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quasi-periodic lissajous orbit around the libration point but the particle is rejected by the
capture region and remains in the interior galactic region.18 The Jacobi constant C=-0.4430,

which is equivalent to a total energy £=—3.1233 kJ/kg.

If the total energy corresponds to a closed zero-velocity surface then particles within the
capture region will remain bound to the Sun and conversely, particles in the interior and
exterior will remain in their respective regions. Figure 3.4.3 shows an example of this where
C=-0.4824, which is equivalent to £E=—3.4011 kJ/kg. Also examined was a case where
particles from the interior region have enough energy to pass into the capture region but do
not quickly escape, shown in Figure 3.4.4, where this surface has an energy £E=-3.1608
kJ/kg.

The Jacobi integral energy analysis allows prediction of the probable motion of particles with
a certain total energy moving within the interior, capture and exterior region. However, other
considerations can affect the shape of the zero-velocity surface for a particular particle.
Stellar radiation pressure from the Sun and other nearby stars can alter the forces acting on
a particle. Also, as demonstrated in the two-centre analysis (Section 2), the passing of

nearby stars can perturb the motion of a particle thus altering its total energy.
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4. Libration Point Transfer for Interstellar Travel (WP3000)

4.1 Two-Centre Transfers

Orbit transfers via gravitational libration points are known to reduce the required energy
compared to traditional transfer methods, such as Hohmann transfers. The transfer of a
spacecraft between the Sun and Centauri will be investigated using the two-centre
approximation. It has already been shown that the two-centre problem does not normally
accurately model the dynamics of dust particles in the Sun—-Centauri system, due to the
relative motion of Centauri to the Sun. However, if a transfer takes a short period of time
(~50 years) then the two-centre model is valid as the Centauri system can be assumed to be

fixed relative to the Sun.

To traverse a distance of 4.36 ly in a period of 50 years would require a huge velocity of
26,159 kms™', 8.73% the speed of light. The relativistic effects on mass and time shall be
ignored for this analysis. Figure 4.1.1 considers a direct transfer departing from the Earth,
positioned a distance of 1.49x10"" m from the Sun, and performs a fast-flyby at Centauri 50
years after launch. Due to the high-velocity, stellar gravity will not be sufficient to decelerate
the probe adequately for capture, as the probe velocity is well in excess of the stellar escape
velocity. The total energy applied to the spacecraft for this trip would be 3.4215x10" kJ/kg.

A much longer duration transit via the two-centre libration point is provided in Figure
4.1.2. The total transit time between the Sun and a-Centauri is 30 Myrs. Although the total
mission energy requirement is —19.776 kJ/kg, much less than for the fast transfer case, the
mission duration is clearly much too long. Due to the motion of Centauri relative to the Sun,

this model has been shown to be invalid over such a long period of time.
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4.2 Explicit Solution to Two-Centre Problem using Confocal Elliptical Coordinates

The two-centre problem can be solved explicitly by converting Equation 1 to confocal
elliptical coordinates & nand 6 (see Appendix 1 for method).19 These equations are
variable separable using the Hamilton-Jacobi method, allowing zero-velocity surfaces to be
generated which may be used to identify bound motion in the two-centre problem. The

separated equations are derived as

4P,?
~8EE” + 1%2(452 - 1)+(2—‘9)—8§(1 +A)=a
4% -1

Equation 14

2
8E7’ +P772(1 —4772)+(L92)+877(1 -2) =-a
1-4n

where PP, and P, represent the momentum terms, 4=2.17 is the ratio of m; to m, , E is the

total energy and « is a separation constant.

From the initial conditions in polar coordinates, it is possible to calculate the initial values for
EnEn.  Also, the values for energy and momenta can be determined, allowing the

separation constant o to be calculated. Setting the values of P: and P, equal to zero,
Equation 14 can be solved to identify values of & and 7 representing zero-velocity surfaces

for a set of initial conditions.

Figure 4.2.1 shows a set of ellipses which bound an orbit. The orbit in the p-z plane,
represented by the bold line, is bound to the surface of an ellipse. It loops around the Sun
and returns to the nominal orbit but never approaches Centauri. Applying an initial velocity
alters the shape of the zero-velocity surface. Figure 4.2.2 shows an orbit in the p-z plane,

bound between two ellipses. This orbit loops around both the Sun and Centauri periodically.

Zero-velocity surfaces can be used to identify particle trapping orbits around a star. In the
two-body problem a similar explicit solution exists by separating the equations of motion
using parabolic coordinates.?®?' Figure 4.2.3 shows an orbit where the particle has sufficient
energy to escape the system. There are no surfaces bounding the particle to the two stars.
Therefore, it can be concluded that the particle, in this case, can escape the two-centre

system.
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4.3 Mission Enabling Propulsion Systems

Transit times to Centauri prohibit the use of conventional propulsion methods. Instead a
new, novel propulsion system will be required in order to conduct such a mission within a
reasonable timescale. The suggested fast-flyby time of 50 years requires a huge energy of
3.4215x10"" kJ/kg and a cruise velocity of 8.73% of the speed of light. A selection of

advanced propulsion concepts have been proposed which could reach relativistic speeds.

One such concept is solar sails, which are propelled by stellar radiation pressure.
Acceleration is not limited by stored reaction mass so that solar sails could enable many
exotic high-energy missions. For an interstellar mission, many engineering challenges would
need to be overcome including deployment of a massive reflective structure in space and
maintaining a flat surface. A very close solar pass at <0.01 AU (Astronomical Unit) could
take advantage of the increased radiation pressure closer to the Sun, boosting the
acceleration of the sail. Relying solely on stellar radiation pressure has the draw back that
acceleration varies as 1/%, where r is the distance from the star. Most of the 0.08 ¢ velocity
would have to be attained while the sail is within 1 AU of the Sun leading to a requirement for

exotic, ultra-light sail materials.

Variations on the solar sail include the laser sail** and maser sail*®, proposed by R. Forward.
Both use extremely high-energy photon beams which can be focused onto a large reflecting
structure, using a large diameter Fresnel zone lens. Since the beam is focused onto the sail,
the 1/ dependence is removed and constant acceleration is in principle achievable. The
advantage of beam power systems, in common with nuclear systems, is that the spacecraft
arrives at the target power rich and capable of driving a substantial science payload. The
clear disadvantage is the scale of engineering required for the power beam, and the total
energy required to accelerate a large mass to mildly relativistic speeds. Engineering
limitations exist regarding the thermal capacity of the material used for the sail. Forward
states that a 65 GW laser could accelerate a 1000 kg sail with diameter 3.6 km at 0.036 g

reaching Centauri within 40 years.

Figure 4.3.1 shows a selection of more exotic propulsion methods which have been
suggested as propulsion systems enabling fast interstellar travel. No matter the propulsion
system selected, we are required to consider exotic, speculative propulsion concepts.
Indeed even nuclear electric propulsion is considered inadequate for true interstellar travel,
due to the relatively low energy density of fission reactors. Eliminating the need for a reactor
core and using the actual fission products as reaction mass is one way to attain higher

energy densities.
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The Orion concept, studied by NASA and others, proposed the use of pulse-propulsion for
interplanetary and interstellar travel. Shown in Figure 4.3.2, a propulsive force could be
produced by detonating fission devices behind the spacecraft with a pusher-plate mechanism

driving the vehicle forward.?*

The use of anti-matter could enable high-energy density propulsion systems. Current global
production of antimatter is extremely low. However, sufficient quantities could be produced
as part of a focused research program towards the demonstration of antimatter propulsion
capabilities. Penn State University have designed a spacecraft (ICAN-Il) which would use
antimatter: Fission/Fusion drive (ACMF) for planetary missions within the solar system, see
Figure 4.3.3.

Fusion concepts have also been proposed which offer greater energy density than fission
driven propulsion. One issue is plasma confinement in order to sustain a fusion reaction with
two principle schemes - inertial confinement fusion (ICF) and magnetic confinement fusion
(MCF). The British Interplanetary Society performed a feasibility study of ICF propulsion for
interstellar travel. The study, known as Daedalus, used a two stage ICF system transporting
a 830 megaton payload. The spacecraft could achieve interstellar flyby with a Av of 0.1c,
requiring 4 years to accelerate. This study outlined the possibilities using fusion energy, but

many issues remain unresolved before fusion becomes a viable propulsion method.

Other propulsion options include the Buzzard Interstellar Ramjet, which was proposed by the
physicist R.W. Buzzard during the 1960s. The concept uses a large magnetic collector or
scoop, which directs interstellar hydrogen particles into a compressor where the gas can then
be used as fusion fuel. The idea was proposed to reduce spacecraft mass by collecting fuel
as it travels, although it has recently been demonstrated that the drag of particle collection

would likely be larger than the energy produced by the fusion reaction.?®
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Figure 4.1.2 Long period transfer via libration point orbit
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Figure 4.2.1 Elliptical coordinate bounding surface (Bold line represents orbit in p-z plane)
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5. Summary and Conclusions

The purpose of this study was to investigate dynamics of the Sun and the Centauri system
and search for the location of possible libration points. The stability of such points was
determined and the probability of interstellar matter becoming trapped, at least temporarily at
these points, was addressed. The two-centre problem was used to model the dynamics of a
test particle between the Sun and the Centauri system, making the assumption that the stars
remain at fixed positions relative to each other. The on-axis libration point between the stars
was identified and is located 1.76 ly from the Sun and 2.59 ly from Centauri. Using potential
energy analysis, this libration point is seen to be unstable. Periodic orbits exist at various
positions between the stars and there exist stable orbits near both the Sun and Centauri,
corresponding to two-body orbits with a small uniform force displacing the orbits slightly from

the nearby star. The typical orbit period was however found to be of order of 10 Myrs.

A study was also performed to examine the influence that stellar radiation pressure has on
particles between the two stars using a new photo-gravitational two-centre problem. It was
found that light extinction, due to scattering and absorption of photons by interstellar matter,
does not significantly reduce the stellar luminosity at the on-axis libration point position.
Therefore, stellar radiation pressure can have an effect on small particles at the libration

points. A range of possible orbits were identified for different particle mass-to-area ratios.

To investigate the validity of the two-centre model, the effect of the motion of Centauri
relative to the Sun was examined. It was found that Centauri moves fast relative to the Sun,
compared to the timescale of the dynamics of the two-centre problem. Over a few hundred
years the motion is barely noticeable, but after the 10 Myrs orbit period of typical two-centre
orbits Centauri is distant from the Sun. It can be concluded that the two-centre model is
normally not applicable to local stellar dynamics, as the stars move at relative speeds which
are fast compared to the natural timescale of the dynamics of the problem. Therefore, no
particles can be expected to become trapped at the transient libration points between the
stars. The motion of nearby stars does however perturb the motion of test particles passing
near the star. If a particle is moving away from the Sun at slightly greater than the solar
escape speed, its energy can be reduced if it passes near Centauri, allowing it to be re-

captured by the Sun.
The effect of a third potential, that of the binary system Sirius, was also included in the two-

centre model and the potential energy function examined to search for libration points. It was

found that the unstable libration point between the Sun and Centauri is still present, but that
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another unstable libration point exists between the Sun, Centauri and Sirius. Again, photo-

gravitational effects were included in this model.

The Sun orbiting the Galactic centre was modeled using Hill's approximation of the three-
body problem. The L; and L, Lagrange points were identified at +6.64 ly and were found to
be unstable using eigenvalue analysis. The position of all stars within 3 pc of the Sun were
compared to the Ly and L, position. Sirius was within 3.2 ly of L, and the red dwarf Barnard’s
star was within 2.75 ly of Ly. These stars could significantly perturb any particles in the

vicinity of the libration points.

Zero-velocity surfaces were generated for various particle energies using the Jacobi integral.
Transfers between the interior Galactic region to the exterior region via the libration points
were investigated. Also, cases where particles from the interior Galactic region can become
captured were investigated. Although the period of these transfers is of the order of
100 Myrs, there is a possibility that interstellar matter transfers between the interior and

exterior Galactic regions via this route.

Finally, transfers between the Sun and Centauri where investigated to outline a possible
interstellar mission. Two possible missions were compared, a fast-flyby taking less than 50
yrs and a slow transfer using the two-centre libration point. The fast-flyby mission has a huge
energy requirement of 3.4215x10"" kJ/kg and has a relativistic cruise speed of 0.0873 c.
Using the two-centre libration point, a transfer requiring only -19.776 kJ/kg is found but with a
period of 30 Myrs. Unfortunately, due to the motion of Centauri relative to the Sun, the
transfer period is far too long for the two-centre model to be a valid approximation of the
dynamics. Fast-flyby mission enabling propulsion systems were also investigated with a
requirement for exotic high-energy density propulsion methods. The development of fusion
and anti-matter driven systems could provide the huge amounts of energy required to

traverse interstellar distances in a reasonable timescales.
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Appendix 1

The derivation of the explicit solution to the unequal mass two-centre problem is provided

using confocal elliptical coordinates (§,m). From Equation (1) we can define
(1) n*=p™Z=(c+n)’
(2 rf=p*+(12)’ = -n)
so that
(3) z=2Ent"
(4)  p*=%(Ee-1)(1-4n7)

We find the derivatives of (3) and (4) with respect to time as

(5) 2=28n+280

©  p=a-an)-Tag
p p

The Hamiltonian H = T + U is now defined where T is the kinetic energy and U is the potential

energy. For the two centre problem, the Hamiltonian in polar coordinates maybe written as

7) H = l(szrz'z + ,0249'2)—i—i
2 non

Equation (7) can be re-written in elliptical coordinates using (5) and (6) to obtain

_ L ) 2 1-4n°) of 2l -1) T2 Ny 422

from which we can obtain the momenta terms P, P, and Py
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B, =

Py = =
Y

Then the Hamiltonian can be written in elliptical coordinates as

® H=z[(4§2(1_4n2)+4n2(4§2—1»*(4«:2t1—4n2)+4n2(452—1»7

1 p2lag> 1) p2li-4) Pf} 1 A

A common factor of 1/(4(£%-n?)) can be identified in (8) to yield

_ 1 2y 22 2, 42 of 1 1 nd-4)-¢(1+4)
(9) H_8§2 5 {Pg (4§ 1)+P,7 (1 4n )+4Pg [(452_1)+(1_4772)H+ (52_772)

Then the Hamilton-Jacobi transforming function S can be used to separate the variables as
(10) S =-Et+ P+ S(§)+ S(n)

where t is the time and E is the total energy. For certain values of S, it is true that

ﬁ +H =0, therefore
dt

1 1 J]+77(1—/1)—§(1+/1)=0

_E+a§217) Péz(“fz—1)+Pn2(1—4’72)+4p‘)2[(4§2_1)+ I-472) &2 -

Re-arranging we obtain

2 2
(11) —8E&? +8En? +P§2(4§2 —1)+ Pn2(1—4772)+ ( 45y 4 —8E(1+A)+8p(1—2) =0

482 _1)+ I-472)

where (11) can be separated into two expression with separation constant a
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2
4P,

—8EE? + P§2(4§2 - 1)+(4§2—91)—8§(1 +A)=a
2

8E772+P,72(1—4772)+ Ay S+ 87(1-4) =
1-4n

as defined in Section 4.2.
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