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1. Abstract
We report on the results of phase I feasibility study of a new type of propellantless
propulsion mechanism that can potentially accelerate the cargo spacecraft to velocities as
high as twice the solar wind speed. Since the solar wind speed can range from 300 to over
1000 km/sec, this propulsion mechanism would deliver speeds faster than any existing or
proposed propulsion system. This new mechanism is based on the observation that
microscopic charged particles are routinely “picked up” by the large-scale electric and
magnetic fields in the solar wind. One important question is whether charging a large
massive object like a spacecraft would enable it to be picked up by the solar wind. We
have developed specialized electrostatic and electromagnetic simulation codes to address
this problem, as well as problems related to the charging of the spacecraft while
protecting it from the hazardous electric and magnetic fields. Through such simulations
we have been able to validate the concept and demonstrate that the solar wind does
indeed pick up a charged spacecraft. We have also investigated issues related to power
requirement, the necessary power supplies, and structure and material of the carrier
spacecraft. The results of these preliminary studies are quite promising and have revealed
no major obstacles to the development and utilization of this novel propulsion system. As
we demonstrate this mechanism is very efficient, has a specific impulse of more than 106
seconds, and can deliver cargo spacecraft to outer planets on timescales much shorter
than is currently feasible. As an example a mission from Earth to Jupiter can be achieved
in 100 days, and to Pluto in 300 days.

2. Introduction
2.1 Propellantless Propulsion
In order to facilitate optimum exploration of outer planets and beyond it is required to
have mission to these regions within a 10-year period after launch. This requires
spacecraft speeds much faster (50 km/s and higher) than is currently possible. To achieve
speeds of even close to 50 km/s, propellant-based propulsion systems either require
prohibitively high fuel-to-payload ratio (chemical propellant) or prohibitively large
electrical power (e.g., ion thrusters). Thus much effort has gone into devising
mechanisms that tap energy from the ambient medium. Examples include Solar Sails,
Magnetic Sails, and Mini-Magnetosphere Plasma Propulsion (M2P2). Solar Sails are
based on reflection of sunlight (photons) and were conceived in the early part of the 20th
Century. As the name implies, large sails (e.g., 100 x 100 m2 composed of Mylar) with
various shapes are used to reflect 85% or more of the incident sunlight and gain
momentum in the process. This momentum is then transferred to a robotic (cargo)
spacecraft through the sail assembly. Magnetic Sails are based on the reflection of solar
wind ions, which are streaming away from the Sun at high speeds. Large superconducting
rings, carrying electrical currents, are used to set up a magnetic field, which would reflect
a portion of incident ions. The resulting momentum gain is transferred from the magnetic
field to the ring structure, which in turn transfers the momentum to a cargo spacecraft.

Mini-Magnetosphere Plasma Propulsion is also based on the reflection of solar wind ions.
However, rather than a superconducting ring a solenoid is used to create large magnetic
fields (about 1000 Gauss) at the spacecraft so as to create a magnetic bubble (minimagnetosphere) capable of reflecting a portion of the incident solar wind ions.
In this report we provide the results of a NIAC Phase I feasibility study of a new type of
propulsion system that can achieve unprecedented speeds as high as twice the solar wind
speed. The key distinguisher between this mechanism and all other previously proposed
propulsion systems is in the way it couples to the solar wind. Rather than relying on
reflection of either photons or ions from an expansive barrier stretching over many
kilometers, this propulsion system enables the spacecraft to “latch on” to the large-scale
electric and magnetic fields present in the solar wind, riding it to large velocities. The
basic premise behind this highly efficient process is now described.
2.2 E x B Acceleration Process
The solar wind consists of electrons and ions which stream away from the Sun carrying
its magnetic field (Interplanetary Magnetic Field; IMF) hundreds of AUs (distance
between the Sun and Earth) into the interplanetary space. Due to its high conductivity,
there exist no large-scale electric fields in the frame of reference where solar wind is
stationary. However, in a frame where solar wind has a velocity VSW, there exists a socalled induced (or motional) electric field E. The direction and magnitude of this field are
illustrated in the left panel of Figure 1. Here the solar wind speed is in the X-direction,
IMF (B) is in the XZ plane and forms an angle θ relative to the solar wind speed, and c is
the speed of light. As is evident from this figure, the motional electric field is
perpendicular to both VSW and B and lies in the Y direction.

Figure 1

VSW is along the radial direction from the Sun and a typical value for θ is ∼ 45o at 1 AU,
although its actual value can fluctuate significantly in time due to changes in the IMF
direction.
The motion of a charged particle with mass (m) and charge (q) in the presence of the
electric and magnetic fields of Figure 1 can be obtained from the Lorenz force law (also
shown in Figure 1). The resulting motion consists of gyration about the magnetic field as
well as a drift (the so-called ExB drift) in the direction perpendicular to the plane
containing the E and B vectors. The magnitude of the particle’s velocity (V) as a function
of time can be derived analytically. The expression for this velocity is given and plotted
in Figure 1. Here Ω is the gyro-frequency (frequency of gyration about the magnetic
field) (for more details see any introductory plasma physics book such as Chen, 1974).
An interesting aspect of this motion is that the maximum speed achieved by the particle is
independent of both (q) and (m), i.e., regardless of its mass any charged object in the
solar wind would reach the maximum speed of 2VSW Sin(θ). However, the time required
to reach this speed (i.e., the object’s acceleration) is dependent on the ratio of q/m and is
equal to half the gyration period of the object. We will refer to the time to reach the peak
speed as the “acceleration time”. Depending on the ratio of q/m, the object’s acceleration
can vary from thousands of “g”s (Earth’s gravitational acceleration) to less than 1 g.
Beyond the acceleration time, the object’s velocity begins to decrease and reaches zero
once the object has comple ted a full gyration about the magnetic field and the cycle
repeats itself. This acceleration process has been observed to occur in a number of space
plasma settings such as comets and in active experiments in the solar wind (see e.g.,
Omidi and Winske 1986, 1987; Luhr et al., 1986; Paschmann et al., 1986). In the case of
comets, neutral gasses ejected from the nucleus move outward with a velocity of about 1
km/s, which is negligible compared to the solar wind velocity. Ionization of these gasses
through UV radiation and other mechanisms creates a large number of stationary ions in
the solar wind that are in turn “picked up” through the ExB acceleration process and form
the cometary ion tail.
Motivated by the many observations of charged particle pick- up in the solar wind, we
have proposed a new propulsion mechanism that achieves its propulsion through the ExB
acceleration process.

2.3 HITV Concept
In order for a spacecraft to be accelerated through the ExB process in the solar wind it
must be electrically charged. Spacecraft charging to kV potentials occurs naturally in
space due to interaction with the surrounding plasma and solar radiation (Garrett and
Whitllesey, 2000). Over the past three decades much has been done to understand and
control the level of spacecraft charging in order to avoid a number of undesirable effects.
For example, electrostatic discharging is a common hazard associated with spacecraft
charging and can lead to partial or complete disruption of electronic systems. Similarly,
spacecraft charging results in considerable level of plasma interactions around the

spacecraft, making it hard or impossible to make in-situ measurements of the undisturbed
plasma.
For these and other reasons it is not possible to place sufficient charge (hundreds to over
thousand C) on a typical spacecraft (100-1000s kg) to achieve appreciable speeds within
reasonable time scales. To overcome this difficulty, we proposed a new type of spacecraft
called High Speed Interplanetary Tug/Cocoon Vehicle (HITV) capable of withstanding
large (MV/m) electric fields and high-energy particle bombardment. The Tug or Cocoon
aspect of these vehicles is associated with the need to protect the robotic (cargo)
spacecraft from the EM hazards associated with the charging process. In a Tug
configuration, HITV would be “pulling” the cargo spacecraft at sufficiently large
distances so as to avoid damaging it. In a cocoon configuration, the cargo spacecraft is
placed within HITV to protect it from the hazardous electromagnetic environment outside
of HITV. Once the desired acceleration is achieved (within a gyration period), HITV
proceeds to discharge and enter a cruising mode whereby the cargo spacecraft is released
towards its target. Although HITV is conceived as a vehicle, at its core, it can also be
considered as a propulsion system in the same way that solar or magnetic sail structures
are considered a propulsion system. Capable of electrical charging/discharging and
thereby gaining momentum from the solar wind, HITV transfers this momentum to a
cargo spacecraft while protecting it from the EM hazards associated with the propulsion
process.
The phase I feasibility study reported here shows that HITVs hold a great promise for
future transportation in and outside of the solar system. With Specific Impulse of 106 (s)
or more it is an extremely efficient propulsion system capable of accelerating a wide
range of cargo spacecraft (10 to 1000s of kg) to velocities, which go considerably beyond
those achievable through other propulsion mechanisms considered so far. In the
following we describe the results of our investigation in some detail.

3. From Concept to Reality-A Systems Approach to
HITV
As part of the phase I feasibility study of HITV, we adopted a systems approach and
identified top- level issues that need be addressed in a certain order of priority. These
topic areas, listed in Figure 2, can be classified into two general groups. The items on the
left in Figure 2 address the most fundamental and basic questions of feasibility and need
to be addressed first. For example, one has to establish that the solar wind can indeed
pickup a massive charged object such as a spacecraft before moving on to issues
regarding the type of material to use in construction of HITV. The items on the right in
Figure 2 concern practical aspects of building and using HITV and require a thorough
investigation if the first set of issues have had a positive outcome. Accordingly, we have
focused most of our effort to issues listed on the left in Figure 2 and deferred a more
thorough investigation of the other issues to phase II of this project. In the remainder of

this section, we briefly describe the key elements in each of the top- level topics in Figure
2.

Figure 2
3.1 Acceleration
The formulation of the ExB acceleration process, described earlier, was based on a
number of simplifying assumptions. First, the derivation is based on “single particle
theory”, which ignores the back reaction of the particle on the fields. Secondly, the fields
are assumed to be uniform in space and time- independent. As a result, this theory has
limitations and cannot be freely applied to situations where collective plasma processes
are important. For example, pickup of cometary ions by the solar wind results in a
deceleration of the solar wind as well as significant modification of the solar wind
electromagnetic fields (e.g., Omidi and Winske, 1986, 1987). Therefore, while single
particle theory suggests that large, massive objects can be accelerated by the solar wind
just as easily as a single elementary particle can, this premise must be examined using a
more complete theory which accounts for the full interaction between HITV and the solar
wind in a self-consistent manner. A considerable part of this feasibility study was devoted
to the investigation of this process using kinetic electromagnetic simulations. The results,
described in section 4, establish that indeed a large macroscopic object such as HITV can
be accelerated to velocities comparable to that of the solar wind. While certain
limitations, due to nonlinear processes, exist there exist a wide parameter regime where
acceleration of massive objects (1000s of kg) is possible. The high values of the Specific
Impulse obtained (105-6 seconds) establish HITV as a highly efficient propulsion system
with great promise.

3.2 Trajectory
In addition to achieving high velocities, another advantage of HITV is in its wide range
of possible trajectories. These trajectories are possible due to the fact that during the
gyration period, HITV’s velocity changes directions considerably. The desired
orientation and steering can be obtained through timing of the HITV discharging (i.e.,
entering the cruise mode). Due to the nature of HITV’s propulsion mechanism,
acceleration out of the ecliptic plane is easily achievable and non-Keplerian orbits could
be obtained. In section 5 we present preliminary results of our investigation and also
highlight a number of important issues that need to be addressed in phase II of the
feasibility study.
3.3 Charging Mechanisms
A very critical component of HITV is its charging mechanism and a considerable portion
of this feasibility study was devoted to this issue. Spacecraft interaction with the ambient
medium can naturally lead to very large charge buildup on the spacecraft. In addition,
active methods of charging, based on either injection or absorption of a charged particle
beam, are possible. To examine the charging process, we developed a specialized full
particle electrostatic simulation code. We concentrated our efforts on two possible
charging mechanisms for HITV. One is the use of electron guns to emit beam of electrons
from the surface of HITV. The other is based on deep dielectric charging by electron
bombardment of HITV. The electron bombardment occurs naturally due to the presence
of high-energy electrons in the solar wind. It can also take place by pointing an electron
beam to the surface of HITV. This latter process has been studied through space and
laboratory experiments as well as numerical simulations. An overview of the charging
issues, associated discharge time, and a detailed descriptions of the above two charging
mechanisms are provided in section 6. While both of these mechanisms may be a viable
solution, determination of the optimum charging mechanism( s) requires further study.

3.4 Power
One important factor in determining the optimum charging mechanism for HITV is the
level of power requirement. In our investigation of the various charging mechanisms
considerable attention was paid to their power consumption and whether it could be
supplied in a space environment. Given that natural spacecraft charging in space is
common, it is desirable to utilize this feature to minimize power consumption. The deep
dielectric charging process is an example where exposure to natural particle radiation in
space could provide for a significant fraction of the total charging required. As a result
considerable savings in power supply requirements can be achieved. Our investigation
also shows that power requirement for operation of electron guns necessary to achieve
the desired level of charging is about 1 kW, which can be supplied on board using
existing technology. The details of these results are presented in section 7.

3.5 Structure and Material
The structure of HITV is a design issue that needs to be ultimately addressed once some
of the issues stated above are resolved in sufficiently more detail. However, some
preliminary aspects of HITV structure were addressed in the phase I study. Based on our
early calculations at the time when we first proposed the concept of HITV, we envisioned
HITV to have a spherical design with a radius of 1 to 10 km. As a result of our phase I
study, however, we have been able to reduce the size of HITV dramatically. Assuming a
single spherical shape for HITV, the radius of the sphere would be 200 m or less.
Utilizing a more elaborate structure for HITV containing a number of spheres could
further reduce this size. The desired material property of HITV is tied to the actual
charging mechanism utilized. For example, conducting material (e.g., aluminum) are
appropriate for the use of electron gun charging while dielectric/composite material (e.g.,
Mylar) would be needed for deep dielectric charging mechanism. Our study also shows
that two highly desirable features for HITV material are low mass density and the ability
to maintain high charge densities without degradation of the material. We believe
composite material with tailorable electrical properties hold great promise for future
construction of HITV. In section 8 of this report the results of our investigations on issues
related to HITV structure and material are provided.
3.6 Utilization Schemes, Communications and Attitude Control
As stated earlier, this class of issues concerns the building and utilization of HITV and
can only be addressed once the more basic issues related to the feasibility of HITV are
resolved. As such we have only lightly touched upon this class of problems in our phase I
phase and have deferred a more complete investigation to phase II.

4. Feasibility of HITV Propulsion and Its Comparison
to Other Mechanisms
To examine the viability of the ExB acceleration process for a macroscopic object such
as HITV we have used electromagnetic computer simulations. In the following we
provide a description of the simulation model, review the results and compare them to
other propulsion mechanisms.
4.1 Proof of Concept
Due to the large mass of ions relative to electrons, ions carry most of the momentum and
energy in the solar wind. Protons make up the bulk of ions in the solar wind. As a result,
the pickup of HITV by the solar wind is expected to occur on proton spatial and temporal
scales. A good measure of the proton spatial scales is the proton skin depth given by “
c/ωP “ where ωP is the proton plasma frequency and varies inversely with the square root
of the solar wind density. At 1 AU, solar wind density is typically between 5-10 cm-3
corresponding to a proton skin depth of between 70-100 km. In contrast, electron skin

depth is of the order of 2 km. While electron kinetics is important for investigations of
HITV charging (see section 6), it does not play a significant role in the acceleration
process. This allows us to treat the electrons as a fluid in our study of the acceleration
process. Accordingly, to examine the nature of the interaction between HITV and the
solar wind we have utilized the electromagnetic hybrid model in which ions are treated
kinetically (Particle-In-Cell method) and the electrons are treated as a fluid. These
simulations, which are described in more detailed below, resolve ion spatial scales (i.e.,
10s of km) but not electron kinetic scales.
4.1.1

Hybrid Simulation Model

In the electromagnetic hybrid code ions are treated as macroparticles while the electrons
are assumed to form a massless, charge neutralizing fluid. These simulations resolve time
and spatial scales associated with the movement of the ions in the plasma and are an
appropriate tool of investigation for phenomena occurring on ion scales. They have been
used extensively for investigations of planetary and cometary shocks, excitation and
nonlinear evolution of hydromagnetic waves in a variety of plasma settings and other
plasma discontinuities (see e.g,. Winske and Omidi, 1993, 1996). Electromagnetic hybrid
codes have had considerable success in reproducing features observed in ion and
magnetic field data obtained by a variety of spacecraft.
A detailed description of the algorithms involved in the electromagnetic hybrid
simulations can be found in Winske and Omidi [1992; 1996]. Here we briefly describe
some basic features. Since in the hybrid simulations the interest is on low frequency ion
waves (e.g., Alfven or Magnetosonic) the displacement current in the Faraday’s law is
ignored. As a result, high frequency light waves are eliminated (Darwin approximation).
In addition, due to the charge nuetrality condition (ion density equals electron density)
electrostatic waves with wavelengths comparable or smaller than the Debye length are
also eliminated. Since our interest is on ion dynamics, elimination of higher frequency
electrostatic and electromagnetic waves is well justified. A simulation run is initialized
by specifying various plasma and field parameters and loading the particles in the
simulation box accordingly. Using the position and velocity of the ions the associated
current densities are calculated and used as source terms in the Maxwell’s equations.
These equations are then solved to obtain the self-consistent electromagnetic fields in
each grid (center of cell) point. These electromagnetic fields and the Lorenz force law are
used to advance the ions in time and space whereby a new set of current densities are
calculated and the cycle is repeated.
Although the final size of HITV remains to be determined, it can be said with certainty
that it will be much smaller than the size of a simulation cell (10-100 km). As a result, it
can be represented as a charged particle albeit the charge carried by the particle is
hundreds to thousand Coulombs. Charging of HITV results in the formation of an
adjacent cloud or sheath of oppositely charged particles with radius of the order of a few
km (see section 6). Thus, on ion scale lengths HITV is properly modeled as a charge
particle with a cloud of opposite charge around it. This is consistent with the charge
neutrality condition in the hybrid simulations. The fact that HITV has such a large

amount of charge implies that the plasma density in its vicinity is larger than the
background solar wind density with the ratio depending on the level of charge on HITV.
It will be shown in the next section that the nature of solar wind interaction with HITV
and the resulting acceleration is heavily influenced by this ratio.
The simulation box used in this study is depicted in Figure 3 below. The simulations are
2-Dimensional in space (X and Y) and 3-Dimensional in particle velocities and
electromagnetic fields. The use of 2 spatial dimensions is to save on computational time
required for each run and to allow for a wider range of parameter study. 3-Dimensional
effects are not expected to affect the results presented in the next section in any
appreciable way. Solar wind particles are continuously injected from the left side of the
box with typical velocity and temperature along the X direction. The interplanetary
magnetic field lies in the X-Z plane and makes an angle θ with the X-axis. Plasma is
allowed to leave from all boundaries. Similarly, open boundary conditions are chosen for
electromagnetic fields. HITV is placed in the flow of solar wind within the box with zero
initial velocity.

Figure 3
A typical run for this study involved 5x105 – 106 grid points and 5-10 million particles
representing the ions. Simulations were performed for various levels of charge on HITV
and IMF directions. The solar wind plasma properties (flow speed, temperature, etc.)
were considered to be typical, i.e., Alfven Mach number of 5-8 and plasma beta (ratio of

kinetic to magnetic pressure) of 1. Finally, we note that the simulation results are in
normalized units but can be converted to physical units based on the actual parameter
values used for the solar wind. For example, in the simulations the velocity is normalized
to the Alfven speed so that in order to get velocities in units of km/s we assume a typical
value for the Alfven speed in the solar wind (~ 50-70 km/s). The same is true for plasma
density, magnetic field strength, etc.
4.1.2

Results of Simulations

The collisional mean free path in the solar wind is of the order of 1 AU due to its low
density. Thus, for all practical purposes the solar wind can be considered to be a
collisionless plasma. Placing a macroscopic object, such as HITV, in the solar wind
would not affect its flow properties unless it was electrically charged. The level of
disturbance would be directly tied to the charge q on HITV. With this in mind, we have
performed a large number of simulation runs for various levels of charge on HITV and
have identified three distinct regions. For levels of charge below about 104 C the
interaction between HITV and solar wind results in the formation of a weak wake and,
therefore, the motion of HITV is similar to predictions of single particle theory. The
second is a nonlinear regime (charge > 4x104 C) where HITV is still accelerated to
velocities comparable to that of the solar wind, however, its motion is considerably
different than that expected based on single particle theory. In the third regime, where
charge is ~ 2x105 C or larger, the interaction between HITV and the solar wind results in
the formation of a magnetosonic shock wave and as a result the efficiency of acceleration
is dropped considerably. In the following, we use three runs representative of each
regime to illustrate the pertinent points.
The interaction between the solar wind and HITV can be demonstrated in a number of
ways. Here we use plasma density plots similar to that in Figure 4, which show the total
plasma density (as represented by a different color), normalized to ambient solar wind
density, as a function of X and Y in the simulation box at a particular time during the
simulation. The color bar on the right represents various density levels. The top panel in
Figure 4 shows the density very early in the simulation for a case where q on HITV is
about 104 C and θ = 90o . HITV can be seen marked as a black circle. The bottom panel
shows the density at a later time in the simulation and illustrates a number of points. One
is the change in the position of HITV as a result of acceleration by the solar wind. The
other is the formation of a wake, which due to the motion of HITV has a spiral shape.
The two panels in Figure 5 show the results of the same run at even later times, which
depict continued acceleration of HITV by the solar wind and further expansion of the
resulting wake.

Figure 4

Figure 5

Examination of the trajectory of HITV observed in this and similar runs shows properties
very similar to those expected based on single particle theory. To demonstrate this point
we compare the maximum speed along the solar wind direction (i.e., VX) achieved by
HITV in the simulation to that expected based on single particle theory for various
directions of the interplanetary magnetic field (i.e., values of θ). The results are shown in
Figure 6 with the solid (red) curve representing single particle theory and the blue Xs
corresponding to the values obtained from the simulations. It can be seen that in general
the agreement between single particle theory and simulations is very good. The fact that
the maximum speeds obtained in the simulations are generally less than single particle
theory can be attributed to the formation of the wake, which reduces the efficiency of the
acceleration process. It can also been seen that the simulation results match theory even
better at smaller values of θ. This effect is due to the wake field becoming weaker at
smaller θ and thereby increasing the efficiency of the acceleration. We note that the
maximum speeds in Figure 6 are normalized to the solar wind velocity which imply that
even for small values of θ (i.e., ~ 15o ) HITV can achieve speeds of the order of 50-100
km/s . Given the good agreement between theory and the simulations we refer to this
regime (i.e., HITV charge q < 4x104 C) as the linear regime in that the resulting wake
filed has small amplitudes and does not significantly affect the motion of HITV. As will
be seen in the future sections for a wide range of applications, HITV will fall in this
regime and therefore its basic trajectory characteristics can be investigated within the
single particle theory

Figure 6

The four density panels in Figures 7 and 8 show the results of a simulation run in which
HITV charge q ~ 5x104 C and falls in the nonlinear regime. In this case, the interaction
between HITV and the solar wind has resulted in the formation of a large amplitude
magnetosonic wake with turbulent electromagnetic fluctuations behind it. The evolution
of this wake in time can be seen in the four panels. HITV is also observed to accelerate
and move in time achieving speeds comparable to solar wind, which is roughly half the
maximum acheivable speed, based on single particle theory. Examination of HITV
trajectory in this run shows considerable deviation from predictions of single particle
theory and exhibits characteristics that are nonlinear in nature. For example, the motion
of HITV around t = t2 (top panel in Figure 8) and later exhibits a chaotic behavior.
Eventually (by t = t3 , bottom panel in Figure 8) HITV is observed to detach from the
wake field and a new wake begins to form with the old one being carried away by the
solar wind. The details of this process remain to be investigated and could further widen
the range of trajectories available to HITV.
The two density panels in Figure 9 correspond to a simulation run with HITV q ~ 2.5x105
C. The top panel corresponds to an early time in the simulation and the bottom panel to
late time. It is evident that in this case HITV does not get accelerated by the solar wind
and remains essentially fixed in the flow. The reason for lack of acceleration is clearly the
magnetosonic shock wave that forms as a result of interaction between HITV and the
solar wind. This shock wave results in considerable deceleration and deflection of the
flow behind the shock wave so as to achieve a steady flow around HITV. As a result,
HITV is not able to experience any appreciable acceleration. This process, therefore,
imposes a critical limit on how much charge can be placed on HITV in order for the ExB
acceleration mechanism to work. We again emphasize that the exact levels of this critical
charge are based on solar wind density which we have assumed to be the typical value of
~ 10 cc at 1 AU. If the density of the solar wind were considerably higher (e.g., closer to
the Sun) or lower the corresponding critical levels would be higher or lower accordingly.
As we will show in the next section, this critical level of charging does not impose a
restriction on accelerating large robotic spacecraft by solar wind within reasonable time
scales.

Figure 7

Figure 8

Figure 9

4.2 Time Scales
Once a cometary atom or molecule is ionized in the flow of solar wind, it experiences a
few thousand g’s of acceleration and reaches a velocity of hundreds of km/s within a few
seconds. According to single particle theory any object with a ratio of q/m similar to that
of a charged particle, such as a proton, would experience a similar level of acceleration.
In reality, of course, this is neither possible nor desirable. Instead, for a given total mass
of the system HITV would need to have enough charge in order for it to accelerate to
large velocities within a reasonable time frame. Here we quantify this concept and
provide some examples based on the single particle theory.
As noted earlier, HITV reaches its maximum achievable speed within the acceleration
time τa which is half the gyration period τ g. Taking the total mass of the system to consist
of the mass of the cargo spacecraft plus that of HITV and assuming a spherical shape for
HITV the acceleration time can be described as follows.

Here we have expressed the mass and charge of HITV in terms of its mass (ρm ) and
charge (ρc ) densities, respectively. ∆r is the thickness of the HITV spherical shell. This
allows us to express the acceleration time in terms of the mass of the cargo spacecraft and
radius of HITV (see Figure 10), assuming the above values for mass and charge density
and thickness of HITV shell. The value of charge density assumed here is based on
laboratory and numerical simulations of deep dielectric charging (see section 6). The
above equation clearly illustrates the significance of achieving high levels of charge
density in order to decrease the acceleration time and even though the levels of charge
density used here lead to very reasonable acceleration time scales (see Figure 10), future
advances in this area will lead to even shorter time scales.

Figure 10
In Figure 10 we show the variation of the acceleration time (color coded in units of days,
see the bar on the right hand side) for cargo spacecraft mass in the range of 1 to 1000 kg
and HITV radius of 1 to 200 m. Note that the charges corresponding to radius of 1 and
200 m are 1.25 and 50,000 C respectively which for the most part fall in the linear or
single particle regime. It is evident from this figure that acceleration of cargo spacecraft
with large mass to maximum achievable velocities is possible within a few hundred days.
We note that depending on the type of mission considered, HITV could reach its
destination on a time scale shorter than the acceleration time and thus the latter should be
viewed only as a time scale and not a trip time. The question of trip times to various
bodies in the solar system will be discussed in section 5.
4.3 Specific Impulse
A common metric used for comparison of various propulsion systems has been the
specific impulse that measures the thrust gained per unit volume of fuel consumed.
Application of specific impulse to typical propulsion systems where propellant is

expelled is a straightforward matter. However, its application to propellantless propulsion
systems requires some consideration. This can be done by noting that in the case of
propulsion systems with propellants the specific impulse (I SP ) can be related to the initial
mass ( mi ), final mass ( mf ) and change in velocity (∆V) in the following manner

where g (9.81 m/s2 ) is the Earth’s acceleration constant. This equation can be rewritten
as follows.

Noting that the difference between the initial and final mass is the burned fuel, it has been
argued that the same equation can be applied to solar sails with the difference between
the initial and final masses corresponding to the mass of the sail assembly (e.g., McInnes,
1999). This is a reasonable argument in that the sail assembly is like fuel to a regular
propulsion system. The same argument can also be applied to the ExB acceleration
process in that the mass of HITV would be equivalent to the mass of fuel burned. We
have used the above equation to calculate the specific impulse for HITV by taking the
initial mass to consist of the mass of cargo spacecraft plus that of HITV and the final
mass corresponding to the mass of cargo spacecraft, i.e.

Accordingly, the specific impulse has been calculated as a function of HITV radius and
mass of cargo spacecraft and is shown in Figure 11 using change in velocity ∆V of 400
km/s. This can be justified by noting that it corresponds to a typical solar wind velocity,
which HITV could achieve when IMF has its typical orientation of 45o with respect to the
solar wind velocity. The specific impulse shown in Figure 11 is in units of seconds and
varies from about 104 to 106 or more (represented as black). It is evident that for a given
cargo spacecraft mass the specific impulse increases with decreasing radius of HITV.
This is due to the reduction of HITV mass with radius.

Figure 11
To appreciate the significance of the large values of specific impulse obtained for HITV
it is best to compare them to those associated with other propulsion systems. This is done
in Figure 12, which shows the range of specific impulse for chemical and electric
propulsion as well as solar sails, and HITV. Chemical propulsion systems have specific
impulse around a few hundred seconds and are not likely to increase substantially in the
future due to inherent limitations in the propellant velocity that can be achieved. In the
case of electric propulsion, the specific impulse is a few thousand seconds, which makes
them more efficient than chemical systems. It can be seen in Figure 12 that the specific
impulse of solar sails varies between 102 and 105 seconds. The reasons for this wide
range has to do with the fact that solar sails are continuously accelerated and, therefore,
∆V continues to increase with time leading to an increase in specific impulse. The value
of 105 stated here corresponds to velocities obtained after 1000 days of acceleration
(McInness, 1999). It is clear from Figure 12 that HITV has the largest value of specific
impulse and corresponds to a highly efficient way of accelerating spacecraft to large
velocities.

Figure 12

5. Characteristics of HITV Trajectories
Determination of HITV trajectories requires a detailed investigation, which is beyond the
scope of the phase I study. However, simple arguments based on single particle theory
can be used to get some ideas about the time scales involved in reaching various parts of
the solar system. This is done in section 5.1. Some of the complications involved in
HITV trajectories due to various effects are discussed in section 5.2.
5.1 Based on Single Particle Theory
Using the single particle theory described in section 2.2, the travel time to various planets
can be estimated by assuming that IMF lies in the ecliptic plane (X-Z plane in Figure 13)
making an angle θ, with the solar wind flow velocity which we take to be in the X
direction. It can then be shown that HITV’s ve locities in the ecliptic plane are given by:
VX (t) = VSW Sin2 θ (1-CosΩt)

(1)

VZ (t) = VSW Sin θ Cos θ (1-CosΩt)

(2).

Figure 13
Using Eqs. (1) and (2) the angle (α) between the solar wind and HITV velocity in the
ecliptic plane (see Figure 13) is given by
tan α = VZ / VX

(3).

Ordinarily, α would be a function of time given that VX and VZ are functions of time.
However, inserting Eqs. (1) and (2) into (3) gives
tan α = - Cot θ

(4)

or
α = θ − π/2

(5).

This implies that HITV’s trajectory is along a line (blue line in Figure 13) that is
perpendicular to the IMF. HITV’s velocity along this direction is given by

V(t) = VSW Sin θ (1 – Cos Ωt)

(6)

and the distance traveled along this line as a function of time is given by
D(t) = VSW Sin θ (t - Ω -1 Sin Ωt)

(7)

Eq. (7) can be used to estimate the time required to reach the orbit of planets beyond the
Earth. For example, in the case of Mars (at 1.53 AU) the distance along HITV’s
trajectory to Mars’ orbit (using simple geometry) is 0.649 AU assuming θ = 45o . For a
typical solar wind velocity of 400 km/s, and using HITV acceleration time of 300 days
(see section 4.2) Eq. (7) would imply the remarkably short time of t ~ 60 days to reach
the orbit of Mars. Using the same parameters, the travel time to a number of other planets
were calculated and are tabulated below.

This table illustrates a number of interesting points. One is that even though HITV
acceleration time of 300 days was used, the travel time to most bodies in the solar system
is considerably less. The other is that the ratio of travel time to a planet and its distance to
Earth is not a constant. For example, while Saturn is about twice as far from the Earth as
Jupiter the travel time to Saturn is only 32% longer. This is because HITV speed
increases with time within the acceleration time (i.e., 1st 300 days).
5.2 Nonlinear & Other Effects
While the above results are illustrative, a more accurate determination of HITV
trajectories requires a comprehensive study that would include nonlinear, non- local and
time varying phenomena. For example, use of constant solar wind velocity and IMF
direction is not a valid assumption especially on time scales of tens or hundreds of days.
The solar wind has a highly time varying behavior and at times has a fairly steady

structure for a number of days and at other times its properties change considerably
within hours. It also contains shock waves and other types of discontinuities leading to
significant changes in plasma properties on even shorter time and spatial scales. In
addition, the large structure of the solar wind results in changes in plasma parameters that
could influence the trajectory of HITV. For example, typically the spiral orientation of
IMF becomes tighter with distance from the Sun so that on average θ is close to 90o near
Jupiter’s orbit and beyond. Inclusion of all or some of these effects in trajectory
calculations of HITV is essential and requires a more comprehensive study. For a HITV
with acceleration time of 300 days, variations on short time (hours or less) and spatial
scales may not be relevant to its trajectory but this needs to be verified.
In addition to solar wind variability, another factor that could influence HITV’s trajectory
is nonlinear effects, which result in significant deviations of HITV trajectory from
predictions of single particle theory. We note that a significant difference between the
two trajectories is not necessarily a negative attribute. In fact, they could open an even
wider range of trajectories to HITV. For example, the nonlinear motion of HITV
described in section 4.1.2 resulted in a negative VX implying motion towards the Sun.
The extent to which these effects can be taken advantage of remains to be investigated.
In general, HITV provides many degrees of freedom in terms of trajectories that could be
achieved. Depending on the orientation of IMF, acceleration out of the ecliptic plane can
be obtained. Given the time varying nature of the solar wind it is likely that HITV will
have to undergo several charging and discharging cycles during the acceleration phase so
as to orient its trajectory in the desired direction. The ability to couple and decouple to
the solar wind through charging and discharging respectively, opens the possibility to
perform appropriate midcourse corrections and avoid undesirable accelerations.
Similarly, Non-Keplerian orbits could be achieved through selective acceleration, i.e.
charging and discharging of HITV based on IMF conditions.

6. Charging of HITV
6.1 Possible Charging Mechanisms
A spacecraft acts like an isolated probe in the space environment, thus collecting charge
and developing an electrostatic potential. This naturally caused charging is due to the
presence of energetic particles and solar radiation in the space environment and can be
categorized as surface charging and internal charging, also known as deep dielectric
charging. Surface charging is caused by low-energy electrons that cannot penetrate the
surface material of a spacecraft. Deep dielectric charging involves the deposition of highenergy electrons in dielectric material and can give rise to electric fields in excess of 106
V/cm. Much effort has gone into development of protection techniques to reduce and/or
eliminate adverse effects of charge build up on spacecraft. In contrast, the HITV concept
takes advantage of this naturally occurring phenomenon and uses it to propel the
spacecraft. Surface and internal charging are examples of charging mechanisms that rely
on collection of charge (see Figure 14). Plasma contractor is another example of a
charging mechanism based on collection of charge. In addition to charge collection, it is

possible to charge the spacecraft through emission of a charged beam. In the following,
we summarize our research into these two general classes of charging mechanisms and
discuss their potential relevance to HITV.

Figure 14
6.2 Electron Guns
When an electron beam is injected from the HITV, its surface builds up a positive charge.
As this charge and the resulting electric field grow some of the background and/or beam
electrons are accelerated back to the HITV. The interaction of these electrons with the
HITV can lead to the generation and emission of backscattered, reflected and secondary
electrons. After some time, the system reaches an asymptotic state where the charge on
the HITV oscillates around a mean value. The presence of the return electrons imposes
limits on the maximum charge build up on the HITV. Aside from this qualitative picture,
the details of the charging mechanism depend on whether the beam density is smaller or
larger than the background electron density. If the beam density is smaller than the
background density, the background electrons dominate the return current whereas beam
dominates the return current when the beam density is larger than the background
density. The investigation of the charging process requires use of numerical simulations,
which we now describe.

Figure 15
6.2.1

ES Simulation Model

We have developed an electrostatic code in spherical coordinates to address the charging
process while incorporating self-consistent generation of secondary emission, as well as
reflected and backscattered electrons. HITV is assumed to be a spherical conductor and
the electron beam is injected uniformly in all directions (Figure 15). In order to minimize
the computation time, we have performed our simulations in 1-D spherical system. The
use of spherical coordinates assures that the electric field maintains the correct spatial
dependence. We have solved the spherical Poisson equation using finite differencing
where electrons and ions are treated as particles in the simulations (Figure 16). Since the
charging process occurs on spatial and temporal scales that are much shorter than those
associated with the pickup process by the solar wind, we assume that the solar wind is
stationary. The charge on HITV at a given time is given by the negative of the charge of
the injected beam and the sum of charges of all the particles hitting HITV.

Figure 16

6.2.2 Results for various beams and boundary conditions
We have performed a parameter study varying initial beam density and energy. An
example is shown in Figure 17 where we have plotted the phase-space of solar wind and
beam electrons as well as the electric field as a function of radial distance from HITV.
This figure is late into the simulation run at which point the charge on HITV has reached
a saturated state. Due to the large electric field close to the HITV, solar wind electrons
are attracted to HITV and upon hitting HITV result in secondary emission. Since the
secondary electrons have energies less than the “parent” electrons, they are quickly
absorbed. The beam phase space shows two distinct regions. The first is the stagnation
point, which is the position in phase space where injected beam electrons are turned back
toward HITV. The beam electrons that were injected when the electric field on HITV was
still small enough to allow them to escape form the beam front.

Figure 17

Figure 18 shows the time evolution of charge on HITV as well as the spatial variation of
the electric field as a function of radial distance from the HITV for the same run
parameters shown in Figure 17. HITV is taken to be 800 meters in radius (similar results
are obtained for a radius of 200 meters) and the beam is injected with a density equal to
0.1 times the density of the solar wind and energy of 100 eV. The power associated with
a continuous injection of such a beam is 1 kW, which is quite achievable using currently
available spacecraft power supplies. Two cases are shown in the top panel in Figure 18.
The upper curve in black includes effects of backscattered, reflected, and secondary
electron emission whereas the lower curve in red assumes that all particles hitting HITV
are absorbed. From this figure it is apparent that although these secondary effects lead to
an increase in the total charge accumulated on HITV, this effect is not very large. The
other two panels in Figure 18 show the electric field at the end of the simulation run.

Figure 18

The electric field profile consists of two segments. Initially the electric field drops very
rapidly to zero and has a negative undershoot. This is followed by a return to a zero value
over a much longer spatial scale. The fact that the charge-separation electric field goes to
zero on spatial scales of a few kilometers validates our multiple scale approach where we
use hybrid code to examine the acceleration process and an electrostatic code to
investigate the charging issues.
The physical model simulated and shown in Figures 17-18 presents the worse case
scenario in terms of power requirements. This is because the total absorption of return
electrons, which is assumed here, mandates that the system be driven hard and
continuous in order for the system to reach and maintain the desired charge state. In
reality only a certain fraction of return electrons reach HITV as many have trajectories
that do not trace back to the HITV (geometrical effect). Other mechanisms that can
reduce the number of returning electrons include magnetic trapping of the sheath
electrons as well as geometrical and absorption avoidance of return electrons through
structural and material design. We have modeled a reduction in the return electrons in the
simulations using an energy-based filter so that returning electrons having energies
beyond a critical value are lost from the system without getting absorbed. An example of
a simulation with such a filter is shown in Figure 19. The accumulated charge on HITV
is shown for different energy filters. As expected, the charging rate increases as the
energy for which electrons are lost from the system is lowered. Since most of the
returning electrons have energies below 140 eV, a filter of 140 eV does not result in any
significant reduction in the number of returning electrons and the charging rate is almost
identical to the case where all electrons are absorbed. However, as E is lowered to 135
eV, a significant number of return electrons are lost from the system and the charging
does not saturate. We emphasize that this leads to a feedback mechanism, which in turn
leads to unlimited accumulation of charge as long as the beam injection continues. The
reason is that as charge on HITV builds up, the electric field gets larger and the returning
electrons in turn are accelerated to larger velocities. Since the energy filter is fixed at a
certain energy, the number of returning electrons that have energies larger than that set by
the filter increases in time and soon almost all the returning electrons are lost from the
system. Since it is the returning electrons that lead to saturation of charging on HITV,
their absence leads to unlimited growth. The lower panel in Figure 19 shows the average
charging rate (averaged over 10 time steps) for an energy filter set at 100 eV. This
charging rate is so la rge (Figure 19) that charging to thousands of C can be achieved in
less than a few hours. These studies suggest that electron guns emitting a beam from the
surface of the HITV can operate using available power supplies and achieve the needed
charge build up on the HITV on very short time scales.
Discharge of HITV in this case can be achieved by shutting off the beam injection.
Depending on the flux of return electrons the charge on HITV can go to zero in less than
a second. This enables an effective steering of HITV into various orbits as described
earlier.

Figure 19
6.3 Deep Dielectric Charging
6.3.1

Basic Physics

High-energy particles, either from the space environment or by artificial beams, incident
on a dielectric material penetrate its surface and come to a stop somewhere within the
material. For space radiations of importance, the stopping distance of electrons vary from
tens of angstroms to a few centimeters, depending on the initial electron energy. The
stopped particles induce an electric field within the material, which in turn sets up a
current as shown in Figure 20. A continuing irrradiation would continually increase the
charge build up in the material until sufficient conduction current is created to balance the
flux of incoming particles. So it is the conductivity of the material that prevents unlimited

electric field buildup. Electric fields in excess of 106 V/cm can be built up, leading to the
breakdown of common insulators.

Figure 20
6.3.2

Review of theoretical and experimental work

Early theoretical modeling of deep dielectric charging was done by Wenaas (1977) for
the case of high-energy particles in the space environment and by Berkley (1979) and
Frederickson and Woolf (1982) for the case of mono-energetic electron beams. These
studies find that peak fields exceeding 106 V/cm are obtained in nearly all highly
insulating polymers. These findings are corroborated by laboratory experimental studies
(e.g., Fuji et al., 1988; Yamano et al., 1999). More recently, Czepiela (1997) and
Czepiela et al. (2000) have revisited this problem in more detail using a 1-D finite
difference approach. They calculated the electric field and the charge distribution within
the material as a function of the environment, material properties, and boundary
conditions. Using electron and proton flux for a 7000-km-altitude orbit, they find a
steady-state electric field of 4400 V/m with a steady-state development time of 1.3 s.
However, they find much larger electric fields that can lead to discharges during
substorms when particle flux levels can rise by several orders of magnitude. Since
geomagnetic substorms increase the amount of electron flux in orbit, Czepiela (1997)
used the substorm intensity factor to scale the incoming electron flux.
The intensity
factor was incremented from 1 to 1000, representing no substorms up to a worst-case
substorm. The results show that the maximum steady-state electric field increased
linearly with the substorm intensity factor, while the time to steady state remained
unchanged. Figure 21 shows the time evolution of the spatial profile of the electric field
for an intensity factor of 1000. The presence of a large and highly localized electric field,
which is associated with a large charge build up in the material, is evident in this figure.
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Figure 21 : Electric field of base case with a substorm intensity of 1000 (from
Czepiela, 1997).

6.3.3

Application to HITV

Deep dielectric charging is quite relevant as a charging candidate for HITV. As shown
above, high-energy electrons in the space environment can give rise to electric fields
close to the dielectric breakdown limit. Taking a flux of 5x106 electrons/cm2 s, Hastings
and Garrett (1996) estimate that it would take 30 hours to build up a fluence of Q/A =
5x1011 electrons/cm2 s. In addition to this natural source of charging, one can cause
internal charging of HITV by irradiating the surface of HITV by an electron beam. As
shown by Frederickson and Woolf (1982), irradiation by 2-20 keV electrons commonly
gives rise to internal electrostatic fields in the polymer of the order of 106 V/cm. Since it
is the conductivity of the material that puts an upper limit on the charge buildup within
the material, one can control the charge buildup by configuring special composites. The
choice between the use of natural versus active source of charging will depend on the
desired orbit characteristics. If HITV is to be charged and discharged several times during
the mission, then an active charging mechanism offers more control and may be a more
suitable choice. Also since the flux of energetic particles is a function of distance away
from the Sun, the charging due to the ambient particles needs to be modeled as a function
of radial distance from the Sun. This is a task that we have planned for phase II.
The discharge of HITV is considerably different in this case compared to the case where
the surface of HITV is made out of a conductor. In a metal, a compensating charge flows
in the conducting bands to remove the macroscopic electric fields produced by the
trapped electrons. But in insulating materials, the electric fields created by the trapped

electrons remain for a long time. Thus, in order to use deep dielectric charging
mechanism, one has to choose a material that is not sufficiently conducting so as to
reduce the charge buildup too much but sufficiently conductive to have reasonable
discharge times. In phase II of our research, we plan to investigate the required discharge
times for effective steering of HITV and then model the charging up and discharge
processes for various composites in order to find the right match.

7. Power Requirement and Supply
7.1 Power requirements for electron guns
As we demonstrated in section 6, it is possible to charge HITV to the required levels
using an electron gun that creates a beam having a density equal to 0.1 times the density
of the solar wind and energy of 100 eV. The power associated with a continuous injection
of such a beam is ~ 1 kW. This is quite achievable using currently available spacecraft
power supplies. While these calculations are quite promising, further work is required to
fully settle the power requirement issue. In our calculations we have introduced an energy
dependent model for escape of returning electrons. Future work will need to extend the
calculations to 3-D and examine the effects of the actual shape of HITV on the charging
efficiency.
7.2 Power requirements for dielectric charging
Dielectric charging is a very promising candidate for charging of HITV. High-energy
electrons in the space environment can result in large charge buildup and associated
electric fields exceeding the dielectric breakdown limit. This natural source would
eliminate any power requirement for charging HITV. For more controlled charging, one
can also inject electron beams into dielectric and/or composite surface layer of HITV.
There have been no calculations of power required for an injected beam of electrons in
the space environment of HITV. However, in the laboratory (e.g., Fuji et al., 1988) it has
been possible to generate very large electric fields using 20-50 keV electrons. In our next
phase of research, we plan to address the charge buildup due to the presence of an
electron beam operating in the space environment of HITV.
7.3 Power supplies
Figure 22 shows a summary of different power supplies and their characteristics based on
the power output and duration time. Given that the charging process typically takes less
than a day and requires power output of about 1 k W, there are many power supplies that
could potentially be used for HITV.

Figure 22: Power outputs: mission duration relationship between energy source and
appropriate operation scenario [Reproduced from Angrist, S.W., 1982, Direct Energy
Conversion, 4th edn, Allyn and Bacon, New York]

8. Structure and Material
8.1 Basic structural issues
8.1.1

Hazard protection

The buildup of charge on or in spacecraft poses a continuing problem for the spacecraft
builder (Garrett and Whittlesey, 2000). Charging of spacecraft is ha zardous to the health
of on-board electronics as it may affect navigation, operation, and even the survivability
of spacecraft. Several spacecraft failures, such as the ESA spacecraft Olympus, have been
associated with electrostatic discharges resulting from deep dielectric charging (charging
internal to the spacecraft Faraday cage envelope). Given that large electric fields will be
associated with HITV, special design considerations must be given to protect the cargo
spacecraft from these fields. One concept is to build HITV as a hollow spherical
conductor and place the cargo spacecraft inside it. HITV would then act as a Faraday
cage enveloping the spacecraft. Once the cargo reaches its destination, HITV can either
be discharged or ejected (in cases where the discharge time may be too long) and the
spacecraft can then function without any exposure to hazardous fields of HITV. In
another concept HITV could act as a tug pulling the spacecraft. Given that the electric

field associated with the HITV is shielded out effectively by the solar wind on scales of a
kilometer or less, this configuration may very well work. In either scenario one challenge
has to do with how to communicate with the HITV while it is charged. It is not
immediately obvious how one would get radio signals to and back from HITV in the
presence of large electric fields surrounding HITV. This is a topic that we will address in
our next phase of research.
8.1.2

Size

There are a number of design factors that go into determining the size of HITV. In the
configuration where the cargo spacecraft is placed inside the HITV (“cocoon” design) the
minimum size of HITV has to be so that the cargo spacecraft fits inside it. The next
criterion is for HITV to be sufficiently large so that it can hold the necessary charge.
Since electric field on the surface of HITV is a decreasing function of its radius, the last
criterion is that HITV must be sufficiently large so that the electric fields on its surface
are below the breakdown limit of the material. Given the last two criteria, the overall size
of HITV will depend on the type of charging mechanism, surface material and shape of
HITV. In our calculations so far we have taken HITV to be a single spherical object. In
the case of charging by emission of an electron beam from the surface of HITV, the
surface material will be a conductor. As we have demonstrated, it is possible in this case
to charge HITV to the required levels with HITV having a radius between 200-800
meters. This size can be further reduced if HITV is comprised of several smaller pods
rather than one big pod, in effect creating a larger overall surface area.
In case where the charging of HITV is based on the deep dielectric charging mechanism,
the size of HITV can be determined as follows:
R = Q / 4π∆rρ c ,
where Q is the level of total HITV charge required, ∆r is the thickness of the dielectric
material on HITV, and ρ c is the charge density buildup in the dielectric material. Using
parameters obtained from simulations of deep dielectric charging by Czepiela et al.
(2000), we have ∆r of 10 microns, and ρ c of 104 C/m3 . Using Q of 1022 electronic
charge, we obtain a HITV radius of about 38 meters. From the foregoing it is clear that,
unlike other proposed propulsion systems such as magnetic and solar sails that require
sails extending over many kilometers in size, HITV can be made for much smaller
dimensions.

8.2 Basic material issues
8.2.1 Conductors
In the case where HITV is charged through injection of an electron beam from its surface,
HITV (at least its outer surface) would be most likely constructed from a conducting
material. Conductors have several advantages over dielectrics. A surface made up of
conductors is equi-potential and if HITV is spherical in shape, charges will also be
distributed uniformly on its surface. This can eliminate potential problems with
differential charging. Further, unlike dielectric materials that can be degraded and even
destroyed when the electric fields within them exceed their electric breakdown limit,
conductors can maintain much larger electric fields on their surface. Finally conductors
provide a natural protection inside them against electromagnetic hazards and act as a
Faraday cage. On the flip side, space environment cannot effectively charge a conducting
surface to the necessary charges needed for HITV and charging has to be done through an
artificial source.
8.2.2

Dielectric material

As we have shown, the energetic particles in the space environment can potentially
provide the necessary charge buildup on HITV. This eliminates the need for a power
source. However, there are several technical issues that remain to be addressed. First,
charges have limited mobility in a dielectric material and this can lead to a spatially nonuniform charge distribution within the material, which can in turn cause differential
charging/discharging. Further, care must be taken so that the electric fields within the
material always stay below the dielectric breakdown limit. Finally, the discharge time can
be quite long for dielectric materials and need to be calculated for different materials to
determine their appropriateness for use on HITV.

8.2.3

Composite Material and their benefits for EM properties

Composites are replacing metals, such as aluminum, as the structure of spacecraft, due
primarily to their higher stiffness-to-weight ratios. Further, it is becoming possible to
create composites with electrical properties that can be tailored without affecting its
mechanical properties. As an example Czepiela et al., (2000b) were able to produce a
tailorable glass fiber/epoxy system, which has a conductivity variable over three orders of
magnitude, and dielectric constant variable by a factor of 16. Given that the maximum
electric field and associated charge buildup in a dielectric medium are controlled by the
finite conductivity (combination of dark conductivity, radiation- induced conductivity,
and high field strength conductivity), the possibility to tail make composites with
different levels of conductivity and electrical breakdown limit offers an intriguing
potential for use in connection with charging of HITV. The discharge time is also a
function of the conductivity in the material and composites offer a way to design a
material that has low enough conductivity to allow large charge buildup but high enough
conductivity to have reasonable discharge times.

9. Summary and Conclusions
Adopting a systems approach, we first formulated the main issues that need to be
addressed to test the feasibility of HITV concept as well as issues related to the actual
production and utilization of HITV as a propulsion system. In this report, we established
HITV concept as a viable, and highly efficient propellantless propulsion system. It is
capable of delivering high specific impulse of more than 106 seconds, speeds as high as
twice the solar wind speed, and unique non-Keplerian trajectories. HITV requires a
power supply of 1 kW for its operation in the case where charging is through injection of
an electron beam from its surface and much less power required when charging is due to
energetic particles in the solar wind. These propulsion characteristics put it in a highly
competitive position in comparison with other proposed propulsion systems.
The first question that we addressed in our phase I study was “assuming it can be built,
will it fly?” As we have demonstrated in this report, the answer is a resounding yes. We
were also able to perform some preliminary calculations to address issues related to the
design and utilization of HITV. Our study found no major obstacles in the construction of
HITV. Its relatively small size of less than 200 meters avoids technical and material
problems that have beset existing sail proposals, which require obstacles over several
kilometers. Given the success of this study, we are now well positioned to investigate the
feasibility of HITV on a deeper level and focus more on the important questions of how
HITV can be built and at what cost. Through our study we have formulated detailed
issues that need to be addressed in the next phase in the path to the ultimate making of a
prototype. In short, our study has shown HITV to be a viable propulsion mechanism with
the potential to become a leading candidate for the next generation propulsion system.

10.
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