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Dynamic soaring as a means to
exceed the solar wind speed
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Department of Mechanical Engineering, McGill University, Montreal, QC, Canada, °Tau Zero
Foundation, Broomfield, CO, United States, *Electric Sky Inc., Midland, TX, United States

A technique by which a spacecraft can interact with flows of ionized gas in
space (the solar wind or interstellar medium) in order to be accelerated to
velocities greater than the flow velocity is explored. Inspired by the dynamic
soaring maneuvers performed by sea birds and gliders in which differences in
wind speed are exploited to gain velocity, in the proposed technique a lift-
generating spacecraft circles between regions of the heliosphere that have
different wind speeds, gaining energy in the process without the use of
propellant and only modest onboard power requirements. In the simplest
analysis, the spacecraft motion can be modeled as a series of elastic
collisions between regions of the medium moving at different speeds. More
detailed models of the spacecraft trajectory are developed to predict the
potential velocity gains and the maximum velocity that may be achieved in
terms of the lift-to-drag ratio of the vehicle. A lift-generating mechanism is
proposed in which power is extracted from the flow over the vehicle in the flight
direction and then used to accelerate the surrounding medium in the transverse
direction, generating lift (i.e., a force perpendicular to the flow). Large values of
lift-to-drag ratio are shown to be possible in the case where a small transverse
velocity is imparted over a large area of interaction. The requirement for a large
interaction area in the extremely low density of the heliosphere precludes the
use of a physical wing, but the use of plasma waves generated by a compact,
directional antenna to impart momentum on the surrounding medium is
feasible, with the excitation of R-waves, X-waves, Alfven waves, and
magnetosonic waves appearing as promising candidates. A conceptual
mission is defined in which dynamic soaring is performed on the termination
shock of the heliosphere, enabling a spacecraft to reach speeds approaching 2%
of ¢ within two and a half years of launch without the expenditure of propellant.
The technique may comprise the first stage for a multistage mission to achieve
true interstellar flight to other solar systems.
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1 Introduction

The extreme energy requirements necessary to achieve

By
examining the power available to civilization and the fraction

interstellar flight comprise a formidable challenge.
that might be devoted to spaceflight, it can be argued that launch
of a Voyager-class spacecraft to a-Centauri with transit times
comparable to a human lifetime will not be feasible until the 25th
century (Millis, 2010). This consideration suggests that exploring
sources of energy available in space that can be exploited for
propulsion is worthwhile.

Solar sails are the first example of a propulsion technology
that utilizes the freely available photons emanating from the Sun,
but even the most extreme solar sailing—launched from near the
Sun using the highest temperature materials with the lowest areal
density (e.g., aerographite)—would only be capable of achieving
2% of ¢ (Heller et al., 2020); more conventional solar sails are
limited to less than 0.5% of ¢ (Davoyan et al., 2021). Recently,
Lingam and Loeb (Lingam and Loeb, 2020) have examined
astrophysical objects (e.g., massive stars, supernovae, etc.) that
would permit a radiation-pushed light sail to achieve velocities of
10% of ¢ or greater, but this still leaves the problem of how human
technology originating from the Solar System can achieve
interstellar flight.

Over the last three decades, the idea of utilizing the solar
wind of charged particles streaming from the Sun for propulsion
has attracted attention. Although the available power-per-unit-
area of the solar wind (lfoo"?)o) in the vicinity of the Earth is six
orders of magnitude less than the solar photon flux, the fact that
the solar wind is comprised of charged particles means that it
may be interacted with electromagnetically rather than with a
solid surface, enabling a relatively small, low-mass structure to
interact with an enormous area of wind.

Concepts for generating force on a spacecraft via interaction
with the solar wind include the magnetic sail, the electric sail, and
the plasma magnet. The magnetic sail (MagSail) as originally
proposed by Zubrin and Andrews (Zubrin and Andrews, 1991;
Zubrin and Martin, 2000) would consist of a loop of
that
magnetosphere, deflecting the stream of charged particles in

superconducting  cable generates an  artificial
the solar wind and imparting a respective reaction force on
the cable. The electric sail (E-sail), as proposed by Janhunen
(Janhunen, 2004; Mengali et al., 2008), dispenses with the need
for a superconducting cable and instead relies on wires charged to
a high voltage to deflect the charged particles of the solar wind.
The plasma magnet (Slough and Giersch, 2005; Slough, 2007)
would use a polyphase antenna onboard the spacecraft to drive
currents in the surrounding medium, creating a magnetic
structure that would inflate via self-repulsion until the
magnetic pressure is balanced by the dynamic pressure of the
impinging solar wind. The plasma magnet appears particularly
encouraging in that it is able to interact with an enormous

volume of the solar wind (e.g. tens to hundreds of km in
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extent) while only requiring a small antenna (e.g., meters)
with modest power requirements. See (Djojodihardjo, 2018)
for a recent review of magnetic sail concepts. Magnetic sails
are capable of only producing modest amounts of lift [ ~ 0.3
(Zubrin 1991; 2020)]; they are
predominately drag devices, more similar to parachutes than

and Andrews, Perakis,
sails, which could be dragged up to the speed of the solar wind
(= 700 km/s).

A technique does exist that permits a vehicle interacting with
the wind to exceed the velocity of the wind: dynamic soaring. In
dynamic soaring as practiced terrestrially, a lift-generating
vehicle executes a maneuver that exploits the difference in
wind speeds between two different regions of air, for example,
the wind blowing over a hilltop and the quiescent air on the
leeward side of the hill. This technique, as invoked by seabirds,
was noted as early as c. 1513-1515 in the notebooks of Leonardo
da Vinci (Richardson, 2019). The first quantitative, physics-
based explanation of this behavior by birds was advanced by
Lord Rayleigh in 1883 (Rayleigh, 1883): In essence, the vehicle (or
bird) executes an elastic collision when entering the moving
stream of air via a low-drag banking maneuver. As the vehicle re-
enters the quiescent air, it has gained twice the velocity of the
wind stream. By then banking in the quiescent air, the vehicle can
re-enter the wind stream and increase its velocity again, repeating
the maneuver over and over until drag losses counteract the
velocity gains and a maximum velocity is achieved. Recently,
remote control glider enthusiasts have achieved remarkable
velocities exceeding 850 km/hr—approximately 10 times the
speed of the wind—by invoking this technique with gliders
that have no onboard propulsion (Lisenby, 2017; Blain, 2021).

The possibility of exploiting dynamic soaring for spaceflight
using a magnetohydrodynamic wing with a large value of lift-to-
drag ratio was first suggested by Birch (Birch, 1989), who
proposed a vehicle interacting with the turbulent clouds of the
interstellar medium (ISM) in order to gain velocity. Interestingly,
charged particles bouncing between turbulent clouds in the ISM
was suggested by Fermi as a potential source of galactic cosmic
rays (GCRs) in 1949 (Fermi, 1949), a mechanism now called
second-order Fermi acceleration. It has since been shown that
acceleration of charged particles via astrophysical shock waves
(such as originating from supernovae) provides a more likely
process for producing non-thermal particles and explains the
observed power-law relation of GCRs. The shock-wave
mechanism, suggested by Fermi in a follow-up publication
(Fermi, 1954) and now termed first-order Fermi acceleration,
is often likened to an elastic ball bouncing between two
approaching trains (with the trains representing the flows
upstream and downstream of the shock wave): The ball (or
charged particle) gains momentum with each bounce across the
shock proportional to the difference in flow velocities (Spurio,
2015). This mechanism of charged particle acceleration can be
considered a type of dynamic soaring which occurs in an
astrophysical context.
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In this paper, a new concept for spacecraft propulsion that
invokes dynamic soaring is proposed. In this concept, lift is
generated by extracting power in one direction (in the direction
of the medium blowing over the spacecraft) and accelerating flow
in the other (perpendicular) direction. This approach builds
upon the concept of a propulsive drive that is powered by
external dynamic pressure [the so-called g-drive (Greason,
2019)], however, in the present concept, no onboard reaction
mass is used. By using the external power generation to accelerate
matter available in the solar wind perpendicular to the flow over
the vehicle, lift is generated that is greater in magnitude than the
drag generated by the power-extraction process. The result is a
type of lift-generating wing, but without a physical structure. In
Section 2, the operating principles of this lift-generating
mechanism are developed in detail. In Section 3, potential
mission concepts are developed utilizing regions of high wind
shear available in the Solar System, namely, the interface between
the fast (polar) and slow (equatorial) solar wind and the
termination shock where the solar wind reverts from
supersonic to subsonic flow, to reach velocities of =2% of ¢. In
Section 4, mechanisms for extracting power from the flow and
ways of using power to impart transverse motion onto the flow
are explored, with special attention devoted to plasma waves as a
particularly promising means of lift generation. Finally, in
Section 5, a candidate mission is proposed and the potential
for synergistic combinations of the dynamic soaring technique
with other externally powered propulsive devices to achieve even
greater velocities is discussed.

2 Generating a high lift-to-drag ratio

In considering how to achieve lifting flight in the diffuse
interplanetary or interstellar medium, it is necessary to examine
more closely what we mean by /ift. Canonically, in aerodynamics,
drag is the aerodynamic force parallel to the apparent wind (that
is, the velocity of the medium in the frame of reference of the
vehicle), while lift is an aerodynamic force perpendicular to the
apparent wind (Anderson, 1991).

The mechanism by which lift can be generated by interacting
with a stream of particles blowing past a vehicle is illustrated in
Figure 1A, which is formulated in a vehicle-fixed reference frame.
The vehicle and its interaction with streams of particles is
represented by a control volume. Power is extracted from
stream 1, decreasing the velocity by AU,. This power is then
used to accelerate stream 2 by increasing its velocity component
by AU, in the direction perpendicular to the original stream. If

energy is conserved in this interaction,

1. 1. 1. 1.
EmZ(U‘ZV + (AUf’)) - Emz U‘Zv = Eml U‘ZV - Eml (UW - AUX)Z
1
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FIGURE 1

Schematic depiction of spacecraft interacting with two mass
streams in three equivalent models. (A): momentum energy
conservation. (B): specular reflection. (C): windmill driving
perpendicular rotor.

AU, = \j (2U,, AU, - (AU,)?) % ~ \/2 Uy AU (2)
2

my
In the limit that the mass flow becomes large and #i1; = #1,, the
lift-to-drag ratio can now be derived.

L m, AU Uy

2By e 3)

D m AU, “AU,
This result demonstrates the general principle of lift generation:
If the change in velocity in the perpendicular direction (AU,) is
made small in comparison to the wind speed, then a large lift-to-
drag ratio can be obtained. These results can be obtained by
having the particles interact with an inclined surface via
collisions, as depicted in Figure 1B (Anderson, 1991). If the
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particles undergo an energy conserving collision (i.e., an elastic
collision), then the collision is specular and the momentum
imparted on the surface can be resolved into lift and drag

components:
L Uysin 0 _ sin 0 N 2 @
D U,-U,cos6 1-cosf 6
L = U
&F—= Uy d (5)

Uw AU,

D~ 1-250 " TAU,
which is the same result as Eq. 3 above. This result is also similar
to the classic results of a flat plate at an angle of attack in
m ~ 1), but differs by a

factor of two due to the specular reflection (rather than particles
sliding along the plate, as in Newtonian flow). This result clarifies

Newtonian hypersonic flow (L/D ~

that power extraction in the flow direction and using that power
to accelerate flow in the transverse direction is a type of
aerodynamic lift, similar to a flat plate in hypersonic flow. For
the purposes of the concept discussed in this paper, however, it is
useful to continue to treat the power extraction and transverse
acceleration as separate processes. Although lift and drag are
usually discussed in a continuum regime, the continuum
assumption was not invoked in this particle-based model.
Similar to how drag devices such as the MagSail (Zubrin and
Andrews, 1991; Zubrin and Martin, 2000) and the E-sail
(Janhunen, 2004; Mengali et al., 2008) are not required to
operate in the continuum regime in order to produce drag,
the interaction mechanism described earlier does not require
continuum flow to produce lift.

In conventional hypersonic lift analysis of flat plates, there is
a limit to the lift-to-drag ratio that is achievable due to skin
friction of the hypersonic flow over the physical plate. In the case
that we are discussing with interactions in space plasmas, there is
no physical plate (i.e., wing) and plasmas in space are usually
collisionless. Therefore, the limits on achievable lift-to-drag ratio
in hypersonic flat plate theory do not apply to the present case.

A third way of conceptualizing a lift-generating glider is to
envision a wind energy extraction device, such as a rotary wind
turbine or windmill aligned with the flow over the vehicle, and a
propeller or rotor aligned with the lift axis, as shown in Figure 1C.
If the profile of the rotor blades and the rotor hub is negligibly
small, so that they are not creating significant shocks in the wind,
and if skin friction is negligible, then:

1 1 1
—m U2 ——m(U, — AU,)? = —mU? (6)
20 Y 2 2

=U,; = \2U, AU, - AU? = +2U,, AU, (7)

L rhvi Ui Uw

== — = =2— (8)
D mAU, AU, U;

These results are familiar in aerodynamics as the propeller
equation (Anderson, 1991) in the limit where the mass flows
are large, giving:
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—> speed in inertial reference frame
—— speed relative to win

v, = 300 km/s

-

=

FIGURE 2
The trajectory of a vehicle performing dynamic soaring in
wind shear on the slow and fast solar wind

Pwindmill =D Uw (9)

1
Protor = ELUI (10)

Equating Eqs 11, 12, and rearranging gives:

L Uy Uy

—=2—=2— (11)

D ‘U ‘U,
Therefore, the analysis based on the propeller (or rotor) equation
produces a result identical to the particle-based results of Eqs 3, 4.
In general, the extraction of power from the wind (the windmill)
and acceleration of the transverse flow cannot be accomplished
without losses. An efficiency of the power transfer can be

introduced:
Piige = 7P indmill (12)
L Uy
=—=2n— 13
D~ “Tau, (13)

3 Dynamic soaring

Albatrosses can stay airborne for months without flapping their
wings (Richardson, 2011; Gao et al, 2015). To achieve this feat,
albatrosses use a technique called dynamic soaring. They oscillate
between a fast wind region and a slower wind region, extracting
energy from the wind. Through this process they are able to gain both
altitude and speed. Through the gain in altitude, birds are able to store
energy and reduce their velocity in the faster wind region, increasing
the maximum achievable speed. However, using potential energy this
way is not necessary for the dynamic soaring maneuver to be viable.
In space soaring, the vehicle soars faster than the orbital velocity
required to stay in orbit and the accelerations produced by the
propulsion system are two orders of magnitude greater than the
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gravitational acceleration of the Sun. Therefore, gravity does not play
a role in space soaring.

The simplest two-dimensional dynamic soaring trajectory
across a wind velocity gradient is illustrated in Figure 2. As
shown, a vehicle enters the stronger wind region experiencing a
strengthening head wind. A banking maneuver is then
performed, increasing the ground speed. The vehicle enters
the weaker wind region with a weakening tail wind, once
again gaining airspeed. A second banking maneuver is
executed in the slower wind region. By entering with a
strengthening head wind and leaving with a weakening tail
wind, the spacecraft gains twice the difference in wind speed
between the two regions. Due to the low drag associated with
each banking maneuver, the entire trajectory can be seen as a
sequence of elastic collisions between the vehicle and the two
regions of different wind speed. The maneuver can be repeated
until the losses from drag equal the velocity gain.

3.1 Analytical model for dynamic soaring

Dynamic soaring is a power extraction process; it can
therefore be understood by looking at the transfer of energy
between the medium and the spacecraft. In our case, the
mechanical energy of the system is simply the spacecraft
kinetic energy. The speed and acceleration of the spacecraft
are modeled in the reference frame of the wind, while the
position of the spacecraft is modeled in the fixed reference
frame. The kinetic energy of the spacecraft relative to the
wind can be written as,

By =5 (U-U) (14)
— 8B _ m<u . %‘:) (s)

By definition U = v — vy ﬁ%—?=%—%’ %=%_%
el (E-w) o
2d§1:n=U.<m ‘;Z‘>_U.<m %W). (17)

The first term in brackets (m‘f—ti‘) represents the total force
acting on the system. In our case, the only forces acting on the
system are the lift and the drag. Lift is perpendicular to the
apparent wind, hence, U - L = 0. Equation 17 can be further
expanded by developing the dot products into their scalar
form

dE kin
=
dt

dv,,
- _U-D- U<m 5 o ¢) (18)

with ¢ being the angle between the wind gradient and the airspeed
vector. This equation describes all energy transfer between the
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i e B

FIGURE 3
Two-Dimensional Dynamic Soaring trajectory on a normal
shock.

medium and the system. The first term represents the losses due to
drag and the second term is usually referred to as the dynamic
soaring force, Fayn = m stW cos ¢.

For the system to extract energy, the dot product in the last
term of Eq. 17 must be negative. Therefore, the spacecraft must
soar in a strengthening head wind or in a weakening tail wind. If
the spacecraft follows a trajectory as shown in Figure 2, the
velocity gain over one cycle from dynamic soaring can be

defined as

Avgy = AU = 2 Av,, cos ¢. (19)
The optimum value for the ¢ is derived in the following sections.

3.1.1 Simple analytical setup

Consider two wind layers, one moving at speed v, and the
other one at rest, with an instantaneous jump in wind speed at the
interface. The motion of the spacecraft will be limited to the
vertical plane and will be modeled entirely in a fixed reference
frame. The wind is moving in the x-direction while the wind
gradient is in the y-direction. The spacecraft is assumed to follow
an arc of constant curvature as shown in Figure 3, at speed v, and
crosses the interface with a constant angle, 6. Equation 19 can be
rewritten as Au = Av,,sin 6.

The lift can be related to the centripetal acceleration required
to follow the trajectory,

vl
MAcentr = L:m?s = E Poo ClL Sref (Voo - VS)Z (20)

—y e 2m B 2

= = 21
poo CL Sref(% — 1)2 poo% ( )
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with B = 2 as the ballistic coefficient of the spacecraft. In the
limit of v, < v, the final expression of the radius of the trajectory
followed by the spacecraft is solely determined by the spacecraft
properties (i.e., the ballistic coefficient and the lift-to-drag ratio)
and the density of the medium.

Over each cycle the spacecraft gains twice the speed of the
wind, from which the losses due to drag have to be subtracted.
We will consider drag as being constant over each circular
trajectory, therefore, the velocity losses can be expressed as

At 1 40
AVdrag =D—=— Poo C‘D Sref (Voo - 1/'5)2 - (22)
m 2 s
Taking the limit as v, <vs,
20v
AVirg = — °, (23)
D

Equations 19, 23 have competing effects, dictating the optimal
trajectories that must be followed by the spacecraft.

3.1.2 Maximum speed gain per cycle

By considering the velocity gained through the dynamic
soaring maneuver and the losses due to drag, an analytic
solution of the maximum speed gain per cycle can be derived.

20 s 20 s+ 2 (o
AvCYCle = Avd)’" - AVclrag =2V Sin 6 — Lv - v T Voo)
D D
(29)
40(vs + v,
:>Avcycle = 2V sin 06— M (25)
D

3.1.3 Maximum speed limit

The maximum speed is reached by the spacecraft when the
velocity gained through the dynamic soaring force equals the
velocity loss due to drag, or in other words, when the velocity
gained per cycle approaches zero. From the two-wind-layer
model, an analytic solution can be derived for the maximum
reachable speed.

20v, 20(v,+2vy
AV = AVirag =>2Voo Sin 0 = LV (v 2— Voo) (26)
D D
Isolating for the speed of the spacecraft yields,
. 20sin6 % Voo [ L sinf
vs,max—<voosm9— % vm><2—0> NT(B T) (27)
In the limit as 6 tends to 0,
Voo (L

ssmax — A~ \ 1~ ) 28
o 2 (D) (28)

By considering a more general case where both wind layers have a
non-zero wind speed, a similar result can be derived. The
spacecraft still follows arcs of constant curvature, crossing the
interface at a fixed angle. Let Avy = Vo1 = Voo s
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20vy 20(vs+2Av,
AVeyae = AvVayn = AVarag = 240, sin 0 — LV 200 L )
D D
(29)
40(vs + Av,,
:>Avcycle = 2Av,, sin 06— M (30)
D
Equating Avey to zero yields,
20sin0 L
o = ( Avsind = = av ) D (31)
D 20
AVw L sinf (32)
Vsmax =~ — | —= X
S, ma: 2 D 9
As 0 tends to 0,
Avy, (L
Vs, max = L <_) (33)
’ 2 \D

From Eq. 32 we can see that as the angle decreases, the maximum
reachable velocity increases. The greatest maximum speed arises
as the angle tends to 0" and the spacecraft glances off the
interface.

3.2 Possible trajectories

Several structures in the Solar System offer wind gradients
large enough for dynamic soaring maneuvers to extract energy.
Such structures include but are not limited to: the termination
shock (Balogh and Treumann, 2013; McComas et al., 2019), the
heliopause (Krimigis et al., 2011; Balogh and Treumann, 2013;
McComas et al., 2019), the slow and fast solar wind (Miralles and
Almeida, 20115 Verscharen et al., 2019), and the boundary of the
planetary magnetosphere (Zwan and Wolf, 1976; Spreiter and
Stahara, 1980; Slavin and Holzer, 1981). While the density of
these structures varies, analysis of drag devices such as the plasma
magnet have shown that the extent of the artificially generated
magnetosphere around the vehicle naturally expands as the
surrounding density decreases (21, 33, 9, 10). Specifically, the
magnetic structure around the spacecraft will expand until the
magnetic pressure matches the dynamic pressure of the solar
wind. This effect makes devices such as the plasma magnet nearly
constant drag as they move outward from the Sun. For the
purposes of the analysis in this paper, we have adopted constant
values of drag and, since the lift power generated derives from the
motion of the drag device through the plasma, constant values of
lift as well.

3.2.1 Termination shock and heliopause

The termination shock is the region where the solar wind
goes from supersonic to subsonic. The solar wind speed decreases
from 650 to 200 km/s. As will be explained later on, the spacecraft
interacts with the charged particles within the medium.
Therefore, we are considering the velocity of the flow of
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charged particles (i.e, protons and electrons) and not
considering the velocity of the neutral particles. The solar
wind speed at high latitude, just upstream of the termination
shock, is expected to be 650 km/s (Usmanov and Goldstein,
2006). The velocity downstream of the shock is uncertain; we
expect on theoretical grounds that it is less than 200 km/s (our
simulations have assumed 162 km/s). The velocity after the
termination shock continues to slow until it reaches zero
outflow speed near the heliopause (Krimigis et al, 2011;
Balogh and Treumann, 2013; McComas et al., 2019). This
second structure offers a slower wind region, allowing the
losses due to drag during the sunward turn to be lowered.
The boundary between the two regions is relatively diffuse
and varies considerably, depending on solar activity, Voyager
2 crossed that boundary five times (McComas et al., 2019). When
dynamically soaring on the termination shock, an optimal
trajectory might include turning off the lift-generating
mechanism when crossing the boundary to coast out to the
heliopause prior to the sunward turn to pick up the larger wind
gradient.

3.2.2 Slow and fast solar wind

The solar wind speed, in the equatorial plane of the Solar
System, has been measured to be between 300 and 500 km/s. At
greater elevations (>20°—30°), the wind speed increases to
750 km/s (Miralles and Almeida, 2011; Verscharen et al,
2019). These winds are referred to as the slow and fast solar
wind, respectively. Similar to dynamic soaring on a shock, an
optimal trajectory while soaring on the wind shear might include
a coasting phase in between turns to soar on the largest wind
gradient available.

3.2.3 Planetary magnetotail

Planetary magnetotails offer another opportunity for
dynamic soaring. Outside the Earth’s magnetotail, the slow
solar wind flows at speeds between 300 and 500 km/s. While
within the magnetotail the wind is close to being static.

3.2.4 Numerical simulation of the trajectories

To assess the validity of the model described above, a numerical
investigation of dynamic soaring maneuvers on the termination
shock has been performed both in 2D and 3D. The equations of
motion have been solved, and the results plotted in comparison to the
analytical results developed in Section 3.1. The numerical simulations
were performed with a lift-to-drag ratio of 25, a constant drag
acceleration of ap = 0.2 m/s® and a lift acceleration of a; = 5.0 m/s%
The justification for the values used are discussed in Section 4.
Dynamic soaring on the termination shock and on the fast and
slow wind were simulated, respectively in 2D and 3D.

3.2.5 Dynamic soaring on the termination shock

For the termination shock simulation, the upstream and
downstream velocities are assumed to be 650 km/s and
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Maximum achievable speed on a plane shock as a function of
the angle at the interface.

162 km/s. In Figure 4 the speed of the spacecraft for dynamic
soaring on a plane shock at a low value of 6 is shown,
corresponding to grazing along the surface of the shock.
Additionally, the analytical solution of the maximum wind
speed and maximum speed gain achievable bound the
of
acceleration, the spacecraft reaches a velocity of 6 x 10°m/s =
2% of c.

In Figure 5 the maximum achievable velocity is plotted against
the angle at the interface. The analytical model matches the numerical
simulation within 3%. As predicted by the analytical model, Eq. 23, as

numerical simulation. In Figure 6, after 1.6years
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Curved Shock Soaring trajectory on the termination shock
and the heliopause (A) schematic of the trajectory (B) numerical
simulation of the trajectory projected onto the equatorial plane (C)
spacecraft speed as a function of time for dynamic soaring.

the angle decreases, the losses from drag decrease. Consequently, the

maximum velocity increases.
In the case of a curved shock, the lift acceleration (ar, = ap L/D)
must be greater than the centripetal acceleration to stay in
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FIGURE 7

Three-Dimensional Dynamic Soaring trajectory on wind

shear (A) schematic of the trajectory (B) numerical simulation of
the trajectory projected onto the equatorial plane (C) speed of the
spacecraft as a function of time.

orbit on the shock. The achievable maximum velocity reached
is reduced. In Figure 6 a numerical simulation of a spacecraft
performing dynamic soaring on a forced orbit along the
termination shock is shown. At 4,000 km/s the spacecraft
trajectory changes, instead of performing the sunward turn at
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the termination shock, the spacecraft coasts until the heliopause is
reached to perform the turn. The wind speed at the heliopause is
considerably lower than at the edge of the termination shock,
allowing the spacecraft to take advantage of greater Av,, (Miralles
and Almeida, 2011). The simulation was performed with a lift-to-
drag ratio of 30 and a constant drag acceleration of ap = 0.3 m/s>.
The spacecraft reaches 2% of ¢ after one and a half years of
acceleration.

3.2.6 Dynamic soaring on wind shear

For this simulation, the fast solar wind speed was taken as
750 km/s and the slow solar wind speed as 400 km/s. The
trajectory of the spacecraft was constrained to a plane at an
angle, ¢, with respect to the direction of the wind as shown in
Figure 7. Similar to dynamic soaring on a plane shock, as the
angle ¢ and 0 are decreased the maximum reachable velocity
increases. Repeated loops above the plane of the ecliptic at a
constant distance of 2 AU from the Sun over 1month of
acceleration can reach 1.4 x 10° = 0.5% of c¢. At low radius of
gyration around the Sun, dynamic soaring is limited by the
centripetal acceleration required to stay in orbit. Therefore the
optimal trajectory to achieve the greatest velocity possible is to
first act as a drag device to reach the velocity of the fast solar
wind, and perform a single loop of dynamic soaring to reach 0.5%
of ¢ in one month.

4 Lift producing mechanism

Lift is generated by accelerating the medium in the transverse
direction. The low densities of the interplanetary and interstellar
medium render the use of a physical wing impractical. The lift
generation process must therefore accelerate large volumes of the
medium. Additionally, this interaction must not decelerate the
medium in the wind direction. From an aerodynamics
perspective, the interaction process must not produce
significant parasitic drag.

4.1 Plasma waves

One of the possible interaction mechanisms, fulfilling the
requirements identified above, is to send plasma waves with low
group velocity into the medium. The concept of launching
plasma waves into the ambient interplanetary medium for
propulsive purposes was previously studied by Gilland and
Williams (Gilland and Williams, 2016). Gilland and Williams
proposed the use of Alfven waves to accelerate the medium. They
showed that their design can produce net thrust in planetary
magnetospheres. Sending plasma waves directly into the medium
offers certain advantages. Principally, the region of the medium
being accelerated is considerably larger than what any physical
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airfoil could achieve. Aerodynamically, this translates to a low
disc loading. Additionally, the medium is accelerated in the
direction of propagation irrespective of its speed. The medium
can therefore be accelerated perpendicularly without generating
considerable parasitic drag. In other words, due to the volumetric
nature of the interaction mechanism, a large region of the
medium can be accelerated without significant losses. This
interaction is able to produce lift independent of the
orientation of the spacecraft, allowing fast modulation of the
lift vector direction. The presence of neutral particles, such as
atomic hydrogen, within the plasma does not prohibit plasma
waves to be launched into the medium. However, these
advantages come with the requirement that the wave must be
sent unidirectionally. Producing a compact antenna design able
to produce waves with, in the case of the interstellar and
interplanetary medium, wavelengths on the order of
kilometers is a challenging problem. However, as will be
discussed later, there already exist antenna designs capable of
producing unidirectional plasma waves suitable for lift. As
plasma waves are sensitive to the direction of the
environmental magnetic field, they require the magnetic field
and the propagation direction to be correctly aligned to generate
lift in the desired direction. In the different trajectories described
above the spacecraft soars in gradients in wind velocity, however
the termination shock and the fast-slow wind also exhibit density
gradients. Consequently the frequency of the plasma wave will
have to be tuned to the local properties of the plasma to ensure
the highest coupling and lift generation.

4.2 Poynting vector

The energy flux associated with an electromagnetic field is
defined as the Poynting vector, S.

S=1(E><H) (34)
IS

E and H refer, respectively, to the electric field vector and
magnetic field vector associated with the electromagnetic
wave, and p refers to the permeability of the medium.
Consider a circularly polarized electromagnetic wave travelling
in the z direction.

E(2) = XE,(2) + JE, () = (XEx + JEx) e (35)

=H(z) = %2 x E(z) = —% (§Exo — XEx) e (36)

1
:S:zﬂ(mxoﬁ +|Eol’) (37)

Here, 7 refers to the characteristic impedance of the medium. For
EM waves in vacuum, impedance is 377 (), for plasma waves it is
more complex and we will derive the relevant wave properties below.
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4.3 Plasma wave force

The momentum flux associated with a wave is defined as the
energy flux divided by the velocity of energy flow, ie., the
characteristic velocity of the wave. In the case of plasma
waves, the velocity of energy flow is the group velocity of the
wave, . Therefore,

P= i (38)
Ve

S

©F=PA,, =—A,,.
Ve

(39)

From Eq. 39, we can observe that the force, associated with
launching plasma waves into the medium, follows the inverse of
the group velocity. Eqs 3, 39 illustrate, in two different ways, why
producing low group velocity is a crucial requirement for the
technology, as low group velocity corresponds to low acceleration
of the medium (i.e., low Av,) and, at the same time, a large lifting
force.

4.4 Suitable plasma waves

Numerous types of plasma waves exist, but few can produce
low group velocity. Cold plasma theory offers a simple theoretical
model to select suitable plasma waves. It assumes a low
temperature of the electrons and ions in the plasma. The
validity of this assumption will be discussed later in the paper.
The group velocity is defined as v, = g—‘,‘(’, where w and k satisfy the
dispersion relation. Using this model, the set of suitable plasma
waves can be restricted. Several potential candidates to lift
generation have been identified: the R-wave (whistler wave),
the Alfven wave, the X-wave, and the magnetosonic wave. We
emphasize that these may not be the most promising
implementations but rather are just offered as an example.

The R-wave and the Alfven wave both propagate in the
direction of the environmental magnetic field. On the other hand,
the X-wave and the magnetosonic wave propagate normal to the
magnetic field. Within 10 AU of the Sun the magnetic field is
quasi-dipole. At larger radius the magnetic field is primarily in
the circumferential direction, perpendicular to the direction of
the flow of the solar wind (Opher et al., 2009; Owens and Forsyth,
2013). Therefore a spacecraft soaring on the termination shock
will have to use a wave propagating normal to the environmental
magnetic field to produce the lifting force in the right direction.
On the other hand, a spacecraft soaring on the fast and slow wind
might need to use a combination of waves propagating in two
perpendicular directions to perform the maneuver.

As shown in Figure 8, when w tends to the electron
gyrofrequency w., the R-wave and the X-wave exhibit
resonating behavior. Graphically this translates to a horizontal
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asymptotic behavior. Therefore, as w tends to w., the group
velocity of the waves tends to 0.

In cold plasma theory, the Alfven wave group velocity, vy, is
clearly defined and is not a function of wavelength or wave
vector.

B
VH#o P

VA = (40)

Within cold plasma theory, MHD equations can be used to
model magnetosonic waves. There exist two different modes for
the magnetosonic wave: the fast and the slow mode. The fast
magnetosonic wave propagates in a low 8 plasma, like the solar
wind, isotropically with a group velocity close to the Alfven
speed. On the other hand, the slow magnetosonic wave
propagates perpendicular to the magnetic field with a group
velocity equal to the sound speed of the plasma. Therefore, in the
interplanetary and interstellar medium, the Alfven wave and the
magnetosonic wave can produce sufficiently low group velocity,
10-100 km/s, to be used for lift generation.

The assumption was made earlier that the temperature of
the electrons was close to absolute zero. However, thermal
effects and thermal motion contribute greatly to the physics
of the plasma. Therefore, the warm plasma model will be
considered next. Aubry et al. (1970) modeled whistler waves
in warm plasmas with temperatures ranging from
120,000-1,000 K. As thermal effects are taken into account,
the behavior of the plasma becomes more complex. Due to
thermal motion, the resonant behavior of the plasma
observed near the gyrofrequency become pseudo-resonant
behavior, i.e., the group velocity never reaches zero. From
their model, the lowest group velocity achievable was
determined. For the solar wind at 1 AU and an electron
temperature of 120,000 K, the group velocity for the whistler
wave is 100 km/s. At the termination shock, with an electron
temperature of 1,000 K, the lowest group velocity for the
whistler wave is 10 km/s. These velocities, both in the solar
wind and at the termination shock, were evaluated for
frequencies close to the plasma frequency, w = 1.001 w,.
At 1 AU the plasma antenna will, therefore, have to operate at
17 kHz and at 6 kHz at the termination shock. For the Alfven
wave, the group velocity was derived from the observations of
Shi et al. (2015). The Alfven wave observed around 1 AU had
velocities of 100 km/s. This observation suggests that
propagating Alfven waves at low group velocity are
possible in the interplanetary medium. Due to the
complexity of analyzing the coupling between the antenna
and the plasma, determining exact values of maximum
amplitudes, Poynting vector, and scale of the plasma
antenna is left for future research.

Local properties of the plasma, such as the strength or the
direction of the magnetic field, could be modified via the use
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Dispersion relation of the R-wave and the X-wave

of on-board magnets to modify the electron gyrofrequency
and increase the coupling of the plasma antenna to the
medium. The estimated lift-to-drag ratios for these four
plasma waves are given by Eq. 3 with AU, = v,.

At 1 AU lift-to-drag ratios of 8-15 in the solar wind can
be achieve while at the termination shock values as great as
100 might be reached. In the dynamic soaring numerical
simulations, we assumed a value of 25 for the lift-to-drag
ratio at the termination shock, the discrepancy between the
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value used and the value given by a group velocity of 10 km/s
is due to taking into account efficiencies that arise during the
different interactions between the medium and the
spacecraft.

4.5 Plasma antenna

As discussed earlier, sending unidirectional waves into the
plasma with a compact antenna design is not trivial and
requires additional work. Launching plasma waves capable
of achieving the Poynting vector magnitudes required for the
trajectory described earlier requires antennae of large scales
both in terms of cross-sectional area and length. Currently, we
know of no compact antennae to send plasma waves
unidirectionally ~ perpendicular to the environmental
magnetic field (X-wave and magnetosonic wave). However,
we propose a design for the R-wave (whistler wave). We can
use to our advantage one of the properties of the wave, its
helicity. This property is used in Rousculp antenna design
(Rousculp and Stenzel, 1997). The antennas are designed to
have a preferred helicity injection direction, i.e., they couple to
the plasma preferentially along one direction. In our case, this
direction will correspond to the lift direction. If compact
antennas capable of achieving the desired performance
prove to be too complex to design, more conventional
antennae arrays could be used to launch the plasma waves
with the large cross-sectional areas required.

Structure ‘\

Power Extraction Eollection Antenna

Array Plasma Magnet

FIGURE 9

@ Rousculp
Directional antenna
]

-

-

—

Plasma wave

Schematic of spacecraft with directional plasma wave antenna that imparts momentum onto the local interplanetary or interstellar medium,

generating a force on the antenna (lift).
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TABLE 1 Mission profile.

Event Time
Spacecraft exits Earth’s magnetosphere T + 0 month
Spacecraft deploys one plasma magnet T+ 0 month
Spacecraft reaches solar wind speed T + 1 month
Arrive at termination shock T + 13 month
Start of the dynamic soaring maneuver T + 13 month
Spacecraft reaches 2% of ¢ T + 30 month

5 Spacecraft and mission design
5.1 Spacecraft design

The spacecraft requires two different systems to interact with
the plasma of the solar wind, the first system extracts energy from
the wind and the second accelerates the medium perpendicularly,
as shown schematically in Figure 9. Power can be extracted from
the medium by modulating a drag device. The power extraction
currently envisioned for this technology is the plasma magnet
array. As previously proposed for use in the g-drive (Greason,
2019) it extracts power from the flow over the vehicle that is then
used to accelerate on-board reaction mass. The plasma magnet
array strokes the medium with two plasma magnets and power is
extracted from the subsequent flow of particles. The advantages
offered by the plasma magnet array for power extraction are still
valid in our case. The area of interaction of the plasma magnet is
not limited by the physical size of the coils but is in equilibrium
with the environmental dynamic pressure. Consequently, the
radius of interaction can reach tens of kilometers. Plasma
magnets can, therefore, produce constant drag acceleration on
the order of ap = 0.05-0.5 m/s> (Slough and Giersch, 2005;
Slough, 2007; Freeze et al, 2021). Additionally, the plasma
magnet area of interaction is in equilibrium between the
magnetic pressure generated by the coils and the dynamic
pressure exerted by the flow of particles, thus the plasma
magnet’s area of interaction naturally contracts or expands as
the dynamic pressure or density of the flow fluctuates. Discussing
the scale and the mass of the system was judged premature, as the
scale of crucial subsystems remain undetermined and a function
of the exact technology implemented for the energy extraction
and the lift generation.

5.2 Mission design

Lift generation, by sending plasma waves into the
surrounding medium, enables new types of missions. The
high lift-to-drag ratio allows a variety of fast transit missions
to be imagined in the inner and outer Solar System. The
system can also be used as a braking system. Transfer to an
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orbit about a target planet can be easily achieved by doing
non-atmospheric deceleration. In other words, by pointing
the lift vector in the right direction the circumferential speed
can be greatly decreased without any aerocapture or
propellant burn. To explore the possibility to achieve the
greatest speed, the following architecture is proposed
(Table 1).

Since dynamic soaring can deliver payloads to 2% of ¢,
essentially “for free” (meaning, without expenditure of
propellant or significant power), this technique is ideally
suited to deliver reaction mass that can be used for additional
stages of propulsion capable of even greater speeds. The q-drive
(Greason, 2019) is a technique by which reaction mass onboard a
spacecraft can be expended via an interaction with the interstellar
medium in order to concentrate the kinetic energy of the mass
into the final (dry) mass of the spacecraft. The q-drive becomes
particularly promising at speeds starting at 5% of ¢, and may be
able to reach speeds of 20% of c. In order to span the region from
2% to 5% of ¢, the present authors have recently proposed the
concept of wind-pellet shear sailing (Greason et al., 2022), in
which a spacecraft overtakes pellets traveling slower than the
spacecraft while again interacting with the ambient medium in
order to concentrate the pellet energy into the spacecraft. Both of
these concepts (the q-drive and wind-pellet shear sailing) require
pre-accelerating a significant reaction mass in order to work. The
ability of dynamic soaring to provide the acceleration of large
masses to 2% of ¢ appears to make it ideally suited as a first stage
required for these other concepts.

5.3 Technology roadmap

Development of the concept of interacting with the solar wind
as a means of propulsion will require experimental validation in
stages, the first of which would be demonstration of significant
drag against the solar wind using a magnetic structure for
propulsion. The plasma magnet appears to be the highest
performing in terms of accelerations of the drag concepts
reviewed in the Introduction, so a plasma magnet technology
demonstration would appear to be the next logical step. A recent
study has proposed a small, 16U cubesat demonstrator concept
termed Jupiter Observing Velocity Experiment (JOVE) that could
transit the orbit of Jupiter just 6 months after launch from Earth
(Freeze et al, 2022). Another application of the wind-riding
plasma magnet technology would be a demonstration of rapid
access to the solar gravitational lens (SGL) distance (> 550 AU).
The study, called Wind Rider Pathfinder Mission, has shown the
SGL region could be accessed in less than 7 years from launch
using this technology (Freeze et al., 2021). These groundbreaking
missions would provide validation that meaningful propulsive
power could be extracted from the solar wind, providing a
foundation for the more advanced concept of extracting
electrical power from the wind for lift-generation.
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6 Conclusion

The ability to generate large values of lift-to-drag ratio via
interaction with the flow of interplanetary and interstellar
medium over a spacecraft is found to be feasible, at least from
the perspective of the physical principals involved. Plasma waves
near the resonant frequency for the plasma are found to be an
effective means to impart a momentum change onto the flow in
the transverse direction using a compact, directional antenna.
Several waves are identified as having the low group velocities
necessary to give effective coupling that imparts momentum
change to the flow in the transverse direction; other plasma waves
should also be examined. The values of lift-to-drag ratio that may
be achieved (£> 10) are sufficiently great that a dynamic soaring
maneuver can be performed by the spacecraft, enabling the
vehicle to reach multiples of the difference in wind speed
between different regions of the heliosphere and exceed the
solar wind speed. The dynamic soaring technique appears
feasible for a vehicle to achieve velocities approaching 2% of ¢
after a year and a half by soaring along the termination shock and
heliopause or 0.5% of ¢ after 1 month by soaring along the slow
and fast solar wind. Other structures in the heliosphere may offer
even greater wind gradients, potentially providing even more
significant velocity gains.
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Nomenclature
Latin symbols

A, area of plasma wave
ap drag acceleration

B magnetic field strength
¢ speed of light

Cp drag coefficient

C, lift coefficient

D drag force

Eyi, kinetic energy of the spacecraft

E electric field vector
H magnetic field vector
j imaginary unit

k angular wave number
L lift force

m spacecraft mass

m particle mass flux

P Power

§ Poynting vector
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U, U,, wind speed as viewed from the spacecraft reference frame
v, v, spacecraft speed as viewed from the fixed reference frame
Voo Wind speed as viewed from the fixed reference frame

v; velocity change across a rotor disk

Av,, difference in wind velocity

vg group velocity

Greek symbols

B ballistic coefficient

n Efficiency

#o plasma characteristic impedance

u Permeability

0 angle at the interface

¢ angle between the wind gradient and the spacecraft velocity
Poo wind density

pp plasma density

w angular frequency

w, plasma frequency

w. electron gyrofrequency
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