignition of pyrotechnic in vacuum,
secondly to measure the thrust provided by the combustion, and thirdly to clarify
the required laser conditions for the ignition. In the experiment, after examin-
ing several pyrotechnics, only boron/potassium nitrate succeeds to be ignited in
vacuum. The laser ignition characteristics are investigated against by laser pulse
width and laser power. The obtained threshold laser parameters should be ade-
quate to coexist with laser ablation mode to veryfy the concept of a dual propulsive
mode. Thereafter the thrust measurement is performed. In the discussions, the
reason why boron/potassium nitrate is adequate to the laser ignition in vacuum is

considered. It is shown that the measured threshold laser power and period for the



68 CHAPTER 3. DUAL PROPULSIVE MODE LASER MICROTHRUSTER

ignition is explained by three dimensional numerical calculations with exothermic

reaction.

3.2 Experimental Setup

3.2.1 Vacuum facilities

Experiments on the laser ablation mode were performed in a 1.1-m-diam, 1.8-m-
long vacuum chamber, referred as UT cyrindrical chamber in this thesis. The
chamber is made of stainless steel and evacuated using two stage pumps: rotary
pump and turbo molecular pump. The base pressures were between 2 — 5 x 107°
Torr. The inner pressure was measured using a ionization vacuum gauge.

Experiments on the laser ignition mode were performed in a 0.9-m-cubic stain-
less steel vacuum chamber, which is in Tokyo Metropolitan of Aeronautical En-
gineering. That chamber is referred as TMAE cubic chamber in this thesis. The
base pressures was between 1.4 — 3.0 x 10~* Torr.

More explanations about those vacuum facilities are described in Appendix B.

3.2.2 Diode laser and optical system

The optical assembly employed a 1 W diode laser with the wavelength of 980
nm and the focal length of 14 mm, the beam waist size of 1.0 mm x 0.05 mm,
and the maximum power density of 5 MW /m?. A one Watts multi mode diode
laser L9801E3P1 made by Thorlabs inc. was used and its characteristics is shown
in Table 3.1. Focusing assembly consisted of focusing tube optics, LT2302260P-B
(Thorlabs inc.), which includs a lens pair C230260P-B (Thorlabs Inc.). The picture

Table 3.1: Optical, electrical characteristics of the diode laser, LO980O1E3P1.

Power 1'W Wavelength 980+5.0 nm
Threshold current 160 mA Beam divergence (FWHM) 8 x 40 deg.
Operating current 1100 mA Emitter size 100 x 1 pm

Operating voltage 1.8V Slope efficiency 0.9 W/A
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and schematic diagram of the laser optical system: laser, optics, and holding tube
are shown in Figs. 3.4 and 3.5. The focal length can be adjusted changing the
position of the lens pair, and here the typical length was 15.3 mm as shown in the

figure.

Collimation tube

Diode laser

Sir

409

.

Focus lens

Figure 3.4: Picture of the diode laser optical system: diode laser, collimation tube,

and focusing lens.

Diode laser C230260P
L9801E3P1, Thorlabs Inc. (the axial position is adjustable)
Retainng | 7 T

157 fing | l k

' i — i I:>
\ __'_:[_I ‘
259 R
typical value
- 20.3 - P )
22.4

(typical value)

Figure 3.5: Schematic diagram and dimensions of the diode laser optical system:

diode laser, collimation tube, and focusing lens.
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3.2.3 Laser diode driver

Two varieties of laser diode drivers are used to drive the diode laser. In the ex-
periments on the laser ablation mode, WLD3343 made by Wavelength Electronics
Inc. was used. It can supply laser diode current up to 2 A from a single +5 V
power supply and operate with constant current mode or constant power mode.
The output current and the operation mode were selected by the external connec-
tions. The laser pulse width is controlled by TLT signal from a controlling PC.
The output current from the driver dealt here had a lot of high frequency ripples
with DC current. However, the ripples were neglected and the driver was used to
perform the experiment, because the laser pulse width was more than 50 ms and
much lower than the frequency of those ripples. The laser beam power emitted
from the diode laser was about 300 mW, which was measured using a power meter
(LM-10 from Coherent Inc.).

In the early stage of the experiments on the laser ignition mode, the same laser
driver as the laser ablation mode was used. Thereafter, another diode laser driver,
LP3000 made by Thorlabs inc. was used. The laser pulse width was determined by
a controlling PC as well as the laser ablation mode. The diode laser was operated

with the beam power ranged from 300 to 1000 mW.

3.2.4 Beam profile of diode laser

Beam profile from the diode laser was taken using a CCD beam profiler. Generally
laser beam emitted from a diode laser has astigmatic elliptical wavefront profile,
because the lasing cavity has rectangular configuration with high aspect ratio (the
diode laser used here had the emitting size of 100x1 um). Figure 3.6 is a drawing
of typical diode laser beam. The beam has larger divergence angle perpendicular to
the emitting stripe of diode laser than the angle parallel to it. Then the wavefront
of the laser becomes elliptic as shown the figure. In this study, the perpendicular
and parallel axes are refrred as vertical and horizontal axes.

In order to evaluate the effect of laser intensity on the laser ablation perfor-
mance, beam profile of such elliptical laser beam should be measured. The beam
profiler used here is Beam Star-V from Ophir Optronics Ltd., and its character-
istics is shown in Table 3.2. The beam profiler was set in front of the laser diode

system on a linear sage. By changing the position of the laser diode against the
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Elliptical cone Horizontal axis

Emitting stripe _
Vertical axis

Laser beam axis N
Focusing by a spherical lens

Figure 3.6: Drawing of typical diode laser beam.

Table 3.2: Characteristics of the CCD beam profiler, Beam Star-V.

Spectral responce 350 - 1100 nm

Number of pixels 320%240

Pixel resolutions 18.09 pm/pixel (Horizontal)
20.05 pm/pixel (Vertical)

CCD sensitivity ~ 0.1 W /cm?

Damage threshold ~1 W/ecm? (CW), ~0.05 J/cm?

Distance between a front glass and sensor 4.3 mm

profiler; 3D beam profile was measured.

The laser beam emitted from the diode laser was weakened by 1/8000 using

ND filters. The finally measured laser spot size was more than 500 pm x 10 pm.

In the case of 100 mW laser power, the intensity did not increased than 6000

W /cm?. Hence to decease the intensity less than the damage threshold, 1 W/cm?,

three 5 % ND filters were attached in front of the focusing lens. However, ND

filters change the optical path length due to its refractive index. The measured

distance from the laser diode to the beam profiler was collected according to the

refractive index of ND filters.

Figures 3.7-3.9 shows the measured 2D and 1D beam profiles at the position
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Figure 3.7: Beam profile at -2.0 mm from the focal point, a) 2D profile and b) 1D

profile along the horizontal and vertical axis.
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Figure 3.8: Beam profile at the focal point, a) 2D profile and b) 1D profile along

the horizontal and vertical axis.
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Figure 3.9: Beam profile at +2.0 mm from the focal point, a) 2D profile and b)

1D profile along the horizontal and vertical axis.

-2, 0, 2 mm away from the focal point. 1D profiles are along the horizontal and
vertical axes. Figure 3.8 is the profile at the focal point, where the laser intensity
becomes maximum. The beam profile becomes rectangular with high aspect ratio.
Figure 3.7 and 3.9 are the profile at -2 mm and +2 mm from the focal point. There
the beam spot become close to a square due to the increase of the beam radius
along vertical axis.

Laser beam of diode laser can be roughly assumed as Gaussian beam with
different beam width on vertical and horizontal axes. The beam has a Gaussian
profile transverse to the beam axis and a hyperbolic profile along the axis. Let us
take z along the beam axis and x and y along the horizontal and vertical axes.
The beam profile on z = 2’ plane: f(x,y, 2’) and the prowile of beam width: w(z)

are

1.2 y2
fwy.2) ~ exp (‘wm<z>2/4‘wy<z>2/4> (3.)

(2 — 20i)? .
wi(z) = @U(]i\l 1+ W , =,y (3.2)
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Figure 3.10: Profiles of beam widths along the beam axis. The solid and dashed

lines are fitted hyperbolic curves for vertical and horizontal axis respectively.

where subscript ; means x or y direction, k£ is the wave number, zy; is the focul
point, and wy; is the minimum beam width, namely w;(zo;).

First a beam profile is measured on a plane with a given z (profile along the
vertical and horizontal axes). Secondly, that profile is fitted on Eq. 3.1, and the
beam widths are obtained along z and y axes. Here the beam width means the
1/€? point in the profile. Repeating the process, profiles of laser beam width along
the beam axis z was obtained, which is plotted in Fig. 3.10. Those beam width
profiles are fitted on Eq. 3.2 respectively, and hyperbolic parameters are obtained

as shown in Table 3.3.

Table 3.3: Gaussian beam width parameters along the beam axis.

Vertical axis

Horizontal axis

wo

46 pm  0.17 mm
607 pm  2.89 mm

kw/2

20
0 mm
-3.05 mm
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Figure 3.11 shows the laser beam intensity calculated from the beam width
profiles (fitted hyperbolic curves). The intensity was defined as incident power over
rectangle area (horizontal beam width times vertical beam width). The intensity
has the maximum of 740 W/cm? and the FWHM (full width at half maximum)
of 0.59 mm.

800
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200

S
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llllllllllllllllllllll
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Distance from the focul point (mm)

Figure 3.11: Laser beam intensity claculated from the beam width profiles.

3.2.5 Propellant feeding system

As described in the above section, cylindrical propellant feeding system was se-
lected to supply new ablative surface or new pyrotechnic pellet to laser beam.
Polymer or pyrotechnic propellants were installed on a cylinder, which was in-
stalled on a screw fixed on the mounting stage. The laser optical assembly was
aligned such that the laser beam was focused on the surface of the cylindrical
propellant with a certain angle of incidence. The configurations are shown in Fig.
3.12. After every shot (laser ablation or laser ignition), the cylinder was rotated
upwards (or downwards) by the screw pitch (DC motor and gearbox were installed

above the cylindrical propellant).
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Propellants for the laser ablation mode

Screw hole
@ —— Commercially produced
/ PVC sheet wrapped on a cylinder

PVC with 5%
carbon \ ¢ Propellant for the laser ignition mode

Solid propellant

Diode laser
47
:ﬁ: Laser beam axis
Focusing lens Ceramic cylinder with

10 mm propellant loading holese

Figure 3.12: Configuration diagram of the laser beam and propellant.

3.2.6 Impulse measurement

The impulses generated by laser ablation jet were measured using a thrust stand,
which is described in Chapter 2. It is a horizontally swinging torsional balance
with a 30-cm-long arm and 10-cm-extension arm to increase the sensitivity. A
laser ablation thruster was installed on the extension arm to make the normal
vector on the ablation surface perpendicular to the thrust stand arm. Force-acting
period, the period when the thrust is generated, was assumed to be equal to the
laser pulse width. It is because finally measured impulse by laser ablation showed
high proportionality to the laser pulse width. Because the impulse generated by
laser ablation is very small and noise removing method was used to analysis the
displacement, which is described in Section 2.3.3. The resolution of the thrust
stand measurement was +1.0 uNs and the accuracy of the calibration was +2 %.

The huge impulse generated by laser ignition mode was measured by the thrust
stand improved for huge impulse measurement described in Section 2.5. However,
in the laser ignition mode, it is more difficult to accurately determine the period
during which the thrust is generated than laser ablation mode. The ablation and

combustion of pyrotechnics were longed over 500 ms, but its condition changed in
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—

DC motor & gear box.

Figure 3.13: Picture of the experiment setup used for both laser ablation and
laser ignition mode (the propellant in the picture is B/KNOj3 pyrotechnics of laser

ignition mode).

a few ten ms. The strongest combustion lasted about 40 - 60 ms. This uncertainty
of the force-acting time caused the error of the impulse measurement, which would
be up to 15 %.

3.2.7 Laser-ablated mass measurement

In the experiments on the laser ablation mode, in order to evaluate the specific
impulse, the mass ablated by each laser irradiation Am was estimated from the
pressure increase in the vacuum chamber AP using the equation Am = CAP,
where C' is the proportionality constant. The proportionally constant C' was de-
termined by the averaged ablated mass as determined from the difference in the
weight of the propellant before and after the 1550 shots experiments, divided by
the averaged pressure increase during the experiment. The weight difference of

the propellant was 29.4 mg after 1550 shots, and the uncertainty of the weight



78 CHAPTER 3. DUAL PROPULSIVE MODE LASER MICROTHRUSTER

measurement was at most +5%. The accuracy of individual pressure measure-
ments was +15%. The specific impulse was evaluated from impulse and ablated

mass over 20 shots; measurement accuracy was better than +10%.

3.3 Experimental Results on Laser Ablation Mode

3.3.1 Selection of ablation material

In the atmosphere, to investigate the effect of propellant material, several types
of propellants were examined for laser ablation: PVC (Poly Vinyl Chloride), ABS
(Acrylonitrile Butadiene Styrene polymer), POM (Poly Oxy Methylene), NR, (Nat-
ural Rubber), PMMA (Poly Methyl Methacrylate). Table 3.4 shows that result. Of

Table 3.4: Laser ablation on several materials in the atomosphere.

Name  Color Shaping Ablation Light emission

Paper  black  sheet yes yes
Paper  white  sheet weak no
PVC gray cubic yes weak
PVC black  sheet yes yes
NR black  sheet weak weak
ABS black cylinder yes no
POM black cylinder yes no
POM white cylinder no no
PMMA black cylinder weak no

those polymer materials, PVC showed the best performance, that is, the emission
from the plasma produced by the laser ablation was the strongest and the resulted
crater was the largest. However, even if the main component was PVC, there was
large difference between commercially available PVCs. It would be because of
additives. Commercially available polymers usually include several additives in it
for the coloring or improving the properties.

Figure 3.14 shows the thrust performance using the commercially available

black PVC sheet as propellant. The effect of laser pulse width was investigated,
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with maintaining the laser power as 280 mW (as a result incident laser energy
was changed). The impulse was proportionally increased up to 8.1 uNs with the
increase of the pulse width up to 800 ms. The ablated mass was also increased up
to 6.0 ug.

The proportionality of impulse and mass to the energy means the constant
specific impulse and momentum coupling coefficient. Momentum coupling coeffi-
cient, abbreviated as C},, is defined as the impulse provided by laser ablation over
the incident energy. It is often used to evaluate the performance in the field of
laser propulsion and is the same quantity as thrust to power ratio which is used
in the field of electric propulsion. In this chapter, according to the custom in that
field, momentum coupling coefficient is used to express the generated impulse over
consumed energy. In Fig. 3.14 b), the specific impulse and coupling coefficient
are shown. They are almost constant against the laser energy with the averaged
value of 134 s and 42 uNs/J respectively. Both of the Isp and C,, in Fig. 3.14
b) shows slight increase with the decrease of laser pulse. It was confirmed also by
Phipps et al. [49, 74].

3.3.2 Effect of the carbon density in PVC

The effect of the carbon density in PVC was investigated. It should be noted that
black color material showed the best performance. It can be easily understood by
the fact that the wavelength of the laser beam was close to the visible light. Hence
the absorption coefficient, shown as color, would drastically affect the thruster
performance. Three PVC cylinders with the carbon density of 0, 2.5, and 5.0
% were prepared and the thruster performance for them was measured. Picture
of those PVC cylinders is shown in Fig. 3.15. PVC with 0 % carbon is almost
transparent and the others are opaque (black).

Increase of the carbon density in PVC showed dramatic increase of the per-
formance. The measured thrust performances are shown in Fig. 3.16. The mea-
surement was carried out for 5.0 and 2.5 % carbon PVC, and 0 % carbon PVC
showed no reaction to the laser focusing. PVC with 5.0 % carbon showed 5.9
times of coupling coefficient than that of 2.5 %. In contrast, specific impulse for
5.0 % carbon was 1.7 times than 2.5 %. Therefore the increasing of the impulse

was mainly caused by the increase of the ablated mass. As a result, using PVC
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Figure 3.14: Thrust performance of laser ablation mode using commercially avail-
able black PVC sheet as propellant; a) generated impulse and ablated mass and

b) specific impulse and momentum coupling coefficient.
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2. 5%

0%

Figure 3.15: Picture of the PVC cylinders with different doped carbon density: 0,
2.5, and 5.0 %.

with 5.0 % carbon as propellant, specific impulse of 104 s and coupling coefficient
of 152 uNs were obtained as the thrust performance. Those values are higher than
using the commercially available PVC shown in Fig. 3.14. Especially, the coupling
coefficient was increased by three times from 42 to 152 uNs/J. It would be also
the additives in the PVC, whereas the additives included in the commercial PVC

were not claryfied.

The effect of the carbon density can be explained as follows. The Laser beam
dealt here was low intensity and long pulse width. Then photothermal reaction
would prevail, and it can be treated as the simple problem of heat conduction.
Carbon additive gives opaque black color for PVC as shown in Fig. 3.15. It means
that carbon additive makes the laser absorption length short. The shorter is the
absorption length, the more narrow region is heated. PVC heated up to the boiling
or degradation temperature starts to exhaust itself as gas with that temperature.
Only the temperature of gas determines the exhaust velocity, because it is the
only the acceleration mechanism. Hence the specific impulse was essentially not
affected a lot by the carbon additive. However, polymers have no clear boiling
temperature and various degradations occur depending the temperature. It would
be a reason of the increase of specific impulse (1.7 times). Heating rate of polymer
is increased by the carbon additives, and the degradations at higher temperature

may be occurred.
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Figure 3.16: Thrust performance of laser ablation mode using custom-made PVCs
with carbon additives of 2.5 % and 5.0 %, a) generated impulse and ablated mass

and b) specific impulse and momentum coupling coefficient.
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3.3.3 Variations of thrust

Precise positioning of microspacecraft requires not only small thrust but also its
accuracy (resolution). As mentioned in chapter 1, precise attitude or translation
controle keeping sub degrees or sub milli meters will require the accuracy of mi-
cro Newton order. For instance, LISA which comprises the laser interferometer
requires very severe accuracy, 5-30 uN thrust with the resolution less than 0.1 uN.

Thrust measurement of the above laser ablation mode showed the linearlity
of the thrust to the laser pulse width, and the thrust (impulse) will be predicted
by the width. In the experiment using commercially available PVC (Fig. 3.14),
the relation is I(uNs) = 9.59 x pulse (s)40.48. The standard deviation from
that proportionality was 0.48 puNs with the impulse range of 1 to 8 uNs. In the
experimetn using other material with higher coupling coefficient (Fig. 3.16), the

standard devitation was 1.5 uNs with the impulse range of 5 to 35 uNs.

3.3.4 Direction of the ablation plume

It is very important to know the direction of the thrust. In most thrusters, its
direction is obvious and the interest is in the deviation of the thrust vector. How-
ever, in the laser ablation of cylinder surface, the direction is not claryfied, and it
is necessary to know the direction of laser ablation thrust.

Up to date, a number of studies on the laser ablation plume have been conductd
in the field of laser ablation. They concluded that the plume has two distinct
components: one a cosine component and the other a highly normal directed
component [64, 75, 76]. Most of those studies on laser ablation have focused on
ultraviolet laser beam (ex. excimer laser) with high power intensity (100 kW /cm?)
or a short pulse (10 ns). In contrast, the laser used here is infrared laser with low
laser intensity (<1 kW/cm?) and long pulse width (>50 ms).

Here profile of the laser ablation plume was estimated measuring the distri-
bution of the contamination by the exhaust gas. A white PVC sheet target was
placed downstream of the ablation point in two configurations: one was parallel
to the ablation surface and 30 mm downstream from the ablation point (forward
target), the other was perpendicular to the ablation surface and 14 mm under the
ablation point (bottom target). The configurations of the sheets are shown in Fig.

3.17. For each target configuration, a thruster was fired over 1000 shots with the
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pulse width of 500 ms.

Figure 3.18 shows a typical contour of the contamination on the targets by the
exhaust gas. The contaminated original targets were scanned in the scanner and
the contour plots of color intensity were drawn. On the contour plot, the con-
figuration of the cylindrical propellant, laser beam axis, and normal and tangent
to the ablation surface are drawn. The profile on the forward sheet, Fig. 3.18
a), has good axial symmetry. The line from the ablation point to the center of
that contour plot almost agreed with the normal to the ablation surface. Figure.
3.18 b) also shows that the exhaust plume was symmetrical for the normal to the
ablation surface.

The thrust vector was measured from the impulse measurement. A rotational
stage was installed between a thruster and a beam of the thrust stand. The normal
to the ablation surface was rotated 45 or -45 degrees from the perpendicular to
the beam axis. For the each case, the impulse bits were measured and the thrust

deflection angle from the normal, «, was calculated by the equation

a = Tan! <&> —% (3.3)

V_45

where v45 and v_y5 are the exhaust gas velocities in the case of the rotation angle:
45 or -45 degrees respectively. The exhaust velocities was obtained from impulse
and ablated mass. The thrust deflection was measured with the laser pulse width
of 400 or 800 ms and the laser beam incident angle of 60 or 70 degrees.

Figure 3.19 shows the measured deviation angle of thrust vector from the
normal to the ablation surface. As a result, the thrust vector was deviated by
15-35 degrees from the normal. It indicates that the exhaust gas plume is declined
opposite to the laser beam from the normal. This result conflicted to the measured
contamination profile, which concluded that the center of the exhaust plume was
directed to the normal. One of the reasons would be the effect of the plume
attachement on the laser assembly (laser holding tube etc.). Several part of the
exhaust gas was adhered on the laser assembly. Large shadow due to that effect
is confirmed in the contour (Fig. 3.18). The thrust deviation was alway directed
to outward.

In all of the experiment of impulse measurement, the normal to the ablation

surface was placed perpendicular to the beam of the thrust stand. The thrust angle
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Bottom target
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Figure 3.17: Schematic diagram of plume direction measurement a) configuration

drawing and b) top view and definition of terms.
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Figure 3.18: Scanned images contaminated by the exhaust gas: a) forward target
and b) bottom target.
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Figure 3.19: Deviation angle of thrust vector from the normal to the ablation

surface.

measurement indicates that the thrust direction is deviated from the normal, and

the impulse is estimated lower than its absolute value by 5 to 20 %.

3.3.5 Multiple-shots effect

In microspacecraft, it is important to utilize as much propellant as possible in
limited space and mass. In the above experiment, new surface was supplied for
the succeeding laser irradiations after every shot. Howiever, if the same ablation
surface can be utilized many times, namely multishots, the propellant will be
utilized more effectively.

Here, propellant surface was irradiated three times at the same point and with
the same pulse width to investigate the multishots effect at the same ablation
point. The pulse widths of 100, 300, 500, and 800 ms were examined. Figure
3.20 a) shows result of the impulses on the number of shots. It is clear that the
impulse of first shot is the highest and multi-shots at the same point decreases the

performance. The decrease from second to third shot is lower than from first to
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Figure 3.20: Effect ot the multiple shots at the same point.
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second.

It should be noted that the summation of impulses of first and second shot
is lower than impulse of only first shot of the twice pulse width. It means that,
for any given total laser pulse width, single continuous laser irradiation is more
effective than multiple irradiations with intervals. In addition, the specific impulse
was also decreased from first to second shot, although the decrease rate was not

larger than impulse.

3.3.6 Mass spectroscopy

To investigate the mechanism of the laser ablation on PVC material, mass spec-
troscopy of the exhaust plume was performed using a quadruple mass spectrom-
eter. The spectrometer was AGA-100 made by ANELVA Corporation, whose

specifications are shown in Table 3.5.

Table 3.5: Specifications of the mass spectrometer AGA-100.

Mass number range 1-100 amu
Operation pressure range 107* ~ 2x10~™ Torr
Minimum detective partial pressure 2x107 Torr
Sweeping time 0.1 ~ 1000 s
Sensitivity 1 x 10 =3 A/Torr

at 5 mA emission current
Electro meter 10712 V/A
Recorder output voltage 0~10V
Error of mass number + 0.05 amu
Error of peak + 1.5 %

Figure 3.21 shows measured mass spectrum during the repulsive operation of
the thruster (PVC with 5 % carbon was used). Mass spectrum of residual gases
(background) was also measured, where intense peaks of 1, 17, and 18 attributed
from water HoO were observed. The background spectrum was subtracted from
one during the thruster operation. Hence the contributions from residual gases

were eliminated and only ablated gas from PVC remains. The spectrums were
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Figure 3.21: Mass spectrum during the repulsive operation in the laser ablation
mode: a) 1-100 amu and b) 32-42 amu.
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searched in the range of 1 - 100 amu.

Table 3.6: Comparison of the experimentally measured peaks and abundance ratio
of Cl and HCL isotope.

Mass number Experimental — Chemical Fraction
(u.m.a) result composition of isotope
35 0.72 35C1 0.76
37 0.28 37C1 0.24
36 0.86 TH35Cl 0.76
38 0.14 TH37C1 0.24

In Fig. 3.21, four strong peaks of 35 to 38 are identified. These peaks cor-
respond to HCl and Cl with those isotope from the literature [77]. The ratio
of measured peaks and abundance ratio of HCI and Cl are listed in Table. 3.6,
which shows good agreement. Such strong emissions of HCI from PVC by laser or
heating is in agreement with a lot of other studies [78, 79, 77]. They have shown
that the thermal degradation of PVC proceeds in the following two stages. The

Mass: 36

—_————

<
4 ~N

Carbonrich layer
remains on the propellant

Figure 3.22: Dehydrochlorination of PVC with subsequent formation of conjugated
double bonds.

first stage proceeds in the temperature range of 470 to 640 K. It corresponds to

dehydrochlorination with subsequent formation of conjugated double bonds, as
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shown in Fig 3.22. The second stage proceeds in 640 - 770 K, which is scission of
polyene sequences formed during the first stage. Therefore the ablated gas by a
diode laser would mainly consist of HCI, at least in the early stage of the ablation.

This preferential degradation of HCI in low temperature would explains the
reason for the decrease of impulse by multiple shot at the sample point. During
the laser ablation, HCI is degraded and other components are remained in PVC
as residuals. Once the heating is stopped, the residuals are cooled. When the
same point is again irradiated by laser, the residuals have to be heated again and,
after the re-heating, HCl would begin to degrade. On the other hand, if the same
point is continuously heated, laser can continuously heat the solid since residuals
are kept hot. Hence the duration time between shots would be important factor

determining the impulse bit of second shot.
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3.4 Discussion on Mechanism of Diode Laser Ab-

lation.

3.4.1 Analytical solutions of heat conduction by laser ir-

radiation

To clarify the ablation mechanism by diode laser irradiation, photothermal abla-
tion model is applied on the laser ablation processes. Here, it is assumed that
laser beam irradiated on the ablative propellant is converted from photo energy to
thermal energy by the absorption. It is because the laser intensity of diode laser is
not enough high to occur photochemical reaction. Hence the beam behaves as heat
source in the ablative material, and it is analyzed as heat conduction problem.

The laser ablation processes is assumed to be constructed by the following
regimes. First laser beam is absorbed in the ablative material and all the energy
is used to raise the inner temperature: heating regime. When the maximum
temperature, generally surface temperature, reaches to the boiling or degrading
temperature, the laser energy is used for both temperature raising and material
vaporization. This is transition regime. After enough time is pasted, the ablation
reaches to the stationary ablation, where the temperature profile recedes inward
with maintaining its shape, which is stationary ablation regime.

In this section, the above regimes are analyzed by the method of heat conduc-

tion problem where laser is treated as a heat source.

Heating regime

Heating of ablative material by laser irradiation can be described as one dimen-
sional semi-infinite heat conduction. The absorption of radiation in the first ap-
proximation obeys the Bouguer-Lambert-Beer law, that is the beam exponentially

decays. Hence the governing equation is

oT o*T q
p— - - - _-T/Aa 4
at "o T ,oc];,)\a6 (3:4)
ic. T(x,0)=0, x>0 (3.5)
oT oT
b.c. % - s % s =0 (36)
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where 7" is the temperature, p is the density, ¢, is the specific heat, A, is the laser
absorption length, and ¢ is the total power absorbed in the material. Figure 3.23

shows a conceptual drawing of the problem. The solution of Eq. 3.4 is
T
o _ 0

X
T(x1)

a(x) = qexp(-x/ 1,) /]

Figure 3.23: Heating of solid by absorption of laser radiation.
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where ), is the heat depth and ierfc(x) is the integral complementary error function
[80]. Those are defined as

A = Vet (3.8)
ierfc(z) = /ooerfczv dx (3.9)

I
= —e

N

To clarify the characteristics of the phenomena, dimensionless form is effective,

22

—xerfcx (3.10)

which becomes

_ L 1 D2 [ 2XD
© = derfe(X)+ 5D [26 {e erfc(D + X)
+e 2P erfe(D — X)} — 6_2XD} (3.11)
where
T AL KT KT
20\, Ao an 2, 2qA\.D ( )
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are dimensionless parameters. X is the dimensionless length normalized by the
heat depth, D is the ratio of the heat depth to laser absorption length, and 7' is
normalized by the temperature which gives the heat flux equal to ¢ by the gradient

over the Ay.

Time when the wall temperature reaches to the boiling point

The temperature at X = 0 in dimensionless form is

Op = \% + % 7" erfe(D) — 1] . (3.13)

By using the definition of ©: Eq.(3.12),

2
\/—%D + e erfc(D) — 1 = = —. (3.14)

where A is a dimensionless form of the laser ablsorption length. It should be cared

that the variable of time is included in the A, in term of the D. Hence the time
when T}, reaches an arbitrary temperature is obtained by solving the Eq. 3.14 for
the variable D. Figure 3.24 shows the numerically solved function D*(A). The
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n 20
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0.0

Figure 3.24: Numerically obtained plot of D*(A).
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behavior of D*(A) around zero or infinity is expressed as

D*(A) = (3.15)
% (VA4 1/A) +/r(1+1/4) -4} | A<,

where the following series expansion was used.

1 2 1 1
ﬁ (\/_—21'4'5533— 5$5+i$7+0((£9)> , TK 1
erfc(x) = (3.16)

1 2 (1 1 3 15
YL TN T - VA S
\/776 (:B 2x3+4x5 8x7+ (=) v

After all, the time when the wall temperature reaches to the boiling tempera-

ture: T} is

L[ ()]
o = Lo ()] o1
1 (V7 KT\’
- (TR (3.18)
flA) = (%AD*(A)) , where A:g()\;b. (3.19)

Note that the term in front of f(A) in Eq. 3.18 is the boiling time in the case
of infinite short laser absorption length (A — 0), which is the heat flux problem
with Neoumann boundary condition. Therefore, the function f(A) is a deviation
factor of the arrival time to the boiling temperature from the surface heat flux
approximation. Figure 3.25 shows the f(A) dependence on A and its asymptotic

curves,
2
1+2A+<1——>A2 A<
T

f(A) = . VA 3y (3.20)
8 — 3T
?A<1+6(\F—2\/Z+A\/7r)> 4>,

As shown in Eq. 3.18, the time when the wall reaches to the boiling temper-

ature has the essential characteristic of quadratical decrease with the increase of
the incident laser intensity: ¢. If the absorption length ), is longer than the char-
acteristic length of the system, KT;,/q, the time is extended by the factor f(A).
Thereafter the material starts to be ablated.
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Figure 3.25: Approximation of a deviation factor from the surface heat flux ap-

proximation.

The case of heat flux into pre-sheath

Here, a heat conduction if the radiation is uniformly absorbed in the thickness ¢

region set in front of the ablative material. Its drawing is shown in Fig. 3.26. This

problem simulate the situation that carbon layer is established on PVC ablative

material by multiple shots. In the carbon layer, the temperature profile is assumed

constant, because carbon has high absorption coefficient and thermal conductivity.

There the governing equation is
oT o*T
—_— = k——
ot ox?

ic. T(x,0)=0, x>0

T(0,t) =Ts(t)

b.c. d oT
Cps—1s = K —
5p pr dt q + a’I

0

The solution is

. 2q)\h. x
T = % 1erfc<2)\h>

q i+<ﬁ)2 x A x
+)\s§ et \*/ erfe (— + = | —erfc (

20 As

2

)

(3.21)
(3.22)

(3.23)

(3.24)

(3.25)
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Figure 3.26: Pre-sheath heat conduction.

1

© = derfe(X) + 2D, [62XDS+D§ erfc(X + Dy) — erfc(X)} (3.26)
where
PsCp,s KT x A
s = ) :—7X:—7 D, = +—. :
A PCp % © 2q s 2 As (3.27)
2 1 D2
O=—+ [e s erfc(Dy) — 1} at =0 (3.28)

Jr 2D,

This equation is the same as Eq. 3.14 except for D; instead of D. Therefore the
behavior of the temperature profile is the same as the case of Bouguer-Lambert-

Beer law absorption.

Stationary ablation

Next, recession velocity of the ablated surface is obtained in the stationary ablation
regime. The recession velocity during stationary ablation is independent on the
absorption length of laser, more generally, independent on the profile of heat
injection. Consider an arbitrary temperature distribution: 7'(x), which recedes
in the x direction with keeping the shape at the velocity of v, because now the
stationary ablation is assumed. After the surface recession of Az, the temperature
distribution becomes T'(z — Az) as shown in Fig. 3.27. At the point of z, to
perform this recession, the temperature must be raised up to 7'(z — Azx) from

T'(z). Therefore, over the all z, the heat of

PCp /9: T(x— Azx) —T(x) dx (3.29)
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/

Figure 3.27: Shift of temperature profile during stationary ablation.

is necessary. The heat injected during this recession: gAt = gqAx/v is used for

both the ablation of the material and the heating. Hence

qAx/v = pc, /OO T(x— Azx) — T(z) do + pAhprAz (3.30)
< dT

q = pcp/ Y dx + pAhpr v (3.31)

q = p(cp(Tr, — Too) + Ahpr)v (3.32)

where Ahpr is the heat of phase transformation (ablation, decomposition, melting,

or vaporization).
v = q/lp(cy(Tey — Too) + Nipr)] (3.33)

This recession velocity is independent on both profile of the heat source and sta-
tionary distribution of the temperature.

Let us obtain the temperature profile during the stationary ablation. The
governing equation is

or 9T 4 ~@—vt)/ra

i > ot 3.34
ot KJ3$2 + PCpAa ’ r=v ( )
or
o = Ahpr pu, T(x=vt)=T,

B.C.{ o= (3.35)

oz
where v is the recession velocity. At the recession surface at x = vt, the surface
is cooled by the latent heat pvAhpr. On putting £ = x — vt, we have an ordinary

differential equation on the temperature profile

T d*T
—V—— =K + Le_g/’\“

dE = aE g, (3.36)
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Solving the equation,

o RV B A R e W i
T Too = (T = To)e P 4 16552 (e €M) (3.37)
v = q/p(B&pr+6Th) , (3.38)
K K
e = — = —(M T, 3.39
” qcp( pr + +¢,Th) (3.39)

3.4.2 Comparison to the experimental results

In the first approximation of the thrust generation by laser ablation, the transition
regime of the ablation is neglected. In short, it is assumed that stationary ablation
starts just after the laser-irradiated surface reaches to its boiling (or degradation)

temperature. In that case, the mass ablated by irradiation is simply

0 , <1y
mit) = {va(t—tb) L t>t (3.40)
pvS = Q/(Ahpr + 1) (3.41)
1 (V7 KT\’
th = E(TT) F(A) (3.42)

where S is the area irradiatd by laser beam and () is the laser power, namely ¢S.
Equation 3.40 means that mass ablated by laser irradiation mainly depends on
the total incident power, and little on the intensity. The intensity affect the time
when the ablation starts.

In order to experimentally validate that expression, laser ablated mass was
measured with changing the laser intensity. The position of the target was shifted
around the focal point. The change of the position gives different laser intensities
according to the measured beam profile, shown in Fig. 3.11. The ablative material
used here was PVC with 5 % carbon additives, The relation of the position of target
surface from the focal point and the ablated mass is shown in Fig. 3.28, where
laser intensity was calculated from the position using the realtion of Fig. 3.11.
The distance from the optical system to the target surface would have uncertainty
because of the oblique surface of cylindrical propellant. The associated error
would be £ 1.0 mm in maximum. That relation says that the laser ablated mass
is gradually changed with the position, whereas laser intensity has an abrupt peak

at the focal point. It means that laser ablated mass has no strong dependence
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Figure 3.28: Relation of tge target position and ablated mass.

on laser intensity. It is the fact predicted from the thermal analysis of laser
ablation. From the engineering view point, the weak dependence of intensity on
the ablated mass, namely the performance, means that the integration of laser

ablation thruster does not require tight alignment for optical system.

Figure 3.29 is re-drawing of the same data as the relation of laser intensity
and ablated mass, where the theoretical curves of ablated mass, Eq. 3.40, is
drawn as a function of the intensity ¢g. Those curves are in the case of zero laser
absorption length (A, = A = 0). The properties used in the calculation are
shown in Table 3.7. It should be cared that characteristics of polymer largely
depends on the experimental conditions and additives. Of the properties the
heat of fusion was experimentally estimated. As shown from the mass spectrum,
laser ablation mostly relies on the degradation of HCI in PVC, and there is few
reliable data about the heat of degradation. Then the effective heat of degradation
was determined from the ratio of ablated mass to laser pulse width at high laser

intensity (>300 W/cm?), where the ablation would reach to the stationary regime.

The theoretical curves show the qualitative behavior of the ablation. The
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Figure 3.29: Relation of the laser intensity and ablated mass.

ejected mass increases with the laser intensity and it saturates in high intensity
region. However, the rising is slower than measured mass, in spite of no consid-
eration of the transition regime here. The rising time is determined by density,
specific heat, thermal conductivity, and laser intensity. Uncertainty included in
the thermal properties and the intensity would cause that difference. Especially
the intensity would include large error, and additionally it affect the rising time

quadratically.

Table 3.7: Properties of PVC used in the calculation.

Density|81] 1.35 kg/m?
Specific heat|[81] 952 J/kgK
Thermal conductivity[81] 0.21 W/mK

Decomposition point[78, 79, 77] 553 K

Fraction of carbon additives 5%
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3.5 Experimental Results on Laser Ignition Mode

3.5.1 Laser ignition of pyrotechnics

Three varieties of pyrotechnics were prepared for the laser ignition mode experi-
ments: composite propellant, double-base propellant, and pelleted boron/potassium
nitrate(B/KNO3). These pyrotechnics were loaded into the holes on the ceramic
cylinder (shown in Fig. 3.13). The composite and double-base propellants were
cut to the appropriate size and pressed into the 2.0-mm-diam, 1.0-mm-long holes.
Pelleted B/KNOj3 cylinders of 3.2-mm-diam and 2.0-mm-long were installed in
holes of the corresponding size. The pellet weighed 0.03 g. Pictures of the three

pyrotechnics are shown in Fig. 3.30.

Comoosi te propellant B/KNO; pdllets

K 4
[ ]
l o’.
D:3.2 mm D:10.2 mm
Doublebase prODellant L:22.0 mm L: 6.0 mm

Figure 3.30: Pictures of the pyrotechnics: composite propellant, double-base pro-
pellant, and pelleted boron/potassium niterate (B/KNOs).

In the atmosphere, all pyrotechnics were successfully ignited by the irradiation
from a diode laser. Figure 3.31 a) shows images of laser ignited combustion of
the composite propellant in the atmosphere. The origin of the time in the figure
is when the laser irradiation starts. Initially, laser beam irradiates the propellant
and there is no reaction (¢ = 0 ~ 400ms). After 500 ms, the propellant undergoes
combustion with exhausting intense plume and it lasts to ¢ = 1000 ms.

However, in vacuum, composite and double-base propellants were not ignited.
Figure 3.31 b) shows images when the composite propellant was irradiated by laser
in vacuum. Self-sustained combustion was not performed, whereas several small
sparks were scattered from the laser irradiation point. The scattering of sparks
goes only under laser irradiation. Generally, the combustion speed of pyrotechnics

decreases with decrease of the background pressure, and several pyrotechnics have
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a threshold pressure for the self-combustion.

LD focusing tube
Laser beam

Laser emission

a) b)

Figure 3.31: Laser irradiation of composite propellant; a) Laser ignited combustion

in the atmosphere and b) no self-sustained combustion in vacuum.

In contrast, B/KNO3 was successfully ignited by diode laser beam under a
background pressure of 1.4 - 3.0 x 10™* Torr. Figure 3.32 shows images of the
laser ignition of a B/KNOj3 pellet. Initially, the laser beam irradiates the pellet
(t = 30 ms in Fig. 3.32). The pellet then undergoes combustion at the focal point
of the laser beam (¢ = 90 ms). The combustion front spreads over the surface of
the pellet and steady combustion lasts during t = 270 ~ 690ms. Thereafter the

combustion becomes weak and terminates at approximately 1000 ms. Table 3.8
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Reflection onthe protective window

Laser emission (=90ms

Figure 3.32: Laser ignited combustion of B/KNOj3 in vacuum.
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summarizes the results of laser irradiation of pyrotechnics.

Table 3.8: Summery of 300 mW laser irradiation on pyrotechnics.

Pyrotechnics in the atmosphere in vacuum (< 1073 Torr)
Composite propellant Combustion No self-sustained combustion
Double-base propellant Combustion No self-sustained combustion
Boron/potassium nitrate Combustion Combustion

3.5.2 Laser ignition probability of B/KNOj; in vacuum
Effect of laser pulse width

The ignition threshold of B/KNO3 was investigated against the laser pulse width;
the results are shown in Figure 3.33. The laser power was 250 mW. There the
ignition probability is defined as the number of ignitions over number of trials.
At laser pulses shorter than 50 ms, no propellant was ignited. Between 50 to 150
ms, the propellants were ignited only after several attempts. When the laser pulse
width exceeded 150 ms (38 mJ), all the propellants were successfully ignited.
The ignition threshold of our solid propellant was therefore about 100ms. The
uncertainty of the ignition around the threshold was caused by slight differences
in the experimental conditions, surface position and angle of propellants, and so
on, and depends on the alignment accuracy of the optical system. A pulse width

of 1000 ms (250 mJ) would be enough for spacecraft applications.

Effect of laser power

The effect of laser power on the ignition probability was investigated. To remove
the variation of the position and angle of the pellets, another propellant feeding
system was prepared. It was designed not for the thruster but only for accurate
evaluation of the ignition probability dependence of the power. Figure 3.34 shows
the picture of the experiment setup. Twenty pellets are installed into holes aligned
on a line, and each pellets are separated by plastic walls. Laser beam enters

through a acrylic window which prevents the optical system from fouling. The
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Figure 3.33: Laser ignition probability of B/KNOj in vacuum, dependence on the

laser pulse width.

stage was shifted after every shot using a linear transverse stage. The distance
from the diode laser to the pellet’s surface was set as 16 mm, which includes the
increase of light pass due to the acrylic window. The variation of the position
of the pellets was at most +0.2 mm (standard deviation), which was measured
using a laser displacement sensor. Here it should be noted that in this experiment
a diode laser different from one above-described was used. Therefore, the focal
length measured using a beam profiler can not be applied for the laser beam dealt
here. The focus lens was newly adjusted to give the maximum light emission on

the position of 16 mm.

The measured ignition probability is shown in Fig. 3.35, which was obtained
after the ignition trials using 40 pellets. The definition of the probability is the
same as before. The laser pulse width was constant of 1 s in all trials. The base

pressure was under the 2x 1073 Torr.

The threshold of the laser ignition was between 265 and 340 mW. No pellets

was ignited under the 200 mW of power, and all pellets were combusted over
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Figure 3.34: Picture of the experiment setup for measuring the ignition probability.
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Figure 3.35: Laser ignition probability of B/KNOj3 in vacuum, dependence on the

laser power.
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the 400 mW. The observed combustion processes were the same as Fig. 3.32.
After the laser irradiation and the ablation of the surface, the pellets started the
combustion, which lasts about 1s.

The obtained threshold power for the laser ignition was a little inconsistent
in the experiment of previous section 3.5.2, where the laser power 250 mW and
width 1 s gave exact ignition. The discrepancy would be caused by the difference
of configurations of laser optical assembly and feeding system. At most 500 mW
power, however, is enough power to ignite B/KNOj3 pyrotechnics in vacuum. These
results says that the laser ignition mode can easily coexist with the laser ablation
mode because the energy required for ignition was lower than or comparable to

that for laser ablation.

3.5.3 Thrust measurement of laser ignition mode

Thrust measurement for laser ignition mode was performed to evaluate the thrust
produced by the combustion of laser ignited B/KNOj3 pellet. The thruster used
for the thrust measurement was shown in Figs. 3.13 and 3.12. The B/KNOj pellet
used here weighed 32 mg and installed into a ceramic hole without any nozzle.
Table 3.9 indicates performance in the laser ignition mode using B/KNOj
propellant in vacuum. The averaged impulse was 1142 mNs and the specific
impulse, which was calculated using the weight of the pellet, was 36+7 s. The
theoretical predicted maximum specific impulse of B/KNOj in vacuum was higher
than 100 s. This discrepancy probably arose because the propellant and the nozzle
were not optimized in shape. The consumed energy here for the laser ignition was

38 mJ using 250 mW laser power and 150 ms laser power.

Table 3.9: Result of thrust measurement of laser ignition mode using 30 mg
B/KNOs pellets.

Impulse 11£2 mNs
Specific impulse 3617 s
Laser energy 38 mJ (250 mW, 150 ms)

The thrust measurement described here have shown that dual operational
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modes, laser ablation of polymer propellants and laser ignition of solid propel-
lants, can be achieved using the same laser optical assembly. The two modes of
operation generated impulses over the four orders of magnitude, impulses of 1-40
#Ns in the laser ablation mode and 10 mNs in the laser ignition mode. Figure
3.36 shows a conceptual diagram of a dual propulsive mode microthruster. The
propellant is fabricated from several kinds of materials, namely, ablation material
with low and high C}, and solid propellant of small and large size. It is reoriented
to the fixed laser optical assembly in order to provide the appropriate material
and vary the propulsive mode according to the required thrust level. This single

propulsion system thus perform multiple propulsive tasks with a single propulsion

system.
0.1 pN
Ablation material
with low C, Enabling
fine adjustfient
Ablation material of impulse
with high C |
[ ]
. .
1 Small solid propellants Predetermined
Large solid propellants [ Nigh impulse
10 mN

Figure 3.36: Conceptual diagram of a dual propulsive modes microthruster.
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3.6 Development of a One Newton Laser Mi-

crothruster

A laser ignition microthruster was designed and developed to provide high total
impulse over 20 Ns. The objective of that thruster is to verify the concept of laser
ignition mode by actually developing a thruster. The thruster was designed to be
installed in 10 kg microspacecraft with 20 cm cubic dimensions and 5 kg weight,
in a private meeting with Nakasuka lab. and Arakawa lab.. There the allowed

volume for the thruster was a rectangular space of 5x5x20 cm?

. For instance,
mission suggested in the meeting is to orbit around another microspcecraft with
the distance of 5 m, which is a demonstrative mission of formation flying. That
orbiting should be conducted during communication period of 400 s. A spacecraft
in low earth orbit rapidly passes over the base station on the earth. In the case, at
least the total impulse of 5.6 Ns is necessary to orbit around. In the demonstration

stage of formation flying, only the huge thrust translating spacecraft is needed.

B/KNO3 pellet (1g)

. ! Laser incident window

' ‘ Cubic mirror
F‘ \‘L

Laser ignition g System
1
lecm  1W diode laser
a) b)

Figure 3.37: Schematic diagrams of a one Newton class laser microthruster, a)

cross section of the single combustion chamber and b) a single prpellant cartridge.

To solve the lens fouling problems, a transmission mode was used (see Fig. 3.3)
The conceptual diagram of the thruster is shown in Fig. 3.37. A diode laser and
optics system is installed inside the propellant along the axis. Laser beam emitted

along the axis is reflected by a cubic mirror, and introduced into a combustion
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chamber through a transparent incident window. A pyrotechnic pellet is loaded in
that combustion chamber, which has the same diameter and a little more height
as the pellet. To provide high total impulse, larger pellets than those used for the
above experiment were used, which has the diameter of 10.2 mm, the length of 6.0
mm, and the weight of 1.02 g (see Fig. 3.30). The combustion plume is exhausted
from a throat to the outside. Eight pellets are installed in a single disc as shown
in Fig. 3.37 b). The single disc is referred as a propellant cartridge here. The
propellant cartridges are accumulated to provide required total impulse.

The fabricated propellant cartridges are made of stainless steel, urethane resin,
or epoxy resin. The stainless steel body was designed for initial examinations,
reusable material was selected. The latter was designed for the actual use. The
bodies had very light weight of 8.6 and 9.4 g for urethane and epoxy bodies
respectively, whereas those cartridge can be used only once. The incident window
is made of an acrylic tube with the thickness of 2 mm. The picture and drawing

of an epoxy resin cartridge are shown in Fig. 3.38.

Acrylic window

Epoxy resin (9.4 g)

* weight: w/o acrylic window

Figure 3.38: Picture a) and dimension b) of the one Newton class laser mi-

crothruster.

First, laser ignition using cubic mirror reflection, no-sympathetic combustion
with the neighbor pellets, and the generated thrust by a large pellet were examined
using a stainless steel cartridge body. As a result, the most problem was the
sympathetic combustion. It was sometimes observed that the combustion gas was

leaked out into the neighbor chamber, and made the pellet there be ignited. It was
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solved adhering and sealing the gap of cartridges using an epoxy resin adhesive
(Araldite®).

Next, urethane and epoxy resin bodies were examined. The most concern
was whether resin bodies endured the combustion. As a result, the urethane
body showed the sympathetic combustion but the epoxy body showed no such
combustion. There were observed extended gap between the urethane cartridges
due to the combustion. Figure 3.39 shows the combustion plume when the epoxy
resin cartridge was used. The better result using epoxy resin would be caused by

higher durability of epoxy resin and better compatibility with the used adhesive.

Used combustion chamber

Figure 3.39: Combustion plume of the one Newton class laser microthruster.

Thrust measurement was carried out using the stainless steel and epoxy bodies.
The thrust measurement was described in detail in Section 2.5. The result is shown
in Fig. 3.40. The averaged impulse of a single shot was 452 mNs for stainless steel
cartridge and 655 mNs for epoxy resin cartridge. The reason of higer impulse of
epoxy resin would be the additional mass by the ablation of cartridge body itself.
In contrast shot-to-shot variation was larger using epoxy resin. The standard
deviation was 21 mNs for SUS and 60 mNs for epoxy resin. It would also be
caused by the ablation of the polymer.

Using the laser ignited propellant addressed here, the propulsion system can
provide more than 30 Ns of total impulse within the volume of 5x5x10 cm?®. The

propellant cartridge has the diameter of 50 mm and the thickness of 10 mm. Then
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Figure 3.40: Impulse generaed by the one Newton class laser microthruster, using

two materials for the cartridge bodies.

the accumulation of the six cartridges has the height of 60 mm. The residual 40

mm height can be used for the rotational mechanism and diode laser module.

3.7 Discussion on Ignition threshold of B/KNO;

pyrotechnic.

3.7.1 Reaction processes of B/KNOj

Boron and potassium nitrate showed good ignition performance in vacuum in
comparison with composite and double-base propellant. To clarify its ignition
capability, why it has good ignition characteristic in vacuum, it is necessary to
understand the reaction processes.

Generally, the burning rate of pyrotechnics decreases with the decrease of the

background pressure as above mentioned. It is because the gas phase reaction
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speed is strongly depends on the background pressure. Figure 3.41 shows the

mechanism of typical solid propellant combustion. Vaporization of solid propellant

Feedback of heat
from combustion gas

Solid propellant Temperature

Combustion gas
Conduction of heat

in Solid @
Ablation surface

Latent heat ﬂ

Figure 3.41: Thermal feed back mechanism of typical solid propellant combustion.

tive gas

Gas phase
reaction zone

gives reaction gas in the vicinity of the ablation surface. The reaction gas goes
under combustion zone which is a little apart from the surface (sometimes the
boundary is vague). The heat produced in the combustion zone is fed back to
the solid by heat conduction and radiation. The feed back of the heat causes the
ablation of the solid surface. The burning rate depends on the reaction rate in
the gas phase, and it increases with the background pressure. As a result, burning

rate is expressed as a function of pressure as
Ty = ap, (3.43)

where 7, is the burning rate, a is the constant, p. is the background pressure, and
n is also constant called pressure exponent. Equation 3.43 is called as Vielle’s
law. Therefore decreasing background pressure, the burning rate decreases and
eventually the combustion is quenched [82].

Reaction processes of boron and potassium nitrate had been investigated by

Yano in 1980s by thermochemical alaysis [83, 84, 85, 86]. The processes consist of
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a three-stage reaction. A significant heat is produced in the first-stage process by

the reaction
B + KNO3; — KBO, + NO. (3.44)

In the second-stage process, the remaining un-reacted potassium nitrate decom-
poses to produce gaseous oxidizing fragments. In the third stage, the KBO4 pro-
duced in the first-stage process decomposes.

The first-stage process is the reaction of condensed phase potassium nitrate
and boron particle. Boron potassium nitrate dealt here was the mixture of boron
particle of less than 1.0 ym diameter and potassium nitrate. Boron has the melting
point of 2340 K and potassium nitrate has the melting point at 612 K. Yano
showed by his thermochemical analysis that the exothermic reaction of Eq. 3.44
was occurred between 720 and 810 K [83, 84]. Hence in the reaction of Eq. 3.44,
the boron particles are oxidized with liquefied potassium nitrate around. The
oxidation forms the oxide shell around the particle surface, which prevents the
oxidation. Thus the reaction of boron particles is terminated when the thickness
of the oxide shell reaches to certain value. The thermal reaction processes of
boron/potassium nitrate is summarized in Table 3.10.

The exothermic reaction of Eq. 3.44 is not largely effected by the background
pressure because the main reaction is not the gaseous phase reaction but condensed
phase reaction. It is the reason that B/KNOj3 pyrotechnic is successfully ignited by
laser irradiation in vacuum. Yano showed that the burning rate of B/KNO3 with
high boron weight fraction is insensitive to the background pressure, namely the
pressure exponent is close to zero. Actually, B/KNOj pellet dealt here, supplied
from Nichiyu Giken Kogyo Co., Ltd., has the pressure exponent of 0.08 (measured
from 1 to 50 atm).

3.7.2 Numerical calculation of the exothermic reaction

It is important in an engineering view point to know what power is necessary to
successfully ignite the pyrotechnics by laser irradiation. In short it is required to
clarify the mechanism oflaser ignition and to determin what is the most impor-
tant factor. In this section, numerical calculation was conducted to clarify that

mechanism.
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Table 3.10: Thermal reaction processes of B/KNOs.

Temperature(K) Reaction
300-620 Temperature rising
620 Melting of KNOj3
720-810 Exothermic reaction
(B+KNO3 — KBO, + NO)
810-930 Decomposition of excess KNOg
1000 Decomposition of KBO; (— K20, B203)

B/KNOj pellets used here are mixture of boron and potassium nitrate, and

the thermal properties are different from them. In this study, following thermal

properties were used to evaluate the ignition capability of B/KNOj3 pyrotechnic.

The density was calculated from the size and weight of the pellets. The specific

Table 3.11: Thermal properties of B/KNOj.

Born weight fraction: p 0.3
Density: p 2228 kg/m?
Specific heat: ¢, 1142 J/kgK
Thermal conductivity: & 1.6 W/mK
Reaction threshold: Tg 720 K

Heat of reaction: Ahg 4 MJ/kg

heat was calculated by the mass average of boron and potassium nitrate. Reaction

threshold temperature and heat of fusion were sited from Yano’s result [83, 84,

85]. However, the heat of reaction depends on the boron weight fraction and the

diameter of the boron particles. It is because that the effective total surface area of

boron particles depends on the weight fraction and diameter. Hence that accurate

value could not be known.

The thermal conductivity is the most important parameter. However, it is diffi-

cult to accurately predict the thermal conductivity of mixture solid of two compo-

nents, because it depends on not only the volume fraction but also the arrangement
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of the components with respect to the mean heat flow. Then a lot of researchers
have worked on this field and proposed the several theories [87, 88, 89, 90, 91].
Nevertheless, there are several discrepancies of those results according to the ther-
mal conductivity and mixture ratio. In this study, empirical formulae obtained by
Kobayashi et. al was used to predict the thermal conductivity [87]. It based on
the result of their numerical calculation of heterogeneous solid mixture. Thermal
conductivity of mixture solid predicted by other authors and the comparison with
those are shown in Appendix D.

To ignite the B/KNOj, firstly, laser beam must heat up the pyrotechnics to
the reaction temperature, which is necessary condition for the ignition. However,
even if several fractions reach to the reaction point and there reaction occurs,
the reaction can be quenched if the initial reaction is too small. Hence, enough
reaction to maintain the reaction must occur, which is another condition for the
ignition.

Here it should be noted that heating by laser during about 1 s leads to not the
bulk heating but very local heating. The heat depth at 1 s is about 0.8 mm which
is less than the characteristics length of the pellet (2-3 mm). The bulk heating
of pellet by our laser power rises the temperature only a few tens of Kelvins.
Actually, the pulse width longer than 17 s is required to bulky heat up the pellet

up to the reaction point.

One dimensional analysis with spherical symmetry

Laser beam emitted from a diode laser has very distorted ellipse shape as shown
in Fig. 3.6. Then the heating has nor spherical or cylindrical symmetry and
three dimensional analysis is required. Nevertheless simple analysis using spherical
symmetry will give the fundamental knowledge about the local heating by laser
beam.

In the spherical symmetry, the governing equation of heat conduction is de-

scribed as
oT o*Tr 20T
= = M T — > .
ot K(@vg 7’07“) ’ r=ro (3.45)
oT
.C. —k— = T =T )
b.c k or| q, (00) =T (3.46)
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Figure 3.42: Conceptual drawings of a) three dimensional heating and b) heating

under spherical symmetry.

where ¢ is the intensity of laser beam and ry simulates the half beam width at the
irradiation surface. Conceptual diagram of the system is shown in Fig. 3.42. The
transit solution of those equation can be expressed by the series expansion [80],

and the steady state solution has a simple form

_ Q@ 52
T(r)—Tw = Sy Q =271 q (3.47)

where () is the incident laser power. The maximum temperature of the system
appears at r = rg. Equation 3.47 says that small thermal conductivity or small
beam width gives high maximum temperature under constant laser power.

For instance, in our case of the thermal conductivity of 1.60 W/mK and the
minimum radius of 98 um (= /w,w,/7, averaged width of the horizontal and
vertical laser widths), 0.30 W laser power is required to heat up 430 K at r = rq
(reaching reaction point of 720 K). In the actual case, the laser irradiation area
has a distorted ellipse. Therefore the Eq. 3.47 can not be used for the quantitative
estimation. Nonetheless, the estimation of 0.30 W power is well consistent with

the experimental result.

Numerical calculation of heating

To accurately predict the threshold of laser ignition, three dimensional numeri-
cal calculation was conducted. A rectangular solid is selected as the calculation
domain in stead of the actual cylindrical pellet. It is due to the simplicity of fab-
ricating the calculation grid. However, that difference can be neglected because

the characteristic length of the heat conduction is less than the one of the pellet.
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Incident power by laser beam was treated as heat flux into the boundary surface.
The laser absorption length was assumed to be zero. Exothermic reaction was
included in the calculation. It is assumed that the reaction rate is constant and
it starts when the point reaches to the reaction temperature Txr. It means the
reaction rate is independent on the temperature and density of the reactant. The
last assumption is valid because the exothermic reaction of B/KNOj is in the
condensed phase and insensitive to the background pressure.

The governing equation is

or 0T
Py gy = k‘@ + pAhrws(t, x) (3.48)
0<z<L, 0<y<L, 0<z<L, (3.49)
or
B.C. — = — )
C. | = ek (3.50)
o (3.51)
In | yall

where x is taken along the horizontal axis and y is along the vertical axis, and z
is along the beam axis (see Fig. 3.6). Laser beam irradiates the z = 0 plane and

the intensity profile ¢(x,y) is given as

4 2 \2 y 2
MWz Wy =P {_ <w2/2> - (wy/2> } (3:52)

As mentioned in Section 3.2.4, w, ~ 0.6 mm and w, < 0.1 mm. Second term on

q(z,y) = Q

right hand side of Eq. 3.48 expresses the exothermic reaction, where Ahg is the
heat of reaction, w is the reaction rate (constant), and s(¢,x) is a function which

determines the reaction period, defined as.

1, th<t<tp+1
s(t,x) = & rt 1w (3.53)
0 , otherwise
tr: the time when 7T'(t,x) reaches to Tx (3.54)

It means that the reaction at a certain point, x, starts when the temperature
T'(t,x) reaches to Ty and it lasts during 1/w. The calculation domain is taken as
a quarter of the actual rectangular solid from the symmetry on z = 0 and y = 0

planes.
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Figure 3.43 shows the calculation domain and grid. Here, irregular mesh,
namely variable grid spacing, was employed to obtain the desired accuracy and
resolution in the vicinity of the laser beam spot. Laser beam width along the
vertical axis (y direction) is very narrow, 30 - 100 gm. In addition, the heat depth
is also narrow, 100 um. Hence using fine grid is required there. However, it is
desired to use coarser grid far away from the beam spot. The each node point is
determined by the equation
sinh (o 7/N¢)

b (ag) ==z, y, or 2) (3.55)

ze(i) = Le

where og is the parameter to decide the degree of the irregularity and N¢ is the

number of partitions in £ direction. In this calculation,

L,=15 L,=1.0, and L, =2.0 (mm) (3.56)
ay, =3.0, oy =25, and a, = 2.5 (3.57)
N, =25, N, =50, and N, = 25 (3.58)

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\‘\\\\\\\\\
) AN\

N
x = 0 plane: Symmetric boundary
y = 0 plane: Symmetric boundary

z = 0 plane: Neuman boundary
(given heat flux)

1.5 mm

1.0 mm

Figure 3.43: Claculation grid and domain.

Space discretization was performed according to finite differential method with
irregular grid.
0*T sTiv1— (s+h)T; + hT;—4
o], hs(h+ s)/2

+0(s, h) (3.59)
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h=xe(i+1) —xe(i) , s =xe(i) — (i — 1)

(3.60)

which is second order in space in the case s = h. Discretization on the boundary

was derived assuming a controlled volume method on the boundary. For instance,

on the z = 0 plane,

Azl ot -1 ™ — Ty
- kaaT =k TlA‘TO
Zlyz 4
AV = AxAyAz)[2 — { — Node point

\\h (N L.
| i |
q 1 : I
—> 1t e

To 1Ty I T

. LR
‘Azl Az
: i : i

Figure 3.44: Descretization on boudary.

Time marching method was fourth order Runge-Kutta method.

ki ke ks Ky
Tt = 7" =4 = At
+<6+3+3 6)

kho= (Tt
ke = f(T"+ ki At/2,t" + At)2)
ks = f(T" + ko At/2,t" + At)2)

(
(
(
ky = f(T"+ ksAt, t" + At)

(3.61)

where f(7',t) means the right hand side of Eq. 3.48. The time step At is selected

as

Min(Az, Ay, Az)?

At = 0.5
2K

to satisfy Stephan condition.

(3.67)
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Results with no reaction

Firstly calculation results with no reaction is shown in Fig. 3.45, which is a pure
heat conduction problem. There the beam width along the vertical axis was varied
from 20 to 150 um with the laser powr of 300 to 500 mW. The temperature decays
with increaseing the beam width as predicted. It is interesting that the decay
is slower than the spherical symmety where the maximum temperature decays

reciprocally. The result of Fig. 3.45 shows slower decaying.

As a result, in the case of 300 mW laser power, the temperature does not reach
the reaction point 720 K, unless the beam width is narrower than 20 ym. On the

other hand, 400 mW laser relaxt the limit up to 120 pm.

_ 1100
< -
= : — - — - P=03W
o_lOOO_—
— N
Il N
= 900F
© -
% 800:
o -
Q- =
5700_— RN
S 600F B
& -
2 B
500‘! 1 1 1 I 1 1 1 1 I 1 1 1 1 II
0 50 100 150

Laser width along vetical axis (um)

Figure 3.45: Calculated maximum temperature of B/KNOj pyrotechnic after one
second laser heating, obtained by numerical simulation with no exothermic reac-

tion. The laser width along the horizontal axis is 600 pm.
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Estimation of the reaction rate using burning rate

The reaction rate is very important parameter for judging self-sustained combus-

tion of the pyrotechnics. In general, an equation of Arrhenius type

E

w(T) = Aexp <_ﬁ> (3.68)

is used to describe the reaction rate [82, 72, 92], where FE is the activation energy
and A is a constant. However, it was difficult to obtain actual properties of A and
E and there were no available data for B/KNOj3 pyrotechnic.

In this study, a constant reaction rate w,. is estimated using a burning rate
instead of Eq. 3.68. A number of authors have investigated the burning rates of
several pyrotechnics, and also for B/KNOj [85, 86, 93, 94]. The burning rate vy,
and constant reaction rate w, is related in the steady state combustion as follows.

The governing equation is Eq. 3.48

oT 0*T

— = kr—= 4+ AT] 3.69
T K@f + ATrws(x,t) ( )
ATy = Alg/c, (3.70)

Exothermic reaction of B/KNOj starts when the temperature reaches to the
threshold Tg. The reaction lasts during 1/w. by the definition of w., and the
length of the reaction regime is v, /w.. The schematic drawing of the system is
shown in Fig. 3.46. In the steady state combustion, putting & = x — vt can be
applied as well as Eq. 3.36, and

2
—vboall—? = KJ%%—ATR%S(&) (3.71)
0 ) Ub/wc < 5
= 3.72
s©) { 1, 0<¢&<wp/we (3.72)
B.C.  T(c0) =T, Z—? - ”N;PT“, T(vy)we) = Tr (3.73)
0

Moving ¢ frame was taken to have the reaction regime 0 < £ < v}, /w.. In the region
of £ > vp/we, B/KNOj is simply heated with maintaining 7" = T at £ = vp/wk.
At the £ = 0 surface, KNO3 decomposes to gas, which needs positive temperature

gradient corresponding to the heat of phase transformation (decomposition). In
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Figure 3.46: Schematic drawing of temperature profile in a combusting pyrotech-

nic.

the actual burning phenomena, however, the decomposition will occurs according
to the reaction of an Arrhenius type equation before the all of the reaction is
terminated.

The solution for Eq. 3.71 is
Ub , We
T = Ciexp (—;5) +C] — U_ATR 0<é<v/w (3.74)
b
T = Cyexp (—%5) +Cy vpfwe <& (3.75)

Using the boundary conditions Eq. 3.73,

T—Th = ATk ll _ Wee (WC + NLPT) {e‘%ﬁ ~ e‘:TbcH (3.76)

Up U% AhR

, 0< €< vp/we
T-T, — TRexp(—%b (g-%)) vy fre < € (3.77)

Recession of the reaction front by the combustion is essentially the same mech-
anism as the ablation with a heat source at 0 < £ < v,/w. Hence the equation of
the stationary ablation Eq. 3.33 can be applied. Here Ti,q is used instead of T},
and heat flux ¢ equals to pAhgrw.vy, /w. Therefore

pAhRUb
- 3.78
T (ep(Tona — Too) + Dhpr) (3.78)
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Ahr = Cp(Tcnd — Too) + Ahpr (379)

Putting £ = 0 into Eq. 3.76,

(% * MPT) (1 —exp (‘Q) (X

Ahg Wk Ahg

Solving Eq. 3.80 for w., the reaction rate can be expressed as a function of vg.
However, that solution can not be expressed by an algebraic way. Fortunately, in
the most cases of pyrotechnic combustion, v? /w.k is much larger than one and the
exponential term in the left hand side of Eq.3.80 can be neglected. In that case,
the reaction rate is simply related to the burning rate as
&(Tr — Too) v
Ahgr K

We

(3.81)

The boron/potassium nitrate pellet used in this study is supplied from Nichiyu
Giken Kogyo CO., LTD. It contains 30 % boron particle by the weight fraction.
The diameters of the particles are less than 1.0 gm. They have the data on the

burning rate of
v, (mm/s) = 24 p°% (5 < p < 50kg/cm’) (3.82)

The low pressure exponent of 0.08 means very weak dependence of the burning
rate on the pressure as expected above. Whereas that rate is for higher pressure
than the atmosphere and not for low pressure environment like this study, the
burning rate of 24 mm/s is used. Using the properties in Table 3.11, the constant

reaction rate is obtained as
we = 97 (1/s) (3.83)

It should be noted that that reaction rate can contain large error, because the
reaction rate is quadratically affected by the burning rate. Additionally, in several
studies measuring the burning rate of B/KNOj3, other values were measured at 30
% weight fraction and 0.1 MPa, 10 mm/s [85], 25 mm/s [93], and 10 mm/s [94].
In the case of 10 mm/s the burning rate, the reaction rate becomes one fifth, 16
1/s. The difference would be caused by particle size and environment conditions.
In the calculation, the reaction rate was changed from 10 to 130 /s to check the

dependence.
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Results with reaction

Three dimensional heat conduction problem with an exothermic reaction, de-
scribed in Section 3.7.2, was calculated with changing the laser power from 0.2
to 0.7 W, vertical laser width from 30 to 110 pum, and reaction rate from 10 to
130 1/s, and thermal conductivity from 0.9 to 1.8 W/mK. As a result, three kind
of results are obtained: no reaction, quenching, and self-sustained combustion.
No reaction means that any point does not reach to the threshold temperature
Tr =720 K in 1.0 s. In the case of quenching, several points reach to and over
the threshold and exothermic reaction occurs, but that reaction cannot be sus-
tained (quenched). In the last case, self-sustained combustion, chain reaction of the
exothermic reaction occurs, and the whole volume is reacted. Figure 3.47 shows
the temperature profiles on y = 0 plane for the three cases. In the case of 0.25 W
power (left side), there is no reaction. In 0.40 W power and 30 /s reaction rate, at
t = 50 ms the maximum temperature reaches to 720 K and exothermic reaction
starts. However, the reaction did not grow any more even after one second has
passed. By increasing the reaction rate to 80 /s, chain reaction is accomplished
and the combsution propagated to whole volume at ¢ = 140 ms. In this section,
unless noted otherwise, the horizontal laser width w, is 600 ym and the thermal
conductivity is taken as 1.6 W/mK.

Figure 3.48 shows an ignition map which means the calculated results after one
second laser irradiation. Every symbol shows one of the regimes of no reaction,
quenching and self-combustion, with a certain power and reaction rate. Figure
3.48 a) is in the case of the vertical laser width of 50 ym and b) is 110 pgm. In the
case of w, = 50 um, laser power less than 0.30 W can not heat the body up to 720
K, and there is no ignition with no relation to the reaction rate. It was indicated
from Fig. 3.45. Between laser power of 0.325 to 0.450, certain points are reached
to the threshold. However, if the reaction rate is too low, the reaction is quenched
and self-combustion can not be accomplished. Once a point starts to exothermic
reaction, the heat of reaction keeps to be supplied there according to the reaction
rate. The generated energy is escaped around due to the diffusion. If the energy
is enough to heat neighbor cells up to the threshold temperature, the reaction will
be into a chain reaction (self-comustion). Otherwise, the reaction maintains only

several points and can not be propagated to around (quenching).
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Figure 3.47: Calculated temperature profiles on y = 0 plane with changing the
power and reaction rate. Three results are shown: no reaction, quenching, and

self-sustained combustion.
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Figure 3.48: Mapping of the calculated result: ignition, quench, or no-reaction,
a)Wy, =50 pm and b)W; =110 pm.
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The wider is laser width, the more power is required to heat up to the threshold
temperature. Hence, in the case of w, =110 um, at least 0.4 W is necessary to
starts the reaction. However, once the reaction starts, it is easier for the combus-
tion surface to propagate around than narrow laser width, because the area which
reacts at a time is larger.

The reaction rate of our B/KNOj was estimated as about 100 /s in the above
section. That value gives the threshold laser power of 0.35 W for w, =50 pm
and 0.4 W w, =110 pm. It well agreed with the experimental results of ignition
probability measurement (Fig. 3.33). In that experiment, we could not know the
accurate vertical laser width of the laser, because it was difficult to accurately set
the pyrotechnic for laser. The associated position error would be less than + 0.5
mm, and it causes the inaccuracy of laser width from 50 to 110 um. However, it is
shown by the calculation that the threshold power is changed only 0.05 W. even
if the width is changed from 50 to 110 pum

The calculation conducted here has another uncertainty, the thermal conduc-
tivity. In the above calculation, the conductivity is taken as 1.6 W/mK. Whereas
that value is calculated according to the empirical equation, there are other pre-
dictive equation and there are large variation of those, as shown in Appendix D. In
addition, the conductivity of boron decreased with the increase of the temperature
(1.6 W/mK is calculated using one at 400 K). Then to confirm the effect of the
conductivity, the threshold power was compared between 1.6 and 1.2 W/mK in
Fig. 3.49. Figure 3.49 a) is the case of the thermal conductivity of 1.6 W/mK
and b) is 1.2 W/mK. It is shown that decreasing thermal conductivity decreases
the threshold power, which is within 0.25 to 0.33 W in the reaction rate around
100 1/s. That value is closer to the experimental results than at 1.6 W/mK.

Another quantitative evaluation of the calculation code was carried out by
comparing the ignition time. As an index to evaluate the ignition time, the reactive

fraction p. is defined as

/V /Ot pAhgrwrs(t, x) dt dx

feolt) = N (3.84)

where the denominator means the total chemical energy included in the system
(pellet) and the numerator is the chemical energy released in the time t. Figure

3.50 shows the time when the reactive fraction reaches to 55 %. Figure 3.50 a)



3.7. DISCUSSION ON IGNITION THRESHOLD OF B/KNO3; PYROTECHNIC.131

0.60
0.50 .
S N
g 040 |
= - \
g " \
5 0.30F
o L
@ B w, =30 um
= 0.20F w, =50 pm
- - W, =70 um
010F  |[-——---- w, =110 um
000+ v L v v 1
0 50 100 150
Reaction rate (/s)
a)
0.60
[ w, =30 um
0.50 - W, =50 um
S - W, =70 um
E 040: ——————— w, =110 um
o L
2 .
o L it Sttt
< 030F \\
% - | W
£ 020
= .
0.10F
000+ v L v v 1
0 50 100 150
Reaction rate (/s)
b)

Figure 3.49: Claculated threshold power for the laser ignition of B/KNOj3 py-
rotechnic, a)k =1.6 W/mK and b)k =1.2 W/mK.
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is in the case of w, = 50 pum and b) is w, = 110 pm. As the laser power goes
close to the threshold power, the ignition time is drastically extended. With the
enough laser power, the ignition times are ranged from 150 to 350 ms according
to the reaction rate. Reaction rate more than 40 /s gives the ignition time around
200 ms. That value almost agrees with the experimentally observed combustion
pictures, although it was difficult to precisely determin the ignition time in the

experiment.
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Figure 3.50: Claculated ignition time when 55 % of volume starts the reaction
(k =1.6 W/mK), a)W, =50 pm and b)W, =110 pym.
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3.8 Conclusion of Chapter 3

In this chapter, a dual propulsive mode laser microthruster was proposed and

developed, and the following conclusions were obtained.

e Successful operations of the laser ablation mode was verified using polyvinyl
chloride propellant. The thrust provided by the laser ablation was propor-
tional to the laser pulse width. The thrust to power ratio ranged from 40 to
150 uNs/J correspoing to the ablative material. Therefore the laser ablation
mode provides widely ranged thrust with arbitrary resolution by selecting

the ablative material suited with the required thrust resolution.

e Absorption rate of the ablative propellant strongly affected the thrust per-
formance, especially thrust to power ratio. Polyvinyl chloride with rich car-
bon density showed higher thrust to power ratio. The ablation of PVC by
one Watts class diode laser was caused by teh dehydrochlorination, and the

degradation of HCI can be explained by the photothermal reaction.

e Boron / potassium nitrate pyrotechnics is suited with laser igntion in vac-
uum, and it was experimentally verified. The threshold laser power and pulse
with for the laser ignition was adequate for the use of microspacecraft, 300
mW and 150 ms. Composite propellant and double-base propellant was not
ignited by 1 W diode laser in vacuum. The laser ignition processes of Boron
/ potassium nitrate was well reproduced with numerical calculation, where
three dimensional heat conduction problem was solved with the exothermic

reaction.

e That laser ignited combustion provided thrust of 11 mNs when using a 30
mg pyrotechnic and thrust of 600 mNs when using a 1.0 mg pyrotechnic.
Those much higher thrust than laser ablation thrusters covers wide range of
thrust by combining laser ablation, and it enables a single micropropulsion

conducting multiple propulsion tasks.



Chapter 4

Liquid Propellant Pulsed Plasma
Thruster

4.1 Introduction

4.1.1 Pulsed plasma thrusters

In recent years, Pulsed Plasma Thrusters (PPTs) have attracted great attention
as promising thrusters for microspacecraft. They have compat size suitable with
microspacecraft and provide high specific impulse of the order of 1000 s. In stead
of the high specific impulse, however, PPTs require a energy storing capacitor
and power processing unit (PPU) charging it. Typically ten Joules class PPTs
requires weight of 0.2 to 1.0 kg for the capacitor and PPU. Therefore the adequate
spacecraft size for PPTs are larger than ones dealt in the previous chapter. That
size would be over 10 kg. For instance, a 10-50 J class PPT installed on the Earth
Observing 1 (EO-1) spacecraft weighs 4.95 kg with two thruster heads, a common
capacitor, and a single power processing unit [95]. A bread-boad model PPT with
1-5 J class, which was developed in Tokyo Metroporitan Institure of Technology,
weighs less than 2.0 kg [96]. It has also have two heads, a common capacitor, and
single PPU.

A PPT is a pulsed electric propulsion, and can be operated in low power levels
of 1 to 100 W, whereas most electric propulsions require high power levels over a
few 100 W. Power throttling of PPTs is managed simply by changing the pulse

repetition frequency. That throttling does not affect the performance because the
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performance of a PPT is determined by a single shot operation. That characteristic
is suited with the power limited microspacecraft. In addition, PPTs generate a
small digital impulse bit by a single firing. It will enable to constrcut simple

control system for the accurate positioning, attitude control, and station keeping.

4.1.2 Ablative PPTs

To date, most common PPTs are using solid polymer propellant, where PTFE
(Teflon®) has been empirically selected. Energy stored in a capacitor is released
by pulsed discharge initiated in interelectrode space by a spark plug. The current
flows adjacent to the polymer surface with ablating it, and supplies working gas
into the plasma. The plasma is grown by that propellant feeding, and contributes
the more ablation of the polymer. Thus the discharge plasma and polymer abla-
tion interact each other, and propellant is passively fed by the discharge ablation.
Hence those kinds of PPTs are called as ablative PPTs or APPTs. The interaction
between the discharge current and self-induced magnetic field generates electro-
magnetic force outward and accelerates the plasma from the electrodes. After
every shot the polymer consumed a little, and the ablated polymer is pushed by
a spring placed on the back. Because of that simple propellant feeding system,
APPTs have a simple structure, which leads to high reliability, toughness, and
long life-time. Figure 4.1 is a conceptual drawing of APPTs. Histories, trends, and

physics of PPTs were well surmmarized by Burton and Turch in the reference[28].

Spark plug
Current ﬂ Electrode
—
' u Plasma
—— PTFE
Gapacitor ¥ DISC%
pring
—
Electromagneuc
Ablated gas force

Figure 4.1: Conceptual drawing of an ablative PPT.
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However, there are several problems on ablative PPTs: poor thrust perfor-
mance, contamination, and non-uniform ablation. To improve the performance
of APPTSs, various studies have been performed. Nevertheless, flight-qualified
APPTs have been still remained in the efficiency of less than 10 % [97, 95, 96].
Several researchers in this field have pointed out that the excessive propellant
feeding after the main discharge causes the low performance. It was observed
that low speed vapor continues to be provided after the main discharge [98, 99]. It
would be because the surface temperature remains higher than the boiling point of
the propellant. Additionally the emission of large particulates was observed [100],
which could not be effectively accelerated. Such kinds of low speed propellants
hardly contribute to the thrust and decrease the propellant utilization efficiency.
In order to improve the propellant efficiency, it is necessary to supply only an
minimum amount of propellant for both ionization and acceleration.

Contamination problems on spacecraft or thruster itself is caused by the ex-
haust plasma gas of PTFE. PTFE is made of carbon and fluorine. The reason
why PTFE was selected of a number of polymers was the charring[101], that is,
alternative propellants failed due to the severe carbonization. In the early work
on PPTs, carbonization on a spark plug was studied [102], which eventually failed
the operation. In these days, failure reports due to charring has not been known,
and Myers and Arrington reported that the contamination did not affect on space-
craft [103]. However, contamination issues always remain as potential with using
PTFE, especially for applications with highly sensitive diagnostics for ineterfer-
ometry missions.

The non-uniform ablation is caused by the profiles of the current density and
PTFE surface temperature. There are preferential ablations near the electrodes
[104]. Such non-uniform ablation varies the impulse bit trend in successive op-
eration and decreases the amount of usable propellant. That phenomena was
remarkable for the small energy levels and small size [96, 105].

After all, the several disadvantages have made scientists hesitate to apply PPTs
in spacecraft, whereas PPTs would be only one thruster in electric propulsions
applicable to microspacecraft due to their compactness, low power operation, and
useful digital impulse. Therefore studies on high performance and contamination
free PPTs are very important and such thrusters will be promising micropropulsion

providing high delta-v.
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4.1.3 Proposal of use of liquid propellant

A pulsed plasma thruster using liquid propellant (LP-PPT) was proposed in our
laboratory in 1999 by Prof. Arakawa and the fundamental studies have been con-
ducted [50, 51, 52, 53]. Use of liquid propellant for PPTs is expected to overcome
the problems: excessive propellant feeding, contamination, and non-uniform ab-
lation. Figure 4.2 shows a conceptual drawing of a LP-PPT. Liquid droplets are
intermittently supplied into interelectrode space usig a liquid injector. Some frac-
tions of the liquid are vaporized into gas. Main discharge is initiated by breakdown
according to Paschen’s low or with pre-discharge by an spark plug. Several gas
or liquid phase propellant are converted into plasma, and are accelerated both

electromagnetically and electrothermally.

Spark plug
Current Electrode
—
R
Liquid v Plasma
—— [(J=
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1
Liquid injector Liquid droplets Electromagnetic
force

Figure 4.2: Conceptual drawing of a liquid propellant PPT.

The use of liquid is motivated by efficient propellant feeding and clean, contam-
ination free propellant. If the propellant consumed in a single shot is controlled by
a liquid injector, the PPTs will have higher performance than usual. Defintaely an
liquid injector causes increasing the complexity and weight of the thruster. Hence
the injector must provide enough benefits to a thruster to compensate that disad-
vantage. It was accomplished by the increase of the specific impulse. The early
works on LP-PPTs by Kakami and the author showed the successful operation of
a PPT using liquid and its higher specific impulse (~3000 s) than ablative PPTs.
The works are reviewed in the references [51, 53]. Liquid propellant is superior
than gaseous propellant which should be highly pressurized. Liquid phase propel-

lant will enable a compact propellant feeding system. As a liquid propellant, water
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is focused here. Its good handling property, availability, cheapness, and non-toxity
are attractive as propellant for microspacecraft. Also it has the potential to be
shared with other life-support sytems.

However, disadvantage of a LP-PPT was its lower thrust, thrust to power ratio,
in contrast to the higher specific impulse. A LP-PPT addressed in a doctoral thesis
by Kakami [52] has the thrust to power ratio (equal to impulse to energy ratio)
of 6.0 uNs/J, but typical PPTs have the thrust of about 10 uNs/J. One of the
reasons of the low thrust is that LP-PPTs have not been optimized due to their
short history, but there is another cause decreasing the thrust. The main objective
of this chapter is clarifying plasma acceleration processes and energy partition in a
LP-PPT to improve the performance of LP-PPTs. Moreover, based on the result,
two methods increasing the performance are proposed and they are experimentally
examined.

Recently other institutes have started studies on PPTs using liquid [106, 107,
108, 109]. They employed different liquid feeding systems each other. Scharle-
mann and York used porous ceramic to feed liquid propellant, where water diffuse
through the porous material from the storage tank to the discharge chamber. It
has no mechanical component and maintains the simple structure of APPTs, but
the liquid is kept to evaporate through the material. Simon et al. developed a
micro-PPT using liquid. Water diffuses through membrane and stored in a small
cavity with an orifice to the outside. In the cavity small discharge is initiated,

which injects vapor into the main chamber.

4.1.4 Theory of electromagnetic acceleration in a PPT

First, to well understand the acceleration mechanism of PPTs, electromagnetic
impulse generated by a PPT is formulated. The history of PPTs is not new
and a number of theoretical approaches on PPTs have been proposed since 1960s
[21, 110, 111]. Here, our interest is in the electromagnetic acceleration not in
electrothermal acceleration, whose effect is neglected. The electrohtermal effect
can be simply included by adding an additional term to the result obtained here.

We assume a PPT with parallel plate electrodes. A coordinate is taken as x is
perpendicular the electrodes, y is the direction of electrodes width, and z is along

the electrodes, namely streamwise direction. Figure 4.3 shows the coordinate.
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To simplify the problem, it is assumed that the discharge current has the only

X (20
TT TITTmT T d

A
/ = w
y

Figure 4.3: Coordinate used in the formulation of electromagnetic acceleration.

component along x direction and the uniform profile on y. Hence the current is
a function of only z and ¢, and j = j,(z,t)X. As a result, induced magnetic field

has only y component, and B = B,(z,t)y. They are related by Ampere’s low as
B, = o /:O Jz dz (4.1)

The electromagnetic force per unit length applied to plasma fgy is expressed as
fem = JzBywd (4.2)

where w and d are the electrode width and interelectrode distance. The total elec-

tromagnetic force Fgyp is obtained by integrating it along the streamwise direction.

Feu(t) = /OOO fout dz (4.3)
— powd [ j(2) [ Guls)ds d (4.4)
= owdy | [ 2] (45)
= I (4.6)

where the relations of J, and B, (Eq.4.1) and the total current

J:w/ooojdz (4.7)

are used. The term pod/w is the inductance per unit length for the ideal two

dimensional electrode configuration. Equation 4.6 is generallized to

Fou(t) = %L’J(t)2 (4.8)
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using the inductance per unit length L’. As a result, the squared discharge current
and the inductance per unit lenght of the electrode are essential parameters of
electromagnetic acceleration.

The power consumed for the electromagnetic acceleration Wy is
WEM = /0 U(Z, t)fEM(Z, t) dz (49)
oo 1
~ o(t) / fon(z,) dz = SLv(t)J (1) (4.10)
0

where u(z, t) is the fluid velocity of the plasma and v(t) is the characteristic velocity

over the electrode, which is defined as

o(t) = /Ooou(Z,t)fEM(z,t) dz //OOO fem(z,t) dz (4.11)

The work done on the moving plasma by the electromagnetic force during the
pulsed discharge is
o ]
Fpn = §L/U(t)J(t)2 dt (4.12)
0
The term $L'v(t) in the integral has the same unit as the resistance, and it is re-
ferred as the equivalent resistance of electromagnetic acceleration, and abbreviated
to REM
1
REM(t) = §L/U(t) (413)
The energy initially stored in the capacitor of the PPT, Fj, is consumed as
the electromagnetic work or as the dissipation at the resistance of the plasma
Rpjasma and the resistance of an external circuit Reirenit- Here the external circuit
means the capacitor and feed lines from electrodes, and Ricyit includes all of those
resistances. Of course, the energy dissipated in the external circuit is hardly used
for the acceleration and it becomes energy loss. Expressing the relation of the

energy and those resistances,
o0 1
EO = / (Rcircuit + Rplasma(t) + §L/U(t)> J(t)2 dt (414)
0
_ 1 o0
= (Rcircuit + Rplasma + §L/U> / J(t)2 dt (415)
0

where Rplasma and Rpy are averaged resistances of plasma and electromagnetic
work, defined by

Rotasma = / " Rotamalt)J? dt / / T at (4.16)
0 0
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_ 1

Rpn = §L’T1 (4.17)
7 o= / v(t)J? dt// J? dt (4.18)
0 0
-/ o’ dt// 7 dt (4.19)
n J/nthl/2cycle 0
Here let us define the effective resistance of the plasma R7). . . and the total
resistance of the PPT circuit Riota as
;lasma = Rplasma + REM (420)
Rtotal = Rcircuit + Rplasma + REM (421>

When the energy conversion efficiency is defined as the fraction of the work done
by the electromagnetic force to the initial stored energy, it is expressed as
Rem
EM = 4.22
1 Rtotal ( )

The impulse that the thruster generates (the momentum given to the plasma) is

expressed as by using Eqs. 4.8, 4.15, and 4.21,

o) 1 o)
Ien = / Fodt = I / J(1)? dt (4.23)
0 0
1 E
~ 0 4.24
2 Rtotal ( )

Therefore it is very important to know the resistances of Reircuit; [Tplasma, and
Rpy. They determines the energy efficiency (or energy partition) and the thrust
to power ratio. Therefore those resistances are estimated in the succeeding sec-
tions. The total resistance of the PPT circuit Ryioa is easily calculated using
initially stored energy and integral of the squared discharge current according to
Eq. 4.15. The Rgcuit is obtained from the discharge without plasma described in
the succeeding section. The equivalent resistance of the electromagnetic work Rgy
cannot be obtained unless the characteristic velocity of the plasma is calculated
according to Eq. 4.11. That velocity is roughly obtained using pictures taken by

ultra high-speed camera.
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4.2 Experimental setup

4.2.1 Vacuum facilities

Experiments on pulsed plasma thrusters were conducted in a 1.1-m-diam, 1.8-m-
long vacuum chamber, UT cylindrical chamber. It is the same chamber used for
experiments on the laser ablation. The background pressures were maintained
under 1 — 5 x 107° Torr. The inner pressure was measured using a ionization
vacuum gauge. The detailed explanation is described in Appendix B.

The space chamber was electrically connected to the ground due to prevent
the possibility charging up to high voltage for the safety. However, the potential
of the chamber was instantaneously pulled up and down by the pulsed discharge
of PPTs (with a few hundred volts amplitude). It affected the base potential of
an oscilloscope and disturbed the measured waveforms of current and voltage. To
reduce the effect, the ground line of the oscilloscope used was directly connected

to the chamber wall.

4.2.2 Liquid injector

A liquid propellant PPT proposed here requires an intermediate injector to supply
liquid in vacuum. The injector should have small and light body to be suited with
microspacecraft. In addition the injector must supply very minute liquid a shot,
because mass shot required for 10 W class PPTs are very small, a few micro grams.
In the study of liquid propellant PPTs, development of such a liquid injector is

most important and it will become a key technology to determine the performance.

Ink-jet type injector

In the early stage of this study, we attempted to apply the ink-jet technology in
printers into the injector of a LP-PPT. Ink-jet printers inject liquid droplets from
a small pinhole with the pressure increase by a piezoelectric device or film boiling
of small bubble in the tank. It has no shut off valve and seals liquid by the surface
tension. It leads to a simple and compact structure, and supplies a extremely
small amount of droplets, of pico-little. Those characters are also suitable with an

injector expected for a liquid propellant PPT.
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Designed piezoelectric capillary injectors worked well in the atmosphere. It
has a small cavity of 640 ml closed by 50 pm-thickness-SUS plate with a 20 pum
ejection orifice. An annular piezoelectric oscillator is attached on the plate, and
its resonance vibration of 18 - 25 kHz increases the inner pressure in pulses. Its

schematic drawing and the picture in the operation are shown in Fig. 4.4.

Liquid propellant \ Piezoelectric

element
Orrifice

O 0 0O

Liquid droplets
Vibration (18 — 25 kHz)

SUS plate

b)

Figure 4.4: Piezoelectric injector: a) schematic drawing and b) picture of the

operation in the atmosphere.

In vacuum, however, it could not work well. Pressure difference between the
inner tank and vacuuum causes a lot of leak of the liquid. In addition the leaked
liquid adhered around the orifice and it prevented the injection of liquid. To seal
liquid by surface tension in vacuum, the diameter of an orifice is required to be
smaller than 3 um. However, it is difficult to supply liquid using such a small
orifice, because quite high inner pressure is required to eject adequate amount
of the propellant from the orifice in the limited time (too slow injection causes

inefficient propellant usage).
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Closing Valve injector

An injector with closing valve was developed to perform fundamental experiments
of a liquid propellant PPT. Figure 4.5 shows a designed valve injector, which injects
liquid from an orifice by its inner pressure. In the closing state (normally state), a
coil spring presses a flexible membrane via a push-rod, and seals an ejection orifice.
The membrane is made of silicone rubber of 1 mm thickness. When the rod is
pulled by an solenoid actuator, the orifice is opened and liquid is ejected by the
inner pressure. Additional liquid is fueled from a feed line beside the main body,
which is not shown in the Fig. 4.5. There was no pressurization device, and inside
of the liquid tank would ranged from the atmosphere to the vapor pressure of the
installed liquid. In the liquid tank 500 mg water can be reserved, which is enough

amount to perform ground testing. The valve injector has the size of 14x20x50

Coil spring Push-rod Solenoid actuater

o | (RRRE |~

Silicone membrane

Orifice
} Liquid droplets

Figure 4.5: Schematic diagram of operation of a valve injector.

mm? and weighs about 78 g. The ejection orifice of 25 or 50 pum is opened on a
SUS plate of 50 pm thickness. The orifice plated is bound to the valve body. A
solenoid actuator used is 11C-12V made by Shindengen Mechatronics Co., Ltd,
which characteristics are shown in Table 4.1. A spring to seal the orifice has the
spring constant of 1.28 N/mm.

The use of a mechanical valve can lead to lack of the simplicity and reliability.
The durability of an injector would restrict life time of the thruster. Here the
injector was used to conduct fundamental experiments on liquid propellant PPTs.

In the next stage, further advanced liquid injector should be developed. Recent
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Table 4.1: Characteristics of a solenoid actuator 11C-12V from Shindengen Mecha-
tronics Co., Ltd..

Total weight 7g

Plunger weight lg

Number of coil turns 1450
Resistance 143 Q
Attraction force 1.9 N at 0.5 mm stroke
(38 V) 1.0 N at 1.0 mm stroke

growth of MEMS technology has the capability to achieve it. Recently, there
are a number of studies of microvalves using MEMS. These researches can be
applied to the liquid propellant PPT. For instance, MEMS technology allowed a
more miniaturized injector whose size was 7 X 7 x 21 mm? [112], with the same

mechanism as the injector used here.

Spring . Actuator

20 mm
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# 4

Orifice
Liquid tank

Figure 4.6: Picture of the liquid injector used in this study.

Figure 4.6 shows the picture of the fabricated liquid injector. It successfully
injected liquid droplets in vacuum; the minimum mass shot was 3 pug. This injector
was used to supply liquid to a liquid propellant PPT through this study. The mass
shot was controlled by adjusting the voltage applied to the actuator and its pulse

width. The pulsed voltage was controlled using a controlling computer, which
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generates TTL signals with arbitrary pulse width, and an injector driven circuit
which is a switching circuit. The electrical diagram of the driven circuit is shown

in Appendix F. More details are described in the reference[52].
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Figure 4.7: Pictures of water droplets ejected from the injector orifice, sequentially

taken every one millisecond. a) orifice diameter:50 pm and b) orifice diameter: 25

.

The liquid injection of 4 pug in the vacuum chamber was observed using a high-
speed camera of 1000 frames/s. Figure 4.7 shows pictures of liquid droplets ejected
from the liquid injector in the vacuum chamber. The pictures were sequentially
taken by every one millisecond by using a 1000 f/s CCD camera and arc strobe
light. Fig. 4.7 a) is the ejection using the orifice of 50 ym and Fig. 4.7 b) is for
the orifice of 25 pm. In the both cases, the mass shot was 5.5 ug. The method to

observe those small droplets are described in detail in the reference [113].
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4.2.3 Thrusters

A liquid propellant pulsed plasma thruster dealt here consists of parallel plate elec-
trodes, glass side walls, spark plug, liquid injector, and capacitor. The schematic

diagram of the thruster is shown in Fig. 4.8. The electrodes are made of stainless
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Figure 4.8: Schematig diagram of the liquid PPT used here; a) materials and b)

dimensions.

steel and it has the interelectrode space of 20 mm, the length of 34 mm, and the
width of 10 mm. The electrode are fixed on a base plate made of polymer (POM).
The anode and cathode are insulated by a ceramic back wall (photoveel). The in-
terelectrode space can be changed to 40 mm using another base plate and ceramic

back wall. The interelectrode width of 20 mm was applied in this study, if not
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otherwise specified. The liquid injector described in the previous section was in-
stalled above the cathode. The effect of the injection position was investigated by
Furuta in his Maseter thesis [113], and it was shown that that it did not affect the
thruster performance. The cathode has a 3-mm-diam hole opened at 4 mm away
from the back wall in order to feed liquid droplets into the interelectrode space
through that hole. The side walls are installed to help rising up the interelectrode
pressure by the liquid injection. A spark plug will be described in the succeeding
section.

The capacitor consists of two 1.5 uF capacitors connected in parallel and has
the capacitance of 3 uF. They are custom-made mica paper capacitors made by
Soshin Electric Co., Ltd.. The one capacitor has the weight of 200 g and the
dimensions of 100 x 80 x 10 mm3. The feed lines has the length of about 35
mm and crimp-type terminals are attached to the end of the lines to connect the
electrodes. The capacitor has the dielectric loss tangent (tand) of 0.35 at 1 kHz,
the voltage endurance of 4 kV DC of 5 s, and the inductance of about 40 nH.

Spark plug —
16 gl
L

\ Teflon

10

Figure 4.9: Schematic diagram of the ablative PPT used here.

The liquid propellant PPT can be operated as a ablative PPT by installing a
PTFE block between the electrodes instead of a liquid injector, as shown in Fig.
4.9. The ablative PPT was prepared to compare the performance to the LP-PPT.
The PTFE block has the size of 10x10x20 mm?. Due to that thickness, the
effective electrode length is decreased down to 24 mm. The surface of the PTFE
is the almost same position as the liquid injection hole. The spark plug is installed
in the liquid injection hole. , which has the same configuration of the electrodes
as the LP-PPT.
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Capacitor
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Figure 4.10: Pictures of the thrusters: a) LP-PPT and b) APPT.

Figure 4.10 shows pictures of the LP-PPT and APPT placed on the thrust

stand. In the pictures only oneside of the side wall was installed.

4.2.4 Spark plug

A spark plug produces small plasma puff by arc breakdown and initiates arc dis-

charge between electrodes of PPTs. The spark plug used here consisted of coaxial
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anode of 2 mm diameter and insulator of 3 mm outer diameter. The plug was
mounted into the cathode, which also plays a role of a spark plug cathode. The
plug face is aligned in the same plane as the cathode. The configuration is shown
in Fig. 4.11. The relative position of the plug anode, plug insulator, and cathode
was experimentally determined. The position that all faces are in the same plane

showed the best ignition performance and it was employed.
Spark plug insulator ! Spark plug anode

Din:2 mm & D, 3mm ! (D 2 mm, SUS)
Ceramic (photoveel ) : _‘

Cathode

Figure 4.11: Schematic diagram of the spark plug.

About 5 kV pulsed voltage was applied to the plug anode using a high voltage
trigger circuit, which is a capacitor discharge ignition. A spark plug capacitor was
charged to about 100 V and a SCR switch discharged the charge through a pulsed
transformer of the ratio 1:50. Then on the second coil of the transformer, about
5 kV pulsed voltage was applied. The gate timing of the SCR was operated by a
control computer, and it was synchronized with the signal of liquid injection. The

electrical circuit diagram of the spark plug is shown in Appendix F.

4.2.5 Rogowski coil

The discharge current during a PPT firing was measured using a Rogowski coil
(handmade). In this section, the fabricated coils and its calibration method are

shown. Its fudnamental principles are shown in Appendix E.

Rogowski coils

In this study, two Rogowski coils were fabricated, Type 1 and Type 2, whose
characteristics are tabulated in Table 4.2 and pictures are shown in Fig. 4.12.

First, Type 1 Rogowski coil was fabricated and used in the early experiments.
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Table 4.2: Characteristics of Rogowski coils and RC' integration circuits.

Type 1 Type2

Rogowski coil Sensitivity (kA/V) 2.5 1.8
Winding density (turns/mm)  10.4 2.8
Number of turns (turns) 490 620
Wire diameter (mm) 0.25 0.25
Poloidal diameter (mm) 44 5.0
Toroidal diameter (mm) 28 32
Number of linkage 1 2

Integration circuit Resistance (k€2) 5.1 2.5
Capacitance (uF) 0.1 0.1

Figure 4.12: Pictures of the Rogowski coils: a) Typel and b) Type2.

A thin wire was wound around a coaxial cable in order to make it easy to bring
the wire back through the coils. The winding was performed in three piles to
increase the winding density and the sensitivity. As a result it had the sensitivity
of 2.5 kA/V. However, Type 1 coil was broken (shorted) after a year, and Type 2
Rogowski coil was fabricated. The short would be caused by high voltage generated
on the coil by the electromotive force. If the current with 10 kA amplitude and
1.5 Mrad/s frequency passes through the Type 1 Rogowski coil, the electromotive
force of 3.0 kV will be generated. In the fabrication of Type 2, the winding
density was decreased down to 2.8 turns/mm with no piling, corresponding to the

electromotive force of 1.0 kV. To compensate the decreased sensitivity, the number



4.2. EXPERIMENTAL SETUP 153

of linkages were increased to two and time constant of the integration circuit was
decreased by half. The resulted sensitivity of Type 2 coil was 1.8 kA/V. That
low winding density contributes also to low inductance of the Rogowski coil. The
shapes of both Rogowski coils were maintained by rapping a Kapton®)insulating
tape.

A Rogowski coil and integration circuit are connected by a twist cable. The
integration circuit was installed inside a vacuum chamber, because it decreased
the electrical noise induced on the output rather than outside of the chamber.
The integration circuit and an oscilloscope were connected by an coaxial cable
via a BNC feedthrough on a port of the chamber. Discharge of PPT generates
a lot electrical noise and oscillates the potential of the chamber in pulse. To
electrically shield out the noise, the chamber was connected to the ground using
a copper mesh cable with 50mm width and 3 mm thickness. Nevertheless, the
chamber potential was oscillated in pulses, and the noise could not be shielded
in perfect. Instead, the base potential of the oscilloscope was set to mutch the
chamber potential by directly connecting its ground line to the chamber wall. The

configuration is shown in Fig. 4.13.

Coaxial cable
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Figure 4.13: Electrical connections assoiated with a Rogowski coil.

Calibration

Calibration of Rogowski coils were performed in the atmosphere by shorting the

electrodes of PPTs and using a current monitor. Voltages of 400 to 1000 kV are
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applied to the PPT electrodes in the atmosphere and they were shorted using
a copper plate. The copper plate directly connects the electrodes to simulate a
discharge pass on a PPT. At the same time, a current monitor was installed to
the electrode. The current waveform was measured by the current monitor and
Rogowski coil, and the outputs were compared. Figure 4.14 shows the setup of

the calibration.

Rogowski coll

Egectrodeﬁ '
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Figure 4.14: Picture of the calibration setup using the current monitor. Copper

plate shorts the circuit in the atmosphere.

Table 4.3: Specifications of the current monitor used for the calibration.

Sensitivity 10 A/V
Maximum peak current 5 kA
Frequency range 1 Hz to 20 MHz
Inner (hole) diameter 50.8 mm
Outer diameter 101.6 mm

The current monitor is made by Pearson Electronics, Inc. (the model number
is 110), whose specifications are shown in Table 4.3. It measures current by the
same principle as Rogowski coils. However, because of its maximum current limit
and the large size, it is difficult to directly measure discharge current of PPTs

using the current monitor.
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Figure 4.15: Typical waveforms of the calibration of the Rogowski coil.

Figure 4.15 shows typical current waveforms in the calibration. Typically 10
to 20 waveforms are compared between the output from the current monitor and
Rogowski coil. In the case of Type 2 Rogowski coil, 16 waveforms were measured
with changing the applied voltage from 400 to 1000 V. The obtained sensitivity
was 1.813 kA /V in the average with the standard deviation of 0.0047 kA /V. Phase
delay of the Rogowski coil output from the current monitor was 19 ns with the

standard deviation of 2 ns.

4.2.6 Power supplys

A high voltage DC power source was used to charge a main capacitor of PPTs
to 1-3 kV. The power supply FS-3000-1 made by ASTRO Electronic Industry
Corporation was used. It supplies the maximum voltage of 3 kV and current of
1 A. That specification is too powerful for 10 W class PPTs, and it was used
just for the ground tests. The supply was set outside the space chamber and the
voltage was applied using electrical feedthroughs of the chamber. Between the

supply and capacitor, a current limiting resistance was installed, which was 25
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k). The used capacitor has the capacitance of 3 uF as mentioned later. Hence
the characteristic time for the charge was 75 ms and the maximum current was
0.12 A for the charging to 3 kV.

A DC power supply used to charge a capacitor of the spark plug was FS-600-0.2
made by ASTRO Electronic Industry Corporation. It can supply the maximum
voltage of 600 V and current 0.2 A. In most case, the spark plug is operated with
90 - 120 V charging. The current limiting resistance was 1 k(2. The characteristic
time was 1 ms and the maximum charging current was 0.1 A. The housing of the
power supply FS-600-0.2 is shared with FS-3000-1.

Figure 4.16 shows the electrical connections of the power supply, Rogowski

coil, voltage divider, vacuum chamber and PPTs.

90-100V
L] High voltage R SN .
_; pulse generator |/ \
7 / 45-6.0kV

25 kQ
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\

- ~~a
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Figure 4.16: Electrical connections of power supplys and PPTs.

4.3 Measurement methods

4.3.1 Mass shot

Among researchers on PPTs, mass consumed during a single shot firing is called
as mass shot. In the case of a liquid PPT, it corresponds to the ejected liquid pro-

pellant for a single shot. Generally the mass shot of 10 J class PPTs are less than
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10 pg, and difficult to directly measure such small mass. In most investigations of
ablative PPTs, it is evaluated by the weight difference of a solid propellant before
and after a few thousands of shots.

In this study, the mass shot Am was estimated from the pressure increase
in the vacuum chamber AP, as well as the laser ablated mass measurement in
Section 3.2.7. The pressure increase is related as Am = CAP, where C is the
proportionality constant. The proportionally constant C' was determined dividing
the averaged mass shot by the averaged pressure increase during the experiment.
The averaged mass shot was determined by the weight difference before and after
the experiment. Pressure waveforms in the chamber were all recorded during
the experiment, and the averaged pressure increase was determined. Once the
coefficient was obtained, every mass shot was estimated from the pressure increase.

To obtain the coefficient C', over 2000 shots operation was carried out, which
led to about 20 mg weight difference (mass shot was about 5 - 15 pg). That weight
difference was measured using a precise balance: AB304S by Mettler tredo Co.,
Ltd.. It has the minimum resolution of 0.1 mg and the maximum weight of 320
g. However, attachment of several volatile materials caused the much variations
of the weight measurement. The actual accuracy of the weight measurement here
would be about +1.0 mg, because the indicator of the balance fluctuated within
+1.0 mg Especially moisture attachment on the injector led to increase of the
weight over 100 mg. To avoid the influence from the total mass shot measurement
of 20 mg, before the experiment the fueled injector was placed in vacuum during
over 2 hours. It vaporized the moisture attached on and stored in the materials of
the injector. After that, the weight of injector was measured as quickly as possible,
and installed again in the vacuum chamber for the experiment. In addition, when
we handled the injector for the weight measurement, we got on latex gloves to
avoid moisture attachment to the injector from our hands.

In contrast, it was difficult to measure the mass shot of an ablative PPT. The
plume ejected from an ablative PPTs contains carbon and fluorine which attaches
on or reacts with a chamber wall. Hence the pressure increase in the chamber is
strongly depends on the configurations of the objects inside the chamber. In short,
the coefficient C' can be changed by experiment to experiment. Therefore, instead
of using a pressure, the mass shot was estimated from the energy. It had been

confirmed that the mass shot of ablative PPTs is proportional to the capacitor
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stored energy (28, 110]. The mass shot of the ablative PPT was measured by the
weight difference before and after the 340 shots operation at 6.0 J. As a result,
the proportional constant between the energy and mass shot was obtained as 0.97
pug/J. In the experiment after that, the mass shot was estimated from that value,

assuming the proportionality between the energy and mass shot.

4.3.2 Impulse bit

PPTs generate their force in pulsed mode, and it is usually dealt as impulse
rather than thrust. Moreover, impulse gnerated by the single firing of PPTs are
frequently called as impulse bit, because it is the minimum impulse which the PPT
can provide. PPTs are expected to be used for fine thrust control by throttling
their operation frequency. In such a case, the impulse generated by a single shot
is regarded as the minimum unit to control the thrust.

Impulse bits of liquid and ablative PPTs were measured using a thrust stand
described in Chapter 2. Single shot measurement was performed. Generally 10
J class PPTs have impulse bit of 50 to 100 uNs. The mechanical noise induced
on the stand by background vibrations was about 1.0 uNs, and much less than
the PPT impulse. Hence the wave analysis was performed by normal sinusoidal
curve-fitting. As described there, the stand had the resolution of +1.0 Ns and the

accuracy of 2.0 % caused by the calibration.

4.3.3 Total resistance

The resistance and inductance of a PPT circuit were obtained by curve-fitting a
damped oscillation waveform to the current waveform. A PPT can be assumed
as an electrical circuit which has discrete elements of inductance, capacitance,
and resistance [21]. The resistance consists of the inner resistance of capacitors,
resistance of feeding lines, resistance of plasma, and effective resistance of electro-
magnetic acceleration. The inductance comes from a single loop of the discharge
current. The capacitance obviously means the capacitor storing the energy. In the
actual discharge, the resistance and inductance are varying with time. However, in
the first approximation, the current waveform of PPT discharge is explained using
a RLC circuit with constant elements. Actually, most PPTs show damped oscilla-

tion current waveforms. Figure 4.17 shows a typical current waveform during the
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Figure 4.17: Typical discharge current waveform during the firing of the LP-PPT
at 11.5 J.

discharge of the LP-PPT. Current waveform of a RLC circuit is

J(t) = Jye Msinwt (4.25)
R 1 R\?
where p = 5L and w = 7l (ﬁ) (4.26)

in the case of C' < 4L/R?. That damped oscillatory waveform can be used as
good approximation of the discharge current of PPTs, in spite of the actual time-
varying resistance and inductance. In Fig. 4.17, the curve of Eq. 4.26 fitted to the
measured discharge current. The curve-fitting gives a resistance and inductance
of the PPT circuit. This resistance includes all the resistances in a PPT, and it
is one called total resistance, Ryioa1, in Section 4.1.4. In this study, resistance and

inductance are obtained using that curve-fitting.

4.3.4 Resistance of an external circuit

The resistance of the external circuit Rejcuit Was obtained by shorting the elec-

trodes using a copper plate in the atmosphere (same as done in the calibration of
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Rogowski coil). The end of the copper plate was fixed to cathode using an acrylic
vice. Between the anode and the other end of the plate, a piece of insulating sheet
was held. Applied voltage of 400 - 1000 V to the capacitor, the insulating sheet
was pulled out. Then the plate touched to the anode and current passed with
small arc spark. In this experiment, resistance of the current is the summation of
the resistances of the external circuit, the copper plate, and arc spark generated
between the plate and electrode.

The resistance of the copper plate was less than 0.3 mf2 and negligible. It was
confirmed from the calculation from resistivity of copper with considering the skin

depth and also from the experiment changing the length of the plate.

Position2- = Acrylic vice
-
Q 5
Position2-C
AY N @,

k/ 01"..., ':.-. - —

Positionl Differential probe

L Position2-A

Insulating sheet

Figure 4.18: Measurement of the arc spark resistance between the anode and

copper plate.

The resistance of the arc spark generated between the anode and copper plate
was estimated measuring voltage drop over that spark. Figure 4.18 shows that
schematic drawing. The voltages between three different points were measured,
namely between the root of the anode (Positionl in the figure) and the cath-
ode (Position2-K), the copper plate (Position2-C), or the center of the anode
(Position2-A). That voltage drop between the two points V5 was measured using
a differential probe. The voltage drop is expressed as

dJ
Viz = Ri2J + LHE (4.27)
where R15 and L5 are the resistance and inductance between the measured two

points. The voltage drop Vis, current J measured by a Rogowski coil, and its time
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Figure 4.19: Typical waveforms of voltage difference, current, and fitting-curve of
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Figure 4.20: Resistance of the arc spark at the gap between the anode and copper

plate in the atomosphere.
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derivative are fitted to Eq. 4.27 to determin the resistance R;> and inductance
Ly5. Figure 4.19 shows typical waveforms of measured voltage difference, current,
and fitting-curve of the voltage.

Figure 4.20 is the result of Ri5 and L5 measurement. The resistances of Posi-
tion 2-K and Position 2-C are almost same, whereas the resistance of Position 2-A
decreases a lot. This difference of the resistance is attributed from he resistance of
arc spark (only Position 2-A did not measure the spark). Therefore, subtracting
this resistance from the total resistance R, gives the resistance of external circuit
Reiveuit- As a result, the resistance of an external circuit was 1743 mf). The error
comes from the resistance of electrode and the variation of the spark resistance
The variation of the resistance Ri» measured at Position 2-K or 2-C is caused by
the arc spark, because the variation of the total resistance R,; matches to it. On
the other hand, inductances are monotonically decreased from 41 to 2.5 nH with

decreases of the measured distance.

4.3.5 Inductance per unit length

The inductance per unit length L’ was measured by changing the position of the
copper plate as shown in Fig 4.21. Different positions of the plate give different in-
ductances. The dependence of the inductance on the position gives the inductance
per unit length. The result is shown in Fig. 4.22 for the case of interelectrode
space of 20 and 40 mm. The inductance is linearly increased by shifting the posi-
tion of the copper plate outward. The inclinations are inductance per unit length

L’, and they are 0.71 and 1.01 nH/mm for 20 and 40 mm electrode respectively.

ANAN T 1

1]

/000N 0BG

il |

Figure 4.21: Changing the position of the copper plate to measure the inductance

per unit length.
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Analytical expression for the inductance of a closed circuit of rectangular con-
ductors is [28, 114]

3
= 041% = - : 4.2
L 04{2l+“nb+c d+022(b+c)} (4.28)

L (uH), and 1,d,b,c (m)

where [ and d are the length and height of the closed circuit and b x ¢ is the cross
section of the rectangular conductor in meter. Hence, differentiating the equation

with respect to [,

L'=0.6+0.4In ﬁ'lc (uH), (4.29)

which does not depend on the length [. The electrode used here, of the cross section
of 10x5 mm and the distance of 20 or 40 mm, give L’ of 0.72 and 0.99 nH/mm
respectively. After all, the analytically estimated L’ shows good agreement with
the measured L’, whereas the PPT used here has a rectangular cross section only

with the electrode and the other parts have quite different sections.
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Figure 4.22: Dependence of the inductance on the shorting position.
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4.4 Experimental Results

Here fundamental characteristics of a liquid PPT were investigated using the
thruster shown in Fig. 4.8. Whereas the thruster had not been optimized, the
characteristics of a liquid PPT was clarified by comparing it to an ablative PPT.
The used ablative thruster is shown in Fig. 4.9.

4.4.1 Mass shot vs. Impulse bit

The impulse bit of a liquid PPT was shown not to depend on the mass shot,
namely injected propellant by liquid injector for a single shot. Essentially the
electromagnetic impulse of PPTs does not depend on the mass shot, as indicated
by Eq. 4.24. On the other hand, electrothermal acceleration will be proportional
to the square root of the mass shot. It means that the impulse by a liquid PPT
was produced mainly by electromagnetic acceleration.

Figure 4.23 shows the dependence of impulse bit on the mass shot operated
at the energy of 10.0 J (2.6 kV). The error bars in the figure show the standard
deviations of five shots. The impulse is slightly increased with the increase of the
mass shot. The slope of the regression line is 467 m/s. It corresponds to the
expected cold gas velocity. Therefore the slight increase of the impulse would be
caused by the increase of the cold gas thrust, not electrothermal acceleration.

Constant impulse bit on the mass shot means that the specific impulse is
inversely proportional to it. Figure 4.24 show the specific impulse calculatd from
the impulse bit and mass shot. At the mass shot of 3.0 ug, it reaches over 2000
s. At the higher energy operation, it reached to 3000 s (such high Isp operation
was investigated by Kakami [52]). It should be noted here that small mass shot
operation also causes a lot of varieties of impulse bits. It would be because that

too small mass shot makes it difficult to initiate discharge.

4.4.2 Energy vs. Impulse bit

The impulse bit of a liquid PPT was linearly increased with the increase of the
capacitor stored energy. It is expected from the theory of electromagnetic impulse
Eq. 4.24. Figure 4.25 shows the impulse bit dependence of the energy. There

the impulse bit using another electrode distance of 40 mm is also shown. The
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electrode with d: 40 mm has higher L' inductance per unit length than d: 20 mm,
0.71 and 1.01 nH/mm respectively. However the impulse bits shows little increase,
only 3 %. It would be because that the increase due to L’ was cancelled out by
the increase of the plasma resistance caused by a long electrode distance.

Figure 4.26 shows the total resistance of PPTs. The resistances are almost
constant in the energy (a little decrease). The averaged resistance over the energy
is increased from 65 to 75 €2 by increasing the electrode distance from d 20 to
40 mm. However the increase of the resistance (15 %) is not as large as the
increase of the inductance per unit length (40 %). The cause of the inconsistency
was not sure here. As one of reasons, it can be explained by the difference of
discharge current pass. In the case of d 40 mm electrode, oblique current pass was
sometimes observed. Inducntance L’ evaluated in Section 4.3.5 is based on the
assumption that the current straightly flows perpendicular to the electrode. The

oblique current pass would decrease the effective L.

4.4.3 Comparison with an ablative PPT

To compare the characteristics of liquid propellant PPTs to ablative PPTs, The
characteristics of an APPTs was measured. In the operation of an ablative PPT,
applying voltage more than 2.4 kV led to an unexpected discharge, which means
that sometimes breakdown occurred between the electrodes with no ignition by a
spark plug. Then the applied voltage of an ablative PPT was limited up to 2.4
kV (8.6 J). Installing a labyrinth between the PTFE block and cathode[115] is
one of the methods to solve such unexpected discharge, by preventing creeping
discharge.

A liquid PPT has higher specific impulse but lower thrust to power ratio than
an ablative PPT. Figure 4.27 compares the impulse bit between a liquid PPT and
an ablative PPT (both have 20 mm interelectrode distance). The ablative PPT
also shows the linear dependence of impulse bit on the capacitor stored energy,
which have been confirmed by a lot of researchers on ablative PPTs [28, 116, 117,
110]. That impulse bit was higher than one of a liquid PPT. Corresponding to it,
the total resistance of an ablative PPT was lower than a liquid PPT. Figure 4.28
is the comparison of the measured total resistance of both thrusters.

Instead the specific impulse of the ablative PPT remains under 800 s, and
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Figure 4.25: Impulse bit dependence on the capacitor stored energy in the LP-PPT
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Figure 4.29: Comparison of the specific impulse dependence on the energy between
the LP-PPT and APPT.

much lower than the liquid PPT. Figure 4.29 shows the specific impulse of both
thrusters calculated from the impulse bit and mass shot. The mass shot of PPT's
was obtained by a method described in Section 4.3.1. In ablative PPTs, the mass
shot, ablated by the discharge, was linearly proportional to the energy as well as
the impulse bit. As a result the specific impulse shows almost constant against

the energy (although, in actual, it slightly increases with the energy).

4.4.4 Observation of dicharge plasma
Ultra high speed camera

Discharge plasmas and its acceleration processes on a LP-PPT and Teflon PPT
were observed by using an ultra high-speed camera. The camera is NAC Ultra 8,
which can take a successive 8 pictures at the maximum frame rate of 100 Mfps.
Here the pictures were taken at the frame rate of 10 Mpps (100 ns) and with the
exposure time of 100 ns. Pictures taken several times in the same conditions were

connected as successive images of one sequence. PPTs dealt here terminate the
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most of electromagnetic acceleration during the first and second half cycle of the
current waveform (about 4 ps). Then we mainly took pictures during only the
first and second half cycle.

Observation system consists of the ultra high-speed camera, a photo detector, a
Rogowski coil described in Section 4.2.5, and a controlling computer used to drive
the liquid injector. The photo detector detected light emission from the discharge
plasma. The output signal from the photo detector was amplified, converted into
TTL, and delivered to the Ultra 8 as a trigger signal. Those processings between
the detector and camera were performed using an electrical circuit, whose diagram

is shown in Appendix F.
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Figure 4.30: Configuration of plasma observation system using a ultra high speed

camera.

The electrical system of the photo detector and Ultra 8 was completely isolated
from one of the thruster. Generally a spark plug of PPTs generates large and
random noise at the ignition before the main discharge. In the experiment, that
noise affected all the electrical signals connected to them (current or voltage).
The signals with the noise could not be used as the trigger of the camera, because
the main discharge was initiated in random after 1 to 5 us of the pre-discharge
of the spark plug. Therefore we needed a trigger completely isolated from the
ignitor noise, and it was a photo detector. Current waveform of PPT discharge

and signals of shutter time from ULTRAS were recorded by a digital oscilloscope
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at a time. The comparison of the current waveform and shutter time of camera

let us know when each picture was taken during the discharge.

Observed images of discharge plasma

Figure 4.31 shows pictures of discharge for several successive times of a liquid
propellant PPT, and Fig. 4.32 is for an ablative PPT. The time shown in those
figures is the time from the rising of the current. Corresponding current waveforms
and the shutter time are shown in those figures. Those pictures were taken by four
times of operations in the same conditions.

In LP-PPT, initial plasma was generated between the ignitor and anode. The
position that the initial current pass touched on the anode was changed a little on
the experimental conditions. It was usually just under the ignitor, but sometimes
other places. After the ignition, the plasma expanded into the entire interelectrode
space and flowed downstream. The plasma reached to the end of the electrode
(35 mm downstream from the back wall) at ¢ = 0.59 us, and most of the plasma
ejected from the electrodes before the end of the first half cycle (¢t = 1.20 us).
Just before the second half cycle (t = 1.40 us) there is almost no plasma emission,
and breakdown occurred near the back wall and new plasma was generated. This
second plasma generation is called as restriking. The second plasma was ejected
from the electrode in the same way as the first half cycle. Here we can see clearer
current sheet than the first half cycle, which expanded outside the electrodes
forming an arc current pass.

In contrast, in the APPT, there seemed to be two types of plasma. One
was similar to the plasma observed in the LP-PPT, accelerated according to the
current ringing. The other was a plasma with strong emission near the PTFE
wall. It moves downstream very slowly (about 1 km/s) with no relation to the
current reversing. It would be electrothermally accelerated gas sublimated from
the PTFE surface and cause of low specific impulse of APPTs. In the LP-PPT,

such low velocity plasma was not observed.

Estimation of the exhaust velocity

In order to quantitatively estimate the motion of plasma, intensity profile of the

light emission along the flow direction was calculated for LP-PPT. All pictures
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4.4. EXPERIMENTAL RESULTS 173

15

10 -
5t
O L L L
50,0 10 M
5 Time (us)

-10

Cathode

Spark plug
Teflon

Current (kA)

t=141ps 1 =2.96 ps

t=151ps t=3.06 ps

t=0.82 us
L3
t=0.92 us

L

t=2.38 us

t=2.48 us

t=1.02 us
- ‘

t=2.58 us

t=3.46 ps

[ 0 ATES t=191ps

-—

)

t=1.96 ps t=3.56 ps

Figure 4.32: Successive images of plasma discharge of APPT at the capacitor

stored energy of 7.4 J.



174 CHAPTER 4. LIQUID PROPELLANT PULSED PLASMA THRUSTER

were converted into numerical data of the light intensity. The data were integrated
in a longitudinal direction (vertical to the electrode), and intensity profiles of the
lateral direction (parallel to the electrode) were obtained. Figure 4.33 shows the
lateral direction intensity profiles at the time from 0.2 to 3.3 us; Fig. 4.33 a) is
during the first half cycle and b) is during the second half cycle.

Figure 4.34 shows the time history of an averaged position of the light emission,
calculated using the profiles of Fig. 4.33. In the figure, the corresponding squared
current waveform is also shown. Here the averaged position of plasma was defined

as the gravity center of the intensity profile, expressed by

zg.o(t) = /OL z1(z,t) dx/ /OLI(z,t) dx (4.30)

where I(z,t) is the intensity profile shown in Fig. 4.33. First, the average position
goes downstream with the averaged velocity of 33 km/s. After that, the position
remained around 35 mm, whereas the actual plasma is ejected from the electrode.
It is because the most of plasma flew outside the observed area and strong emission
around the edge of the electrodes. In the second half cycle, a new plasma is
generated on the back wall and it proceeds downstream with the averaged velocity
of 43 km/s.

That exhaust velocity is much higher than one estimated from the thrust and
mass shot. It means the actually accelerated plasma is much less than the mass
shot. In other words, only a fraction of the injected liquid was electromagnetically
accelerated as plasma.

It should be cared that the above estimated velocities are not the actual plasma
velocity, because the emission from plasma does not mean the density. If the
electron reaches to the local equilibrium with respect to its excitation temperature,
the emission will be proportional to the density. Moreover, the velocities are
obtained only in the beginning of the every half cycle. Further acceleration outside
the electrode was neglected. Neverthless, let us roughly estimate the equivalent
resistance of electromagnetic acceleration using those velocities. Equation 4.19 is

further Slmphﬁed as
v P ,/nthl/Qcycle v 0 ( )

T/2 T T
~ (al/ J? dt + vy J? dt) // J? dt (4.32)
0 T/2 0
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Figure 4.34: Time history of the average position of the plasma emission.

= 33km/s x 0.78 +43km/s x 0.22 = 35km/s (4.33)

where T is the period of the current oscillation and the integral of the squared
current is calculated from the measure current waveform. This averaged velocity 35
km /s and the inductance per unit length 0.71 nH/m give the equivallent resistance

of 13 mf).

For Teflon PPT, this analysis was not performed due to the above-mentioned

two types of plasma flow.

4.4.5 Comparison of plasma resistances

Table 4.4 shows the thrust to power ratios and resistances of the LP-PPT and the
Ablative PPT, which were operated by using the same electrodes, electrical feed
lines, and a capacitor, shown in Figs. 4.8 and 4.9. The measurement methods of
thrust and resistance was explained in the previous sections. The liquid propellant
PPT had the total resistance of 64 m2, whereas the ablative PPT had only 48 mf2
as shown in the Table. For the LP-PPT, the effective resistance of electromagnetic

work was roughly estimated as 13 mf) from images taken by a high-speed camera.
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Subtracting it from Rpjasma+ REwm, Plasma resistance Rpasma Was estimated about
33 mf2 for the LP-PPT. As a result, of the energy initially stored in the capacitor,
22 % was used for the electromagnetic acceleation, 27 % was consumed in the
external circuit, and the residual 51 % was consumed in the plasma which was
the majority of the energy loss. On the other hand, in the case of the APPT,
the loss in the plasma was less than the LP-PPT. The resistances of plasma and
electromagnetic work of the APPT was lower than one of only plsma of the LP-
PPT. Hence, the plasma resistance of the APPT is obviously lower than one of the
LP-PPT, although the resistance of the electromagnetic work was not evaluated

for the APPT. In my opinion, that value would be around 10 mf2.

Table 4.4: Partition of resistances in the LP-PPT and APPT.

Liquid propellant PPT Ablative PPT
Resistance  Fraction  Resistance Fraction
Ran 6442 mS) - 4841 m$) -
Reircuit 1743 mS) 26.6 % 1743 mS) 35.4 %
Rplasmat+ Rem 47£5 m) 73.4 % 3144 mS) 64.6 %
Rem ~14 m¢) 21.9 % Not obtained. 21 % if 10 m$,

The fact that liquid propellant PPT had a larger total resistance than a Teflon
PPT was confirmed also by Scharlemann and York [106, 107].

Here it has been claryfied that a liquid propellant PPT has lower thrust to
power ratio than the ablative PPT that has the same thruster configuration, and
it is mainly caused by the difference of the plasma resistance. Hence, in order
to improve the performance of liquid propellant PPTs, it is necessary to clarify
the reason of the high resistance and find the methods to decrease the plasma

resistance.
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4.5 Performance Improvement for LP-PPTs

In this section, two approaches are examined to decrease the plasma resistance of
a liquid propellant PPT and to improve that performance of a liquid propellant
PPT. They are seeding of solute into liquid propellant and enhancement of liquid

vaporization using a micro-heater.

4.5.1 Seeding on liquid propellant

One of the methods to reduce the plasma resistance is utilization of solute and
injecting additives, which can ionize at relatively low temperatures into the plasma.
That method had been performed to increase the plasma density of weakly ionized
plasma, and called seeding [118, 119]. Typically, alkali metals like cesium are
selected as seeding material due to its low ionization potential.

Sodium (Na) and ammonia (NHj3) was selected as solute to the water. Water
has been used as liquid propellant through this study as promising propellant
for PPTs. These materials were chosen because of their ionization potential and
handling abilities. The ionization potentials of sodium and ammonia are much
lower than that of water (H20). Sodium was mixed into water as sodium chloride
aqueous solution, and ammonia as ammonia aqueous solution. Table 4.5 shows
the ionization potential of H,O, Na, and NH3 and the solution concentration to

water by mole percent.

Table 4.5: Properties of H,O, Na, and NHs.

Ionization potential Solution concentration
H,O 12.7 eV (HyO — Hy,OT) -
Na 5.1 eV (Na — Na™) 1.9 %
NH; 5.9V (NH; — NHY) 5.5 %

The above mentioned solution are filled in the liquid injector as well as water
propellant. However, thick sodium chloride aqueous solution made the orifice
clogged by the adhesion of solid sodium chloride near the orifice. Then the 1.9 %
is maximum concentration in performing stable injection of the sodium chloride

aqueous solution in vacuum.
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4.5.2 Emission spectroscopy

To confirm the presence of solutes in the plasma, emission spectroscopy was con-
ducted. The spectrometer (Hamamatsu; model C5094) has the focal length of
250 mm and 1200 gr/mm grating yielding the reciprocal linear dispersion of 2.5
nm/mm. The dispersed light is detected by a 1024 ch ICCD array. Emission from
the discharge was collected into an optical fiber (not focused), and exposure time
was set as much longer (2 s) than the PPT discharge. The typical slit width was
100 pm. The spectrogram was scanned at 30 nm increment steps from 320 to
780 nm. The spectral wavelength, and radiance was calibrated using an argon
discharge tube and a standard source.

Figure 4.35 shows spectrum lines from PPT discharges for sodium chloride
solution and ammonia aqueous solution propellant, where thrusters were operated
with capacitor-stored energy of 11.5 J. Sodium (Na I) and ionized chlorine (Cl
IT) were identified in the plasma of 1.9 % NaCl aqueous propellant by comparing
acquired emission lines with a standard reference. Additionally, emission lines from
neutral and singly ionized oxygen were identified. They were more intensified than
using purified water.

On the other hand, in the case of 5.5 % NHjs aqueous propellant, spectrum
line attributed from ammonia was not identified, and the overall emission lines

became weaker than purified water.

4.5.3 Thruster performance

Figure 4.36 shows the dependence of measured thrust power ratio on the capacitor-
stored energy for three types of liquid propellants: purified water, sodium chloride
aqueous solution, and ammonia aqueous solution. Capacitor-stored energy was
varied from 2.9 to 11.5 J. The measured impulse was divided by the energy and
averaged over 20 shots for pure water and NaCl seeding or 12 shots for NHj
seeding. The associated errors mean the 90 % confidence intervals.

Sodium chloride aqueous solution propellant showed higher thrust power ratio
than purified water. At the energy of 11.5 J, it increases 9.5 % from 5.2 to 5.7
uNs/J. This increasing tendency become strong as the energy increases. The
average increments of impulse was 5.5 %. On the other hand, ammonia aqueous

propellant showed lower performance. This result seems to agree with the result
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of strong emission lines from NaCl and weak lines for NHs.

Figure 4.37 shows the dependence of total resistance of a liquid propellant
PPT on the energy. It is obtained from the curve-fit of the current waveform,
described in Section 4.3.3. The resistance in Fig. 4.37 shows the average over 20
or 12 shots as well as the thrust power ratio. Sodium chloride aqueous propellant
showed smaller resistance than purified water, whose average decrement was 5.7

%. Ammonia aqueous solution had larger resistance than purified water had.

4.5.4 Discussions on the effect of seeding

For the plasma from sodium chloride aqueous solution, emissions from neutral
sodium and singly ionized chlorine were observed. Ionized sodium and neutral
chlorine were not be observed because they have strong emission lines out of the
range of the spectrometer used here, less than 320 nm and higher than 800 nm
respectively. Presence of those lines means that some fraction of sodium and

chlorine dissolved in water appeared in the plasma.

The results of the impulse and total resistance measurements are consistent
with the relation of the electromagnetic impulse and resistance Eq. 4.24, that is
small total resistance means high thrust to power ratio. Considering the result
of emission spectroscopy, mixing of sodium would increase the plasma density
of liquid propellant PPT. Then the total resistance was decreased. However,
when ammonia mixing in water, the thrust power ratio was decreased against our
expectation. It seems that the plasma density became lower. Some energy might

be excessively consumed for dissociation of the ammonia molecule.

Whereas solute mixing succeeded to decrease the total resistance, it is still 20
% larger than a Teflon PPT. Two reasons are considered. Firstly, solutes had
only slight effect on the increment of plasma density. Secondly, plasma density
was already high but the low electron temperature caused the high resistance
(electrical conductivity in fully ionized plasma is proportional to and does not
depend on the plasma density). Quantitative measurements for plasma density

and temperature are required to clarify those processes.
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4.5.5 Enhancement of water vaporization

High resistance of a water propellant PPT can be caused by low propellant den-
sity in interelectrode space. It would be not liquid droplets themselves but the
evaporated gas which directly contributes to plasma. It is uncertain that how
quantity of gas exists before the firing in the interelectrode of a liquid propellant
PPT. However, the high plasma velocity observed in Section 4.4.4 indicated the
low plasma density. In this section, injecting liquid droplets on a microheater is
examined to increase the gaseous propellant density, or pressure, and to decrease

the plasma resistance.

Estimation of water droplets evaporation

First, evaporation rate of liquid droplets is estimated. There are the following
two evaporation processes of liquid ejected in vacuum: evaporation of flying liquid
droplets by the own heat capacity and evaporation of liquid adhering on walls by
heat conduction from the walls.

Droplets ejected into the vacuum evaporate by their own heat. The evaporation

mass flux: ', is expressed as

M
P =\ g Paver(T) (4.34)

where Pyapor 1S the vapor pressure of liquid. Return of evaporated gas from the
vicinity of the liquid droplets was neglected. Generally vapor pressure has large
dependence on the temperature as shown in Fig. 4.38 and the evaporation is
suppressed by decrease of temperature due to its latent heat.

For instance, water droplets of 5 ug has the total surface area of 1.2 mm?
provided that all droplets have the same diameter of 25 pum. They have the
evaporation rate of 3.0 pug/ms at 293 K and 0.4 pg/ms at 263 K. Then flying
droplets is rapidly cooled and the evaporation is almost stopped within a few mili
second. According to the calculation, only 20 % of the mass will be evaporated
within 5 ms and the most is evaporated within 0.5 ms.

Droplets adhering on a wall can obtain heat from the wall and can keep to

evaporate. In this case, the characteristic time of evaporation is determined by

the heat conduction of both the wall and droplets. The heat penetration depth:
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Figure 4.38: Dependence of vapor pressure of water on temperature.

A defined by the following equation is useful for evaluation.

Meat = Vrt (4.35)

where k is the thermal diffusivity and ¢ is the time. Table 4.6 shows the thermal
properties of water, ethanol, SUS, copper, photoveel, and alumina. Assuming that
the energy required to vaporize droplets is supplied from the wall by decreasing

the temperature AT, that energy: FEuaporize is roughly estimated as
Evaporizc ~ OpAT\/ Kfts (436)

Hence, the wall with large heat capacity and high thermal conductivity deliver the
heat to the adhered droplets in a short time. For instance, when a wall is copper
and the temperature drop is 30 K, vaporization of 5 ug of water requires 11 mJ
of the energy, 0.5 mm? of the volume, and 2 ms. On the other hand, in the case
of stainless steel plate, the time is extended to 320 ms. It is much longer than the

scale of gas escaping from the electrodes, and the pressure rise between electrodes

becomes a little.
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Table 4.6: Thermal properties of solid materials.

Water Ethanol SUS Copper Photoveel® Alumina

k(m?2/s)x 10° 013  0.085 40 120 0.53 11
K (W/m K) 056  0.17 16 400 1.7 34
C,(J/kg K) 4200 2480 499 380 1218 800
p(kg,/m3) 1000 785 7920 8920 2590 3930
A(pm) at=4 ms 23 18 130 690 50 210

machinable ceramics produced by SUMIKIN CERAMICS & QUARTZ co.,ltd

Enhancement of liquid vaporization by a heater

Pressure between the electrodes is determined by the evaporation rate, not by
total mass shot. It is because the time scale for gas filling in the interelectrode
space is less than 0.5 ms in our electrode configuration, which is much shorter than
the characteristic time of the liquid injection. Droplets adhering on solid surface
are more rapidly vaporized than flying ones in vacuum, and its vaporization rate
depends on the temperature of the solid. Hence making liquid adhere on heated

surface would raise up the interelectrode pressure.

The enhancement of vaporization rate by using a heater gives two benefits. One
is increase of the interelectrode pressure, as mentioned. The other is breakdown
by that pressure increase according to Paschen’s low. There is a potential of a
spark-plug-less PPT, which initiates main discharge by only liquid injection. High
voltage sparks of a spark plug cause electromagnetic interference, and spark-pluge-

less PPTs are attractive.

Heater used to vaporize liquid droplets must have small heat capacity, high
thermal isolation, and high thermal diffusivity of the liquid-adhering-surface. The
energy to raise the heater up to the operational temperature should be small in
comparison with the capacitor stored energy. However, even if the heat capacity is
large, high thermal isolation of the heater gives advantage for continuous operation
with low power consumption for the heater. The surface on which liquid droplets
adhere should have high thermal diffusivity to quickly conduct the energy to the
droplets.
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Microheater assembly

A commercially available microheater was used to heat up solid surface receiving
liquid droplets. It consists of platinum thin film photo-ithographically structured
on a 0.15 mm thick alumina substrate. The microheater was bound on a copper
main body by Torr Seal®with thermocouple lines. The main body consists of
a circular plate with 0.8 mm thickness and 3.7 mm diameter and a rectangular
plate with 3.7 mm width, 11lmm length, 0.6 mm thickness. Liquid droplets is
ejected toward the surface of the circular plate. The copper body was surrounded
by a shell made of photoveel. The glued component, a microheater, copper main
body, thermocouple lines, and photoveel shell, is referred as a microheater assem-
bly, which is shown in Fig. 4.39. Only the top of the ceramic shell is fixed to
the electrode, to avoid the electrical coupling to electrode and insulate from the

electrode.

0.35

12

Figure 4.39: Microheater assembly. a) schematic drawing of a microheater assem-

bly and b) photograph before the gluing.

Temperature of the microheater was controlled to be constant using a set
point controller. The temperature was measured using a monolithic thermocouple

conditioner from Analog Devices (AD597). The temperature output was compared
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to the set-point temperature and a switching circuit of the heater was controlled.
That electrical diagram is shown in Appendix F. The temperature was ranged
from 20 to 100 °C. The maximum temperature was restricted by the temperature

limit of the glue dealt here, Torr Seal.

Designed LP-PPTs with using a microheater.

Two varieties of LP-PPTs were designed to enhance the vaporization rate of liquid
droplets using the microheater assembly. Those schematic diagrams are shown in
Fig. 4.40. Both LP-PPTs have no spark plug and initiate discharge by breakdown
by raising the interelectrode pressure.

Figure 4.40 a) is referred as single discharge LP-PPT and Fig. 4.40 b) is referred
as double discharge LP-PPT. The first, single discharge LP-PPT, has two parts
of parallel plate electrodes as shown in the figure: ignition part and acceleration
part. Ignition part has the narrow interelectrode distance of 1 mm and the length
of 12 mm. Following the ignition part, acceleration part has the electrodes of 20
mm distance and 35 mm length (cathode is 57 mm). These electrodes are made
of copper plates with the thickness of 2 mm.

The ignition part is designed to effectively raise the interelectrode pressure.
The microheater assembly is installed 4 mm away from the back wall on the anode.
Injection hole for liquid droplets was aligned along the center of the receive plate of
the microheater. The ejected liquid droplets exactly hit on the plate because of the
short interelectrode distance. Moreover the short distance decreases conductance
of the channel. Thin parallel plates channel has the following conductance for
rarefied gas stream|[120].

2
Corallel = 1161n(1/d)# (m3/s) for I/d > 10 (4.37)

where d is the distance between the plates, [ is the length, and w is the width.
Therefore the electrode distance quadratically decreases the conductance.

The acceleration part is designed to effectively accelerate the plasma by elec-
tromagnetic force. The inductance per unit length: L' for a rectangle circuit with
parallel plates is given by Eq. 4.29. According to that equation, the acceleration
electrodes have L’ of 0.8 nH/mm. For the ignition part, Eq. 4.29 cannot be ap-
plied due to its too narrow distance. Instead, L’ for two dimensional case can be
used: ppd/w. Then ignition part has the L’ of 0.13 nH/mm.
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The double discharge LP-PPT has two capacitors as shown in Fig. 4.40 b),
main capacitor of 3 pF and ignition capacitor of 25 nF. Whereas it has two parts
as well as the single discharge LP-PPT, anodes of those parts are electrically sep-
arated and respectively connected to the capacitors. This design is motivated to
prevent the energy excessively consumed in the ignition part. Because the igni-
tion part has lower L' than typical PPTs, discharge current passing there hardly
contributes to the acceleration. Small discharge plasma generated in ignition part
induces main discharge between main electrodes. After all the ignition part be-
haves similar to a spark plug. The advantages over a spark plug are that there is
no need of high voltage for the discharge, because the breakdown occurs automat-
ically when the pressure reaches up to the certain value.

Another benefit of the double discharge LP-PPT is to use low voltage for the
charge of a main capacitor. The single discharge LP-PPT requires high voltage
enough to make breakdown. Therefore it restricts the capacitor applied voltage.
On the other hand, in the double discharge LP-PPT, the voltage of the main ca-
pacitor can be set under the breakdown voltage, and only the ignition capacitor
requires higher voltage. Thus the capacitor stored energy can be widely ranged
from low level. In this study, 3.0 kV was constantly applied to the ignition capac-
itor and the voltage applied to the main capacitance was ranged from 1.5 to 3.0
kV.

4.5.6 Experimental results of PPT using a microheater
Operation.

First, the ignition probability was investigated using a heater for the enhancement
of the liquid vaporization. A parallel plate electrode with only ignition part was
used to clarify the threshold. The voltage of 3 kV was applied the electrode and
the liquid was ejected on the heater assembly. The temperature and mass shot of
the liquid was changed.

At the standard temperature around 20 °C, there was no breakdown by inject-
ing water droplets of 20 ug. Increasing the temperature, breakdown occured by
less liquid injection, and at 100 °C it was accomplished by 6 ug liquid injection.
In less mass shot of 4 to 6 ug, the breakdown was accomplished in several times

at the heater temperature of 100 °C. Under the 4 ug of mass shot, no breakdown
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occurred. Figure 4.41 shows how the threshold changing against the heater tem-
perature and mass shot. In that figure, probability means a fraction of number
of ignitions over number of trials. The trial number was 15 or 30. For instance,
liquid injection of 7 ug required the temeperature of more than 70 °C for the exact

breakdown.
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Figure 4.41: Ignition probability dependence on the heater temperature.

Both LP-PPTs using microheater, single discharge and double discharge, were
successfully operated with the mass shot over 6 ug with keeping the heater tem-
perature at 100 °C. By injecting liquid droplets on the microheater, breakdown
occurred between electrodes. Figure 4.42 shows pictures during the firing with the
exposure time of camera over 200 ms. In double discharge LP-PPT, if there is no
applied voltage on the main capacitor, only small discharge occurred between the

ignition electrodes.
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b)

d)

Figure 4.42: Pictures during the firing of LP-PPT using microheater; a) and b):
single discharge LP-PPT with close and open diaphragm of the camera and ¢) and
d) double discharge LP-PPT with close and open diaphragm respectively (only ¢)
with back ground light).
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Thruster performance

Figure 4.43 shows the thrust to power ratio, impulse bit per energy, for single and
double discharge LP-PPT. Every plot was averaged over 10 single shots measure-
ment and the error bar means the standard deviation. In this experiment the mass
shot was kept constant of 6 ug.

Double discharge LP-PPT showed higher thrust to power ratio than the pre-
viously studied LP-PPT. The thrust to power ratio was gradually increase with
increasing the energy, and saturated around 10 J, where they reaches up to 8
uNs/J. Our previous study had showed the maximum thrust to power ratio of 6
uNs/J. In contrast, single discharge LP-PPT showed poor thrust to power ratio
below 2 uNs/J, which is less than half of the previous LP-PPT.

In addition, the thrust to power was a little increased using small liquid in-
jection orifice. For double discharge LP-PPT, two sizes of liquid injection orifice
of 25 and 50 pum were examined Figure 4.44 shows the total resistance of dou-
ble discharge LP-PPT for two sizes of the orifice. Their energy dependence was
investigated. Every plot was averaged over 5 shots and the error bar means the
standard deviation. Theses resistances were consistent with the result of thrust
to power ratio. The resistances gradually decreased with increasing the energy,
and saturated around 10 J, where they reached down to 50 m{2. Moreover, the
difference in the orifice diameter also consisted with the result of thrust to power.

Orifice diameter of 25 pum showed a little smaller resistance than 50 pm.

4.5.7 Discussion on the results of PPT using a microheater
Effect of the Enhancement of Vaporization

It is clear that high thrust to power ratio of double discharge LP-PPT is caused
by its low plasma resistance. Moreover this reduction of plasma resistance would
be due to the increasing of the interelectrode pressure. From Fig. 4.41 the break-
down between electrodes are clearly affected by the heater temperature. It means
the interelectrode pressure was increased by the heater temperature. In short, the
interelectrode pressure was raised up to the point to satisfy Paschen’s low. In-
stead, in the caser using a spark plug, the interelectrode pressure is always lower
than Paschen’s breakdown. It would be the reason that LP-PPT in the previous
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research had higher resistance than an ablative PPT and also the reason that the
seeding did not have so much effect. In Fig. 4.46, the resistances of the ablative
PPT, LP-PPT with spark plug , and double discharge LP-PPT are compared. It
is shown that the resistances of double discharge LP-PPT is decreased down close
to the ablative PPT. Figure 4.45 shows the thrust to power ratio with comparing
the other thrusters.

As interesting result, the orifice diameter of the injector affected the resistances
and performance, whereas, in our previous study, the state of liquid droplets had
no influence on the performance. It would be caused by the difference in the
diameter of the droplets. The orifice of the diameter of 25 pum provides smaller
droplets than 50um as shown in images of Fig. 4.7. Small droplets on a heater is
more rapidly heated and vaporized than lager droplets. This would be a reason
that the injector of the 25 pum orifice provides the higher performance. However,
there were larege shot to shot variations associated with the double discharge

LP-PPT, and more experiments should be conducted to confirm that effect.

Compatibility of an Ignition Capacitor and Microheater Assembly

Compatibility of a double discharge LP-PPT is examined as a micropropulsion
system. A double discharge LP-PPT requires an ignition capacitor and a micro-
heater instead of a spark plug. To apply it for microspacecraft, energy and weight
needed for those additional components must be small in comparison with those
required for the propulsion system.

The increment of weight and energy for the ignition capacitor is negligible.
Actually the capacitor used was much smaller than main capacitor. The ignition
capacitor used here consumed the energy of 0.11 J and weighed 25 g.

Thermal capacity of the microheater used here had not attained to enough
level in this study. The main copper body on which the microheater was glued
weighs 260 mg, and required 10 J to heat 100 K gap. It is comparative with the
energy for a single shot. Hence further miniaturization of the heater is necessary.
The capacity would be decreased less than a few Joules by eliminating waste part.
The microheater itself, consisted of thin alumina, requires 0.09 J for 100 K heating.
The main body had too many mass, which was caused by our fabarication ability.

Indeed it needs only the surface to receive liquid droplets. A circular plate of 2
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mm diameter and 0.5 mm thickness is enough size as droplets receiver, and such
a plate needs 1.1 J to heat up 100 K.

However, the initial heating energy can be neglected in repetitious operation,
if the heater has enough thermal insulation. The heat is escaped from a heater by
thermal conduction and radiation. The microheater assembly in this study had
those heat losses less than 200 mW. The heat conduction through the photoveel
circular tube was 110 mW under the 100 K temperature gap. Black body radiation
from the heater surface into the space is 90 mW at the heater temperature of 373

K. Those losses would be neglected in a typical operation of 10 W class PPTs.

4.6 Comparison of LP-PPTs and APPTS

In the last of this chapter, let us compare the charcteristics of LP-PPTs and
APPTs. As shown in the previous work, the most advantage of LP-PPTs is
their higher specific impulse, reaching to 3000 s by throttling the ejection liquid.
However the too small amount of liquid inejction forces discharge occuring under
extremely low pressure, and it would cause the wide variations of impulse, see Fig.
4.23. As a result, the adequate operation will be accomplished with over 5 u g
mass shot with the specific impulse around 2000 s in my opinition. That three
times higer Isp than APPTs reduces the propellant mass, and the reduction of
the propellant should be larger than the weight increment by the liquid injector
intalling. The liquid injecter dealt here weighs 78 g, but further miniaturization
will be easily accomplished, about down to 50 g. On the other hand, APPTs
requires constant force springs to push PTFE block, which would weigh about
10 g. Usually, PPTs are mounted on spacecraft with several heads to increase
the mobility of spacecraft, typically 8 heads. Each head requires liquid injector
for LP-PPTs or spring system for APPTs. As a result, LP-PPTs cause the 320
(40x8) g weight increase. Threfore if APPTs has the propellant PTFE more than
500 g, the weight increase by the injector will be compensated by the increment of
the specific impulse, and that system will be advantaged by using LP-PPT instead
It corresponds the missions with delta-V more than 80 m/s on 50 kg spacecraft.
In addtion to the weight reduction by higer Isp, liquid propellant has the
advantage of the arbitrary configurations of the fuel. APPTs requires long polymer

bolck as the propellant, and it may give difficulty in the integration to spacecraft.
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Figure 4.47: Dawgstar APPT desinged in University of Washington.

Typical 10 J class APPTs has the 2 cm? cross section of PTFE bolck. It means
100 g PTFE block has the length of about 25 cm (the density of PTFE is about
2 g/cm?). Figure 4.47 shows an APPT designed in Univesity of Washington for
Dawgstar satellite[115]. If much more propellant is needed, the longer PTFE block
may conflict with the other spacecraft hardwares.

Moreover, other advantages of using liquid propellant are avoinding non uni-
form ablation of the polymer and use of no charring or toxic material. The polymer
material is likely to attach on solid walls of thruster and spacecraft rather than
liquid propellant. On the contrary, disadvantages of liquid propellant are risks of
leaking and clogging of liquid. Additionally, water has the capability of icing in
sapce. The use of heater to melt the ice will increase a lot of power. In terms of
stabel propellant selection, alcohol propellant is attractive. Previous work on lig-
uid propellant PPTs showed the successful operation using ethanol and methanol

propellant with the equivalent performance.
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4.7 Conclusion of Chapter 4

In this chapter, a liquid pulsed plasma thruster was investigated and its perfor-
mance improvement methods were proposed, and the following conclusions were

obtained.

e Energy partitions in a liquid propellant PPT was evaluated. Of the energy,
22 % was used as the electromagnetic acceleration of plasma, 27% was con-
sumed as the energy loss in the external circuit was 27 %, and 51 % was
consumed in the plasma. The energy loss in the plasma was higher than one
of the ablative PPT with the same configuration. As a result, lower thrust

power ratio using water was caused by the higher plasma resistance than
using PFFE.

e Seeding sodium chloride in water decreased the plasma resistance and in-
creased the thrust by 5.5 %. Emission spectrum from discharge plasma was
also strengthened by the seeding. In contrast, ammonia seeding showed no

a little decrease of the thrust.

e Liquid vaporization rate was enhanced using a micro heater and it enabled

breakdown by the pressure rising injecting 6 ug water droplets.

e The enhanced water vaporization increased the thrust by 30 % with dou-
ble discharge mode. It was because that the interelectrode pressure was

increased by enhancing the water vaporization.



Chapter 5
Conclusions

This study has been performed to propose and develop micropropulsions suited
with 1 - 00 kg microspacecraft. In order to reach to the goal, the following studies
were conducted. First, a high accuracy thrust stand was developed to exactly
evaluate the performance of micropropulsions. Secondly, a dual propulsive mode
laser microthruster was proposed for microspacecraft less than 10 kg and the
fundamental characteristics were clarified. A pulsed plasma thruster using liquid
was investigated for microspacecraft over 10 kg by clarifying energy partitions,
and the performance improvements were conducted. The major conclusions of

this study are:

Thrust stand for micropropulsions

e A thrust stand with high resolution and accuracy was developed. The reso-
lution was less than 1.0 uNs and the accuracy is within 2.0 %. That thrust
measurement was examined using thrusters of the weight up to 2.0 kg (the

stand was designed to endure thruster weight over 10 kg).

e Tight adjustment of the gravity center (<10 pu m) and effective damping of
the stand enabled the high resolution and high usability.

e A curve-fitting method was newly proposed to removing the mechanical
noises induced by background vibrations. That effect was analytically clar-

ified and experimentally verified.
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Dual propulsive mode laser microthruster

e The successful operation of laser ablation mode was verified using polyvinyl

chloride propellant. The thrust provided by the laser ablation was propor-
tional to the laser pulse width with the thrust to power ratio of 40 to 150
uNs/J according to the ablative material. It enabled the laser ablation mode

to provide lower thrust with high resolution.

Absorption rate of the ablative propellant strongly affected the thrust perfor-
mance, especially thrust to power ratio. Polyvinyl chloride with rich carbon

density showed higher thrust to power ratio.

Laser ignited combustion of pyrotechnic in vacuum was verified using boron /
potassium nitrate. The laser ignition processes of Boron / potassium nitrate
was well reproduced with numerical calculation, where three dimensional

heat conduction problem was solved with the exothermic reaction.

The threshold laser power and pulse with for the laser ignition was adequate
for the use of microspacecraft, 300 mW and 150 ms. That laser ignited
combustion enabled laser microthruster to provide higher thrust of 11 mNs

and 600 mNs according to the size of the pyrotechnics.

Pulsed plasma thruster using liquid propellant

e Energy partitions of a liquid propellant pulsed plasma thruster was evaluated

and the most energy loss was the dissipation in the plasma (51 %). It
was revealed that the higher plasma resistance when using liquid propellant

caused the low thrust power.

Seeding sodium chloride in water decreased the plasma resistance and in-
creased the thrust by 5.5 %. Emission spectrum from discharge plasma was
also strengthened by the seeding. In contrast, ammonia seeding showed no

a little decrease of the thrust.

Liquid vaporization was enhanced using a micro heater and it enabled break-
down by the pressure rise with the adequate mass shot. The enhanced water
vaporization increased the thrust by 30 % with a double discharge mode. It

was because of the increased interelectrode pressure.
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Appendix A

Force transducer discharge

Discharge constant

A piezo type force transducer has its discharge constant. A piezoactuator used as
a force detector can be assumed a capacitance, and the stored charge is changed by
the exerted force. Discharge constant is a period in which the charge discharges.

Typical pulse response of a piezo type force transducer is shown in Fig. A.1. When

Force

4V

Output

AV_/

Figure A.1: Pulse response of a piezo force transducer.

constant force is applied, its output exponentially decreases, and, after the pulse,

output is shifted to not zero but -AV/, corresponding to the decrease of the output
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at the end of the force pulse. AV is given by
AV =V, (1 —exp(—to/T)) (A.1)

We consider impulse response to obtain the response for arbitrary waveform. For

a very shot-time pulse, the voltage drop AV is given by
AV = Voto/T (A.2)
, and the tail after the impulse is
Viait(t; o) = —Vot;oe(t_tﬁm)h (A.3)

At t = t, there is a residual voltage V' (¢;y) from an impulse response of t = t.
Therefore, an arbitrary waveform force f(t) has an accumulated residual voltage
att =1

Vies = _Zf(to)ge(t—toJrAt)/T (A.4)
to<t T
t 1

~- /0 flto)=e®/"dty (At —0) (A.5)
1 t

- = /0 Flto)e™/dtq (A.6)

As a result, the actual output voltage V*(t) against the ideal output voltage V()

is

V) = V() — et /Ot F(to)e " dt (A7)

T

Inverse transform

Multiplying exp(¢/7) on the both side of Eq. A.7 and differentiating it, we obtain

voodve V)
_ave V@) A8
7 T - (A-8)

Again integrating this equation,

V() = V) + [ Vis)s (A.9)

From this equation, we can calculate the ideal output voltage V' (t) from V*(t)
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Application to the actual ouput from FT.

Figure A.2 shows the measured output voltage of force transducer, and the cor-
rected voltage according to the Eq. (A.9). Here, we have to know the discharge
constant to perform the inverse transform of Eq.(A.9). In the data sheet of our
force transducer, however, discharge constant was described only as "more than
1 s”. Hence we need more accurate description about the discharge constant.
The measured output by the impact of calibration hammer shows off set after the
impact. This off set would causes the discharge of piezoelectric element, which
gradually decrease according to the discharge constant of more than 1 s. The ideal
force by impact hammer must have zero at this point. Therefore if we carry out
inverse transform using an appropriate discharge constant, the obtained waveform
would show no off set. I determined such discharge constant that the inversely
transformed waveform has zero after the impact, using 7 data during 20 data we
measured. As a result I obtained the discharge constant as 1.8 s, and all data were

corrected using this time constant and the impulse was calculated.

Voltage (V)

0.00 0.02 0.04 0.06 0.08 0.10

Time (s)

Figure A.2: Measured output voltage of the force transducer and its modified

output according to Eq. A.9.






Appendix B

Vacuum Facilities

UT space chamber

UT (University of Tokyo) space chamber has the volume of 1.0-m-diam and 1.5-
m-long. Figure B.1 shows the picture of that chamber. The chamber is made
of stainless steel and evacuated using two stage pumps: rotary pump and turbo

molecular pump. The rotary pump is VD-401 from ULVAC, Inc. which has the

Figure B.1: Picture of UT space chamber.

pumping speed of 670 L/min. The turbo molecular pump is TMP-403M from
Shimadzu Corporation which has the pumping speed of 340 and 420 L/s for Hs
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and Ny respectively. The pressure can be evacuated down to 5 x 10~% Torr with no
thruster in it. The pressure was measured using a Pirani gauge for 0.1 ~ 760 Torr
and an ionization vacuum gauge under 10~ Torr. Fig. B.2 shows the schematic

diagram of the evacuating system. That chamber has three electrical ports to

lonization

gauge ?

Chamber
(D:1.0m, L:1.5m)

Gate Valve

Turbo molecular pump

Valve % @ Pirani gauge

Rotary pump @ Oil mist trap

Figure B.2: Schematic diagram of the evacuating system of UT space chamber.

introduce electrical feed lines into the chamber. The specifications of the three
ports are shown in Table B.1, B.2, and B.3.

TMAE cubic space chamber

TMAE (Tokyo Metropolitan of Aeronautical Engineering) chamber has the volume
of a 0.9-m-cubic. The chamber is also made of stainless steel and evacuated using
two stage pumps: rotary pump and turbo molecular pump. The turbo molecular
pump is TG220F from Osaka Vacuum, Ltd. and has the pumping speed of 100

and 220 L/s for Hy and Ny respectively. The pressure can be evacuated down to
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Table B.1: Specifications of electrical ports on UT space chamber; 6 inch (DN150)
side port for high voltage.

Manufacurer Greentec Co., Ltd.
Product Number 804B4275-14 802C6530
Number of conductors 1 1
Number of plugs 2 2
Maximum voltage 12 kV 30 kV
Maximum current 30 A 2 A

Table B.2: Specifications of electrical ports on UT space chamber; 6 inch (DN150)

side port for low voltage.

Manufacurer Greentec Co., Ltd.
Product Number 9999-10 BNC-JJ
Number of conductors 10 1
Number of plugs 2 2
Maximum voltage 1kV -
Maximum current 3A -

Table B.3: Specifications of electrical ports on UT space chamber; 4 inch (DN100)
top port.

Manufacurer Greentec Co., Ltd. CeramaTec NA Corporation
Product Number 9999-20 9216-08-W
Number of conductors 20 4

Number of plugs 1 2

Maximum voltage 1 kV 6 kV

Maximum current 3A 27 A
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1 x 10=* Torr with no thruster in it. The inner pressure was measured using a
compact fullrange™ CC gauge: PKR 251 from Pfeiffer Vacuum GmbH. It contains
two types of vacuum gauge and can measure the pressure from the atmosphere to
high vacuum. In high vacuum, cold cathode ionization vacuum gauge works. That
chamber has two electrical ports, which are the same as those shown in Table B.1
and B.2

Figure B.3: Picture of TMAE cubic space chamber.
Fullrange vacuum gauge

Chamber
(0.9 mcubic)

Valve

@ — Outside
Turbo molecular pump § Rotary pump

Figure B.4: Schematic diagram of the evacuating system of TMAE space chamber.



Appendix C

Amplitudes of Random Process

Noise

Amplitudes of periodic random process noise is related to the power spectrum and

corelation function. Arbitrary function z(t) with a finite period of (—1/2,1/2) can

be expressed using the Fourier serie

Z (ancoswyt + by sinw,t)  , w, = —

n=1

2/1
Z / ) cos wytdt

2/1

2/1
by, / ) sin wy, tdt
1) /l

Here we will obtaine the ensembel average of the squared amplitude, A2.

A?L — a2 + b2
2/1
= l2 / ) /dt’ t") {cos wpt cos wyt’ + sin w,,t sin wnt’}}
o1 J-2s1
2/1 2/1
=B / ) /dt/ t') coswy (t —t )}
o1 J-2s1
and
4 2/ 2/1
<AL> = —/ dt dt’[ < z(t)z(t') > coswy,(t — t’)}
21 J—2/1

2/1 2/1 t
N l2/2/l /2/1 ¢ ) coswnT }
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l2

1L

/Ol R(7) cosw,T(l —T)
%/_ll R(7)cosw,T(l — |7]) dT

4 gl
COS Wy, T dT——/

AMPLITUDES OF RANDOM PROCESS NOISE

4 0
dT+l_2/—l

R(7)cosw,7(l 4+ 7) dr

B R(7)7T cosw, T dr (C4)

-l

Ir(1/1%)

where the definition of the corelation function, R(t) =< z(t)x(t') >, was used.

Assuming that the integral of socond term converges and has a finite value,

4
< A2 >= 7/ R(7) cosw,T dr + Ix(1/1?)
—1
Hence, in the limit of [ — oo,

4 foo
< A2 >= 7/ R(7) cosw, T dt

(C.5)

(C.6)

Using the above epression, summation of the amplitude weighted by an arbitrary

function can be converted to the integral of the power spectrum.

i <A > flwy) = il EAW /_l R(r) cos w7 dr + JR(A&)F Flwn)
= [Tw [% 1@ [~ Brycoswr dr] (1= o0)
= 2 [ f(w)S() dw (1)
where,
Sw) = % | B ar (C.8)
_ % / ‘: R(r) coswr dr (C.9)

was used.



Appendix D

Thermal Conductivity of Mixture
Solid

Predictions of the thermal conductivity of heterogeneous solid mixture have been
developed by several authors [87, 88, 89, 90, 91]. To date, however, no general
equation exisits to predict it. The thermal conductivity of heterogeneous solid
mixture depends on the phase geometry as well as the on the properties of mate-

rials. Here, several predictions are summerized.

Nomenclature
p:  volume fraction of mixed solid
ke:  thermal conductivity of continuous phase
kq: thermal conductivity of discontinuous phase
kn: thermal conductivity of mixed phase
A ratio of thermal conductivities of discontinuous phase (kq/kc)

Am : ratio of thermal conductivities of mixed solid(ky, /k.)

Maxwell

A+2-—2p(1—))
A+24p(l—N)
which is derived from the electrostatic field problem on the dielectric with porus
(p<1).

Kobayashi et. al [87] conducted the numerical analysis in heterogeneous solid

Am (D.1)

mixture with the voronoi-polyhedron element method, and derived the following
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empirical equation

ChiA + Cadg + C3)A3

A = D.2
Ci+ Cy+Cs (D2)
A1
F:ln< +2 M) ., G=51-2p)(1=p)p)*™ InA+1
A
N=— Cy = Fpt!
Ao =pA0TP 4 (1—=p)t® | Co=09F(1—p)**
)\3 =\ , 03 = p)\(2—3p)/2

Woodside [90]

= (S (D ) ren) 03

6p 1/ 4
R=(= Y ———
(w) TSR

Russel [91]
2/3 _2/3
o Ap*? + (1= p*°) (D.4)
AP —p)+ (1 =p** +p)
Yuge [88]
dy +\/d2 + 8d1d
Ao = — (D.5)
2\
— 1 J— _
di = (1 = p) + pdodo ]
dy = pA+ (1 = p)do ; do = (2=3p)di + (3p — 1)dy
Cheng and Vachon [89]
1 20+ 3B -
m=13—n|{——70ms 1-B :
A {aﬁn<2a—ﬁB>+ } (D.6)

B =,/3p/2 ;
a=yA—1)B+1 , B=/4A—1|+B

Boron potassium nitrate that is a pyrotechnic used in this study is mixture of
boron in potassium nitrate. The thermal conductivity of boron is listed in Table
D.1. It largely depdends on the temperature from 27.6 to 6.29 W/mK correspoindg
temperature of 300 to 1000 K. On the other hand, the thermal conductivity of
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molten potassium nitrate remained around 0.4 ~ 0.5 W/mK [121]. The diameter
of the mixed boron particle was less than 1.0 ym and the weight fraction of 0.30
and the volume fractionof 0.27. Due to its large difference of the conductivities
and not small volume fraction, the accurate prediciton of the B/KNOj pellet is
difficult.

Table D.1: Thermal conductivity of boron.

Temperature (K) Thermal conductivity (W/mK)

300 27.6
400 18.7
700 9.41
1000 6.29
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Figure D.1: Thermal conductivity of boron-mixed-KNOj3, temperature depen-

dence
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Appendix E

Rogowski Coil

Principle of a Rogowski coil

A Rogowski coil is essentially multi-turn solenoid deformed into a torus which en-
circles the current to be measured and the end of the coil winding wire is brought
back through the turns of the coil to the initial end. Figure E.1 shows the cencep-

tual drawing of a Rogowski coil. Putting the torus as a loop C, let us calculate the

Poloidal circle

N Loop, C

~

=77~ 3p, Winding density, n
N Vemf
x Rogowskl coil

Figure E.1: Conceptual drawing of a Rogowski coil.

linkage flux, namely magnetic flux threading the coil element along a line element

dl.
d® = B-sndl = snB-dl (E.1)

where B is the magnetic field through the poloidal circle (coil element), s is the
normal on the poloidal, n is the number density of coil turns, and dl is the line

element vector. It is assumed that the poloidal circle is so small that the magnetic

231
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field can be assumed to be uniform on the circle and that the poloidal circle is
perpendicular to the line element. Magnetic flux threading all of the coil is the

sum of d® over the loop C, and
o = ?{dcp - sn?{B-dl — snuol (E.2)
c

where s and n are assumed to be constant over the loop and Ampere’s low is
applied . [ is the current penetlating the loop C', which is the current to be
measured. Equation E.2 is the linkage flux by the magnetic field induced by the
discharge current. Hence pgpsn is the mutual inductance between the circuit to
be measured and the Rogowski coil. Expressing the mutual inductance as M, the

electromotive force Viye is

dd dl dl

e I/ S - E.
dt dt HoST ( 3)

‘/cm ==
! dt

After all, output voltage of a Rogowski coil is proportional to the derivative of
the threading current, and its proportional constant is the mutual inductance of
them.

In the deviation of the above relation, the following are assumed,
e Winding density and poloidal area are constant over the loop.
e Magnetic flux is uniform on the poloidal circle.

e Poloidal circle is perpendicular to the lien element of the loop.

Then it must be cared that the fabricated Rogowski coil satisfies those assump-
tions. In other words, a Rogowski coil can be arbitrarily deformed and the mea-
sured current can pass through any point in the loop so that those assumptions
are satisfied. Large poloidal circle increases the sensitivity but decreases the uni-
formity of magnetic flux on the circle. Current through the center of the loop is
likely to give uniform magnetic field on the poloidal because the field has large

space gradient near the current.

Integration circuit

It is necessary that a integrating device is interposed between a Rogowski coil and

a recording oscilloscope because a Rogowski coil delivers a voltage proportional to
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p RN

VOlI

Vemf
R

Figure E.2: RC integration circuit.

the derivative of the current. Generally a passive RC' integration circuit is used
to integrate the output of a Rogowski coil, as shown in Fig.E.2. Output voltage
of the integration circuit, V,, is related to the input voltage, electromotive force

of a Rogowski coil Vs as

1/(iCw)
ou . em E4
Vout R+1/(iCw) ™ (E4)
‘/cmf = (ZRCCU + 1)‘/0ut = (RO% + 1) V:)ut (E5)

Integrating it using the relation of the current and electromotive force, Eq. E.3,

1 = If:—?(;, (RCV:)ut "’/V:)ut dt) (E6)

In the case that the time constant of the RC integration circuit is much larger than
the time scale of the phenomenon, the second term of Eq. E.6 can be neglected,

and

sn

out — — [ =—=]
Vou = topel = 1

(E.7)

Effect of the self inductance of a Rogowski coil

In general, a Rogowski coil is connected to an integration circuit and the electro-
motive force causes current passing through the Rogowski coil itself. The electro-
motive current induces magnetic field opposite to the field by measuring current.
That field leads to an error, and the effect is considered here.

Electromotive force on a Rogowski coil obeys the actual magnetic field gen-
erated in the coil which is the summation of magnetic field by the current to be
measured and by the current through the Rogowski coil itself. Hence the actual

electromotive force is

d
Vons = 2@ = 2 § (B =By - dl (E.8)
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where Byr is the magnetic field induced by the current passing through the Ro-

gowski coil, I.n¢. Putting the self inductance of the Rogowski coil as L,

%mf
R

where the right hand side is in the case that the Rogowski coil is connected to an

?4 Bowt - dl = Lloni = L (E.9)
C

resistance R. Combining it to Eq. E.3,
d dl  Ld

Vemt = =@ =M— — =—Vin E.10
T dt  Rdt ™ (E.10)
Solving it about Vi,
—t/T .t dI L
Vemt = ME — Eet/Tdt, where 7 = = (E.11)

For instance, if the current is a sinusoidal wave I = Ijsin(wt), the electromotive
force becomes

(U[(]

Vem M———=
f 1+ (wr)?

(Cos(wt) + wrsin(wt) — e_t/T) (E.12)

Hence, the effects of the self inductance of a Rogowski coil are decreasing the
amplitude (denominator in the r.h.s of Eq. E.12), phase shit (second term in
the parentheses), and distortion of the waveform (third term in the parentheses).
If wr < 1, Eq. E.12 becomes Eq. E.3. Figure E.3 shows the effect of finite
inductance of a Rogowski coil. In the case of wr = 0.2, The sinusoidal curve
shows the delay of the rising and phase from the wr = 0 case.

As a result, the time constant on a Rogowski coil, 7 = L/R, distorts the
waveform, and it should be set to be much smaller than the characteristic time of

the system. The self inductance of a Rogowski coil is expressed as
L = posn®lc (E.13)

where [¢ is the effective length of the deformed solenoid. Because L is quadratically
and M is linearly increased with the inrcease of the winding density, increasing
winding density to improve the sensitivity leads to large time constant. Increasing
the number of linkages of loop C' and the measured current is better a method. If
there are multiple linkages between the current to be measured and the Rogowski

loop C, the self inductance and mutual inductance are

L = puosn®*Nele and M = pgsnNe. (E.14)
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Mal

Vemr
S

—Mal

wt

Figure E.3: Effect of the self inductance of a Rogowski coil on the output of the

RC integration circuit.

where N¢ is number of linkage of loop C. Bothe are linearly incresed with the
increase of the linkage number. In the study of PPTs, the secondly fabricated

Rogowski coil had two linkages with decreasing the winding density.
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Electrical Circuit Diagrams
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Vce+: 15V
Vce-:-15V
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Figure F.1: LVDT signal conditioner.
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Figure F.2: Electromagnetic damper circuit.
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Figure F.3: Power supply of the piezoelectric force transducer.

12vo

TTL:5V

255Q

Figure F.4: Driving circuit of the liquid injector.
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Pulse transformer

DC power AN (1:50)
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Figure F.5: High voltage pulse generator for the spark plug.
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Figure F.6: Photo amplifier to generate TTL signal.
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APPENDIX F.

Thermocouple conditioner (type K)

Temperature measurement point —> > 8
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Figure F.7: Thermocouple conditioner.

ELECTRICAL CIRCUIT DIAGRAMS
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Differential amplifier (A=200, set-point discriminator )
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Figure F.8: Temperature set-point controller.
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