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INTRODUCTION

W
e would like to present, with great pleasure, 
the special issue of the Journal of the British 
Interplanetary Society, which is dedicated 
to a unique International Workshop on the 
Foundations of Interstellar Studies. This 

workshop was held on 13-15 June 2017 in New York, USA at 
New York City College of Technology (City Tech), the City 
University of New York (CUNY). This meeting was the result 
of a successful a collaboration between the Institute for Inter-
stellar Studies and the Center for Theoretical Physics (CTP) of 
the Physics Department at City Tech, CUNY. One of the goals 
of the workshop was to facilitate interactions through infor-
mal conversations and bring scientists and engineers together 
to discuss current problems in the hope that some solutions 
can be realized, or future research directions planned.

At the start of this new millennium we are faced with one 
of the greatest challenges of our era — interplanetary and 
interstellar travel. At the end of the last century, the idea of 
interstellar travel was merely considered science fiction. In 
recent times, that has changed and interstellar flight has re-
ceived much attention. This is significant because of the dis-
covery of many planets outside of our Solar System orbiting 
other stars. Indeed, we now know that an Earth sizes mass 
planet orbits our closest extrasolar stars, Proxima Centauri. 
In addition, national space agencies and private commercial 
industry are beginning to turn their attention to the planets 
and beyond. It is time to start considering bold interstellar 
journeys and how we might accomplish them. Yet, this chal-
lenge presents many difficult problems to solve. Who better to 
address them than the global physics community?

Inspired by the recent success of the Kepler Space Tele-

scope and similar endeavors, the workshop was conceived 
around one of the greatest questions of our age – can we 
cross the vast distances of space to visit other worlds orbit-
ing other stars?  During three days, the Workshop hosted a 
total of 27 thought-provoking presentations which sought to 
answer that very question. On day 1, we focused on tradition-
al “energetic reaction engines” which used all combinations 
of electrical, plasma, nuclear, chemical, and even antimatter 
propulsion; day two was dedicated to concepts involving the 
transfer of momentum via photons, such as solar sails, laser 
sails, microwave sails, particle beamers, stellar wind pushers.; 
and day three was devoted to exotic forms of propulsion, in-
cluding quantum vacuum energy drives, warp drives, worm 
holes, and loop quantum gravity. This innovative workshop 
was full of fascinating ideas and enlightening discussion. We 
are pleased to present this special issue and upcoming issues 
of the Journal of the British Interplanetary Society highlighting 
some of the most intriguing and thought-provoking papers 
presented during the Workshop. 

Co-chairmen,

Professor Roman Kezerashvili, Ph.D D.Sc
Professor of Physics
Director of the Center for Theoretical Physics
City Tech, CUNY

Kelvin F. Long BEng Msc FBIS CPhys
Executive Director, Initiative for Interstellar Studies (UK)
Chairman, Institute for Interstellar Studies (USA)

Introduction
Foundations of Interstellar Studies Workshop, NY 



JBIS Vol 71 No.8 August 2018 275

 JBIS VOLUME 71 2018 PAGES 275–279

FIRST STOP ON THE INTERSTELLAR JOURNEY:  
The Solar Gravity Lens Focus
LOUIS FRIEDMAN1, SLAVA G. TURYSHEV2 1Executive Director Emeritus, The Planetary Society; 2Jet Propulsion Laboratory, 
California Institute of Technology.

Email louisdfriedman@gmail.com

Whether or not Starshot [1] proves practical, it has focused attention on the technologies required for practical interstellar 
flight. They are: external energy (not in-space propulsion), sails (to be propelled by the external energy) and ultra-light 
spacecraft (so that the propulsion energy provides the largest possible increase in velocity). Much development is required 
in all three of these areas. The spacecraft technologies, nano-spacecraft and sails, can be developed through increasingly 
capable spacecraft that will be able of going further and faster through the interstellar medium. The external energy source 
(laser power in the Starshot concept) necessary for any flight beyond the solar system (>~100,000 AU) will be developed 
independently of the spacecraft. An intermediate practical destination to exercise the spacecraft technologies and provide 
an interstellar high resolution image of an exoplanet is the Solar Gravity Lens Focus. The solar gravity lens focus is a line 
beginning at approximately 547 AU from the Sun along the line defined by the identified exo-planet and the Sun [2]. An 
image of the exo-planet requires a coronagraph and telescope on the spacecraft, and an ability for the spacecraft to move 
around the focal line as it flies along it. The image is created in the “Einstein Ring” and extends several kilometers around 
the focal line – the spacecraft will have to collect pixels by maneuvering in the image [3]. This can be done over many years 
as the spacecraft flies along the focal line. The magnification by the solar gravity lens is a factor of 100 billion, permitting 
kilometer scale resolution of an exo-planet that might be even tens of light-years distant. The value of such an image would 
be enormous and is examined in this paper. 
 
Keywords: Gravity Lens Focus, Interstellar precursor mission

1  INTRODUCTION

A mission to 500-1000 AU is a small fraction of interstellar 
flight, approximately 0.3%. Yet, its requirements are beyond 
current spacecraft state-of-the-art. A 50-kg spacecraft with a 
solar sail of 300x300 meters, capable of flying to 0.1 AU peri-
helion distance can reach 600 AU in 20 years and 1000 AU in 
about 33 years. Achieving this is a tall order: we do not have 
sails of this size, we do not have materials for this close a fly-
by of the Sun, and we do not have working smallsat (<100 kg) 
spacecraft for a 20-40 year journey. But meeting these require-
ments is necessary soon, if we are going to create even light-
er spacecraft to capture the external energy which can enable 
interstellar flight. Other types of sails besides solar sails may 
also be considered – for example, e-sails, drawing power from 
the interaction of the solar and interstellar wind with charged 
wires on the spacecraft. Hybrid propulsion with sails and nu-
clear electric propulsion are also to be considered as is a new 
idea for laser electric propulsion since the spacecraft will likely 
require a small nuclear power source for operating hundreds of 
AU from the Sun. Studies are needed both for their cost-effec-
tive application to a solar gravity lens focus mission and their 
technology applicability as an interstellar precursor.

 
The solar gravity lens focus is the only destination in the 

This paper was presented at the Foundations of Interstellar Studies 
Workshop at CUNY City Tech, New York City, 13-15 June 2017.

interstellar medium (except for possible unknown rogue plan-
ets) that can serve as a milestone for interstellar flight. Beyond 
the heliopause (~120 AU) there are no natural objects which 
have compelling science and mission goals. If we can oper-
ate a spacecraft on the focal line created by the solar gravity 
lens we can in principle provide high resolution images of an 
identified interesting exo-planet, one that might itself be itself 
a fundamental interstellar goal. Because the spacecraft technol-
ogies necessary to operate such a mission are those which must 
be developed for interstellar flight it also serves as a technol-
ogy driver. These include laser communications, deep-space/
long-lived power, autonomy and reliability over long flight 
times, precise attitude control and stability and the materials 
and thermal technologies for very close flyby of the Sun. Thus, 
a putative solar gravity lens focus mission is both a scientific 
interstellar precursor (imaging the identified potentially hab-
itable exo-planet) and a technology precursor for interstellar 
flight. No other such precursor has been identified.

2 RATIONALE

The question of life on other worlds is perhaps the key ques-
tion of space exploration. The discovery of a huge number with 
huge diversity of planets around other stars strongly suggests 
that putatively habitable planets will be discovered soon, per-
haps even with bits of data suggesting that there is extrater-
restrial life. But even if there are such discoveries no telescope 
we can imagine constructed on Earth or in the accessible solar 
system will be powerful enough to resolve or characterize life. 
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For example the angular size of an Earth-sized planet at 4.5 
light-years (the closest star) is of the order of one milli-arcsec-
ond, which would require a telescope on Earth (or anywhere in 
the inner solar system) with a diameter of tens of kilometers. 
And that would provide only a one pixel resolution! 

Fortunately, nature provides an alternative – a natural lens 
with a magnification power at 1 micron wavelength of 100 
billion and extreme angular resolution of one billionth of an 
arcsecond! It is the solar gravity lens (SGL) which focuses light 
from a distant planet or star along a semi-infinite line emanat-
ing away from the Sun beyond 547 AU (Fig. 1). 

A modest telescope equipped with a coronagraph could 
operate at the SGL’s focus to provide a direct high-resolution 
image and spectroscopy of an exoplanet. Because of the high 
magnification and tremendous resolving power of the SGL, the 
entire image of an exo-Earth is compressed by the SGL into a 
small region with diameter of 2 km in the immediate vicinity 
of the focal line [3]. While all currently envisioned NASA exo-
planetary concepts aim at getting just a single pixel to study an 
exoplanet, a mission to the SGL focus opens the breathtaking 
possibility of direct imaging (at 103 × 103 linear pixels, or ~10 
km in resolution) and spectroscopy of an Earth-like planet up 
to 30 pc away, enough to see its surface features and signs of 
habitability. Such a possibility is truly unique and should be 
studied in the context of a realistic deep space mission.

To derive an image with the SGLF, including contributions 
from the Sun (the parent star will be resolved at the anticipat-
ed resolution), and zodiacal light. A conventional coronagraph 
would block just the light from the Sun, but here we want the 
coronagraph to transmit light only at the Einstein ring where 
the planet light would be. Imaging with SGLF will be done on 
a pixel-by-pixel basis. It is likely that we would have to conduct 
a raster scan moving the spacecraft in the image plane. For the 
light received from an exoplanet, each pointing corresponds to 
a different impact parameter with respect to the Sun, thus, one 
image pixel. Between the adjacent pointings (i.e., pixels) the im-
pact parameter changes, bringing in the light from the adjacent 
surface areas on the planet. To build a (103×103) pixels image, 
we would need to sample the image pixel-by-pixel, while mov-
ing in the image plane with steps of 2 km/103 = 2m. This can be 
achieved, for instance, by relying on a combination of inertial 
navigation and 3 laser beacon spacecraft placed in 1 AU solar 
orbit whose orbital plane is co-planar to the image plane. 

Considering the plate scale: with SGL, the image at the exo-
Earth is reduced by a factor of ~6×103, meaning the orbit of 
1 AU becomes ~2.25×104 km and orbital velocity of 30 km/s 
becomes 5 m/s. For comparison, the solar gravity accelerates 
the Earth at 6 mm/s2. Similarly, the imager spacecraft needs to 
accelerate at ~6 μm/s2 to move in a curved line mimicking the 
motion of the exoplanet. If the telescope is ~103 kg, the force is 

Fig.1 Illustration of solar gravity lens.

6 mN, which maybe achieved with electric propulsion. Wheth-
er it is feasible for interplanetary propulsion, electric propul-
sion maybe sufficient for maneuvering to sample the pixels in 
the Einstein ring needed for imaging. 

The instrument should implement a miniature diffrac-
tion-limited high-resolution spectrograph, enabling Doppler 
imaging techniques, taking full advantage of the SGL ampli-
fication and differential motions (e.g. exo-Earth rotation). In 
fact, relying on the enormous amplification and angular reso-
lution of the SGL, a mission to the SGLF should also do spec-
troscopic research of the exoplanet, even spectro-polarimetry. 
Ultimately, it will not just be an image of the alien world, but 
potentially a spectrally resolved image over a broad range of 
wavelengths, providing a powerful diagnostic for the atmos-
phere, surface material characterization, and biological pro-
cesses on an exo-Earth.

Given that interstellar flight to an exoplanet is beyond any 
known capability in any reasonable time frame this may al-
low us to unambiguously determine and characterize life on 
a planet around anther star. Even if interstellar flight is proved 
feasible it is almost certain that its imaging and data return 
properties will be very limited, insufficient for life determina-
tion on a target exo-planet. In short: imaging a putative habit-
able exo-planet at the solar gravity lens focus is likely the most 
practical way we will ever be able to accurately see such another 
world. A mission to the SGL will enable a breakthrough in ex-
ploration of habitable or better yet inhabited planets – decades, 
if not centuries, before being able to visit them.

3 HOW CAN WE REACH THE FOCUS → 547 AU?

The Voyager spacecraft has gone the furthest and fastest exiting 
the solar system at a speed slightly more than 3 AU/year. It will 
not reach 547 AU until after the year 2400 – long past its op-
erating lifetime. A study at the Keck Institute for Space Studies 
(KISS) in 2014-15 considered the question of faster missions to 
go deeper into the interstellar medium to explore it, Kuiper Belt 
Objects and perhaps reach the solar gravity lens focus (SGLF) 
[4]. A mission design using an Oberth maneuver (applying a 
Δv at perihelion) with a large solid rocket motor can provide 
a much larger exit velocity. Figure 2 overleaf (from the KISS 
Study) shows the exit velocity in AU/year as a function of the 
amount of Δv applied at perihelion (an Oberth maneuver) and 
the perihelion distance (from N. Arora in [5]). Applying this 
maneuver at low perihelion requires a significant heat shield. 
The system design sized for a SLS launch described in [5] pro-
vided a Δv=5.5 km/s at a perihelion of 3 solar radii (requiring 
heat shields totaling nearly 300 kg). The resulting exit velocity 
is ~13 AU/year.

Arora, Strange, Alkalai [5] expanded the consideration of 
ballistic trajectories to include multiple gravity-assists for mis-
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Fig.2  Delta.V versus Solar Radii at Perihelion.

sions encountering Kuiper Belt Objects on the way into the In-
terstellar Medium literally examining thousands of trajectories. 
The result was a highest exit velocity of about 14 AU/year – in-
sufficient for a practical mission to the SGLF. They also consid-
ered hybrid designs with a solar sail deployed on the trajectory 
after the close solar flyby while still in the inner solar system, 
after jettisoning the solid rocket motor and heat shields. For 
the designs, they considered they found that that exit velocities 
near 18 AU/year might be possible. 

John Brophy at JPL has studied electric propulsion to reach 
that distance and found that a two-stage SEP/NEP system, with 
30 kW SEP and 20 kW NEP can achieve 20 AU/year in about 
20 years flight time [6]. It requires a small nuclear reactor for 
the NEP and would take at least 40 years to reach 547 AU. Bro-
phy is now studying a new concept; powering an electric pro-
pulsion spacecraft with a 100-megawatt laser (space based) to 
reach an exit velocity of 40 AU/year, enabling a flight time of 
about 14 years to 547 AU [7]. The use of a space-based 100 MW 
laser is a big assumption, but pales compared to the suggestion 
of the 50 GW laser in Starshot.

Friedman and Garber [8] first considered the SGLF as an 
interstellar precursor. They studied solar sail requirements to 
reach exit velocity speeds > 20 AU /year. The results are sum-
marized in Figure 3. Garber has extended this analysis to con-
sider the area/mass requirements to reach an exit velocity of 
up to 40 AU/year. His result (private communication) is given 
in Figure 4.

Sail area to spacecraft mass ratios of 900 m2/kg yield a speed 
of 25 AU/year, 30 AU/year requires A/m=1400 and 40 AU/
year requires A/m= 2550. Since any spacecraft will need pow-
er – presumably a small radioisotope generator, we consider 
that radioisotope electric power (REP) thrusters can provide 
an additional boost to the solar sail spacecraft as well as pro-
pulsion for in-space maneuvers, such as midcourse navigation 
and maneuvers in the Einstein Ring to collect the image pixels. 
A JPL study 15 years ago [9] cited an Advanced Radioisotope 
Power System delivering 106 watts weighing 8.5 kg (~12.5 
watts/kg). A system this small would be insufficient for boost-
ing spacecraft velocity but might provide enough propulsion 
for small maneuvers and attitude control. Quantitative studies 
need to be done in a system design. N. Arora (private commu-
nication during the KISS study op. cit. estimated the REP boost 
might be as much as 20%, e.g. 5 AU/year. Albeit, likely with a 
heavier system. 

Thus, a 200 x 200 meter sail might achieve a solar system 
exit velocity of 25 AU/year with a notional mass statement for 
this example of: 

– 30 kg spacecraft bus;

–  13 kg for REP system providing 100 watts of electric power 
and possibly a small maneuver capability. It remains to be 
determined if the REP system can be smaller, or can add 
to exit velocity with a propulsive boost  

–  1.6 kg sail whose density is on the order 0.04 g/m2 (equiva-
lent to 0.25-micron polyimide or a possible sail on carbon 
nanotubes). Of note is an interesting analysis of possible 
carbon nanotubes sails for extremely fast space flight, pos-
sibly as high as 0.001c (63 AU/year) [10]. 

The solar sail numbers are promising, although it must be 
emphasized that the largest area to mass designs that ever been 
built is ~8 m2/kg; a long way below 900 or 1170 m2/kg. (For 
comparison purposes we note that JPL mid-1970s proposal for 
a Halley Comet Rendezvous Mission used a solar sail space-
craft with an area to ass ratio of 711 m2/kg,) Neither have any 
large sail areas been made with thickness <2.5 microns (one 
order of magnitude than that assumed above). Further study 
of practical solar sail sizes for a 20-30-year deep spaceflight 
and of the minimal mass for long-lived interplanetary space-
craft remains to be done. If the spacecraft mass can be smaller, 
the sail area will correspondingly decrease (the sail linear di-
mension proportional to the square root of the mass).

Fig.3  Exit Velocity with Sail Area to Mass Ratio. Fig.4  Exit Velocity with Sail Area to Mass Ratio.
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A new consideration for space-sailing is the electric sail (or 
E-sail) [11]. This uses the solar wind instead of solar pressure 
and long charged tethers to propel the spacecraft by the cre-
ated electrodynamics force resulting from the electric tethers 
flying through the charged particles of the solar wind. The ad-
vantage of e-sailing is that the force drops off much more slow-
ly than the r-2 law of solar photons energy, due to a current 
sheath enlargement partially compensating for the decrease in 
solar wind energy. Pekka Januhen, the originator of the con-
cept, made a preliminary estimate of the size required to reach 
550 AU in 25 years with a 50 kg spacecraft: 20 tethers, 10 km 
each (200 km of total tether length). But E-sails are entirely 
theoretical at this point and many details about materials and 
spacecraft dynamics need to be considered. It would also of 
course require a radioisotope electric power source. 

One might ask about laser sailing – it is, after all, a nec-
essary technology for interstellar flight. It would be desirable 
to have the interstellar precursor be a laser sail. Phil Lubin 
is comprehensively studying (and experimenting with) laser 
sailing, with the goal of producing an interstellar roadmap 
[12]. Figure 5 (presented by Lubin in the KISS study, op. cit.) 
shows that to achieve even 20 AU/year (~105 m/s) that the la-
ser would require more than 100 GW with a telescope of 1km 
in order to propel a 10 kg spacecraft. This would be an inter-
stellar precursor, but we do not want to wait for the long-de-
sired (by some) but very problematical huge laser array. That 
same objection applies to the laser electric propulsion being 
studied by Brophy [7].

We conclude that solar sails are the only technology ready 
now to be considered for an interstellar precursor mission to 
the SGLF. Studies of E-Sail, and considerations of electric pro-
pulsion should continue, but no designs are practical now. 

4 WHAT DO WE HAVE TO DO THERE?

When we reach the SGLF we must continue to fly along the 
focal line for a flight time as long as it took us to get there, 
e.g. another 25 years. Images of the exo-planet will have to be 
constructed through a complicated de-convolution process of 
pixels sampled in the Einstein Ring around the focal line (cf. 
fig.1). That is the spacecraft will have to sample in a moving 
annulus some tens of kilometers in width while travelling at 
speeds ~25 AU/year. Tethering or electric propulsion could 
be used to perform raster-scanning with a spacecraft located 
>550 AU away. For an exo-Earth 30 pc away, the planet's image 
moves in a 45,000-km diameter 1-year orbit. Its image at the 
SGLF is 2 km in diameter. One way to scan the image of an 
exo-Earth is a spiral scan to follow the planetary motion using 
a 2-km tether and the RTG on the other end of it. This reduces 
the fuel requirement for raster scanning the image. 

The relatively small amount of propulsion for such maneu-
vers cannot come from the sail (indeed, it maybe jettisoned 
by then), but will have to come from the radioisotope power 
source being carried on-board. In addition the data will have 
to be communicated continuously back to Earth – likely with 
an optical system, although consideration of radio communi-
cation using the sail as an antenna remains to be done. A very 
high degree of stability and control will also be required. 

Another approach for maneuvering in the Einstein Ring 
would be to have a sub-satellite to the main satellite to carry the 
camera and collect the pixels. The sub-satellite could be teth-
ered to the main spacecraft or perhaps, as suggested by Darren 

Fig.5  Speed in m/s from Lubin [12); 105 m/s= approx.. 20 AU/year.

Garber (private communication) electrostatic forces between 
the main spacecraft and the sub-satellite could be used with 
very modest power in this plasma-free area of the interstel-
lar medium. This novel means of propulsion control (for the 
sub-satellite) should be studied. 

Implicit in the mission design is the a priori identification 
of the exo-planet which is our imaging target. The spacecraft 
can only go to one solar gravity lens focus. Thus, from the out-
set, the building of multiple small spacecraft should be planned 
both for reliability and to enable missions to image different 
exo-planets. 

5 CONCLUSIONS

Ever since Galileo invented a telescope, astronomical telescope 
making has been an evolving discipline. The task of designing 
of a modern telescope is complex, involving consideration of 
materials, detectors, precision manufacturing, tools for optical 
and thermal analysis, and etc. The largest telescope so far is 
the European Extremely Large Telescope with aperture of 39.3 
m that is currently under construction in Chile. A telescope 
with diameter of tens of kilometers in space is beyond our tech-
nological reach. Although very exciting, the SGL still needs a 
structure to support its use. 

It remains to be determined just how complex will be the 
capturing and creation of exo-planet images using the solar 
gravity lens. It also remains to be determined what would be 
the cost of a mission to its focus. But if it does prove to be a 
feasible mission, there maybe cost and science trade-off be-
tween remote sensing using the solar gravity lens and flying 
to, operating and returning data from an exo-planet in anoth-
er star system. This is especially true if the most interesting 
exo-planet to explore happens not to be at the nearest star but 
perhaps somewhere further away. In any case, the first job is 
to simulate creating the image in the SGLF. This is being done 
by Turyshev in his current NIAC study. We plan to investigate 
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spacecraft design questions of how to reach the extremely large 
regions outside the solar system, but the primary emphasis will 
be placed on the feasibility of mission operations in support of 
the primary science objectives – the high-resolution imaging 
and spectroscopy.

The solar gravity lens may offer a unique means for imag-
ing exo-planets and determining their habitability. The require-
ments to use it to create such an image remain to be determined. 
A comprehensive study of a Solar Gravity Lens Focus mission is 

needed. Theoretical considerations are promising, both for get-
ting there and for capturing high resolution images and spectra 
of potentially habitable exo-planet. The mission would be an 
interstellar precursor advancing technologies ultimately neces-
sary for interstellar flight and investigating the chief objective 
of an interstellar mission: the questions of life on other worlds. 

This work, in part, was performed at the Jet Propulsion Lab-
oratory, California Institute of Technology, under a contract 
with the National Aeronautics and Space Administration.
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The problem of simulating the interaction of a spacecraft travelling at velocities necessary for starflight with the 
interplanetary and interstellar medium is considered. Interaction of protons, atoms, and ions at kinetic energies relative 
to the spacecraft (MeV per nucleon) is essentially a problem of sputtering, for which a wealth of experimental data exists 
at the velocities of interest. More problematic is the impact of dust grains, macroscopic objects on the order of 10 nm 
(10-21 kg) to 1 μm (10-15 kg) and possibly larger, the effects of which are difficult to calculate from first principles, and thus 
experiments are needed. The maximum velocity of dust grains that can be achieved at present in the laboratory using 
electrostatic methods is approximately 100 km/s, two orders of magnitude below starflight velocities. The attainment of 
greater velocities has been previously considered in connection with the concept of impact fusion and was concluded to 
be technologically very challenging. The reasons for this are explained in terms of field emission, which limits the charge-
to-mass ratio on the macroscopic particle being accelerated as well as the voltage potential gradient of the accelerating 
electrostatic field, resulting in the accelerator needing to be hundreds to thousands of kilometers long for μm-sized grains. 
Use of circular accelerators (e.g., cyclotrons and synchrotrons) is not practical due to limitations on magnetic field strength 
making the accelerator thousands of kilometers in size for μm-sized grains. Electromagnetic launchers (railguns, coilguns, 
etc.) have not been able to produce velocities greater than conventional gas guns (< 10 km/s). The nearest feasible 
technologies (tandem accelerators, macromolecular accelerators, etc.) to reach the regime of projectile mass and velocity 
of interest are reviewed. Pulsed laser facilities are found to be the only facilities able to accelerate condensed phase 
matter to velocities approaching 1000 km/s, but are unlikely to be able to reach greater speeds. They also cannot create 
well-quantified, free-flying projectiles. Instead, it is proposed to use pulse laser facilities to simulate the plasma “fireball” 
that results from such impacts, rather than try to reproduce the impacts themselves. Pulsed laser facilities exist that can 
provide the energy and power densities to recreate the consequences of an impact (if not an impact itself) in the lab. By 
performing time-resolved measurements of the effects experienced by material samples at scaled distances from the 
laser-driven event, the damage to representative spacecraft structures can be accurately assessed. 
 
Keywords: Dust Grains, Impact, High Energy Density

1  INTRODUCTION

Spacecraft traveling at velocities necessary for interstellar trav-
el will encounter interplanetary and interstellar media with 
potentially devastating consequences [1-7]. The interplanetary 
and interstellar media encountered consist of both gas (atoms, 
ions, molecules) and macroscopic particles (dust grains). The 
response of spacecraft surfaces to the impact of individual at-
oms, ions, and molecules is essentially a problem of sputtering, 
a phenomenon that has been extensively studied [8]. Sputter-
ing is the ejection of material from a surface via the impact of 
atoms or ions due to mechanisms distinct from bulk thermal-
ization of the impact energy, essentially, surface-layer atoms 
being knocked-off the target material. Sputtering has numer-
ous technological applications, such as thin layer deposition, 
secondary ion mass spectrometry, and ion implantation, and 
thus has been widely investigated. Sputtering yield, defined 
as the number of atoms ejected per incident ion, is usually 
in the range of 10-3 to 101, generally increasing as the energy 
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NOMENCLATURE
B magnetic field (T) 
c speed of light 
d  diameter (m) 
m  particle or projectile mass (kg) 
v velocity (m/s) 
V voltage potential (V) 
q charge (C)
r radius (m) 
δ  ratio of wall thickness to shell radius 
ε0  permittivity of free space (C2/N m2) 
μ0 magnetic permeability of free space (N/A2)
ρρ particle or projectile density 
σc surface charge (C/m2) 
σt  tensile stress (N/m2) 

Subscripts
FE field emission 
t tensile
ult ultimate strength
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of the impacting ion increases. As the ion energies approach  
1 MeV1, wherein mechanism of sputtering becomes dominat-
ed by interaction with the electron cloud of the target—termed 
electronic sputtering—the values of yield typically remain less 
than 102 for metallic targets, although the yield can be orders 
of magnitude greater (as great as 105) for insulating targets [9]. 
Using a sputtering yield value of 101 and assuming the Local 
Interstellar Cloud has an ion density of 1 ion/cm3, then a light 
year of travel would result in 1020 atoms/cm2 being sputtered 
off forward-facing spacecraft surfaces, which would only cor-
respond to a thickness on the order of a micron of material. 
While damage to sensitive components (e.g., electronics or 
optical surfaces) is a valid concern, overall structural degrada-
tion of spacecraft structures on the scale of mm thickness due 
to interaction with the interstellar medium does not appear an 
insurmountable problem.

More worrisome is the impact of grains, macroscopic ob-
jects that can exceed 1 μm in size. At speeds of 0.1 c, a 1-μm-di-
ameter dust grain (10-15 kg) has approximately 0.5 J of kinetic 
energy relative to a target, which is equivalent to the energy 
released by detonation of approximately 0.1 mg of explosives, 
not a trivial amount. As argued by Schneider [6], if even a sin-
gle 100 μm grain (10-9 kg) were encountered over the dura-
tion of the trip, the total kinetic energy of the impactor would 
be equivalent to 100 g of explosives, and even if a fraction of 
this energy couples to the spacecraft structure being impact-
ed, such as a light sail, the vehicle may be compromised. For 
a classic light sail mission [10-12] wherein the acceleration 
phase occurs over distances measured in light years (LY), the 
number of impacts of dust grains expected in interstellar space 
is essentially the volume swept out by the sail multiplied by the 
number density of grains. The mass density of dust in the local 
interstellar medium is 3×10-23 kg/m3 [13]. If an average size 
of 1 μm and density of 2 g/cm3 is assumed, the number den-
sity is 3×10-8 grains/m3, yielding 30,000 impacts/cm2 over a 
light year of travel, giving a mean spacing between impacts of  
60 μm. This estimate is consistent with those of Landis [3] and 
Early and London [4]. Clearly, if the region damaged by the 
impact exceeds the grain size by a factor of more than 10, there 
will be no sail left after a LY of travel. Recently, Lubin [14] has 
suggested performing the acceleration phase of a laser-driven 
sail over a much shorter distance, less than an AU, to avoid 
the problem of collimating the laser over long distances by ex-
ploiting highly reflective sails. This concept has now become 
the basis for Breakthrough Starshot. The acceleration in this 
case would occur in the near Earth-orbit region of the solar 
system, where the mass density of dust is greater (10-20 kg/m3) 
[13]. The number of impacts expected would be 140 impacts/
cm2 per AU if again 1 μm dust grains are assumed, giving a 
mean spacing between impact points of approximately 1 mm. 
Interestingly, this is on the order of the size of the proposed 
chipsat (or starchip) that would be accelerated by the light sail, 
meaning the chipsat may be able to avoid impacts during the 
acceleration phase and then be oriented edge-on for interstel-
lar coasting. The sail (dimensions measured in m) would not 
be able to avoid impacts during the acceleration process and is 
thus a significant concern.

The problem of macroscopic objects impacting at velocities 
in the range of 1000 to 30,000 km/s, i.e., up to 10% light speed, 
has received only very preliminary theoretical consideration 

1As discussed later in this paper, energies of MeV per nucleon 
correspond to velocities of 5% of light speed.

and has never been studied experimentally, for reasons that 
will be explained in this paper. The closest application that has 
been considered for macroscopic impactors at these velocities 
is that of impact fusion, a concept that originated with Harri-
son [15] and Winterberg [16] and generated some enthusiasm 
in the 1960s and 1970s. Impact fusion would involve acceler-
ating pellets on the order of a gram to 100 to 1000 km/s, still 
an order of magnitude below starflight velocities. The impact 
fusion concept has not been attempted experimentally.

Experience from more prosaic hypervelocity impacts of mi-
crometeoroids and orbital debris (MMOD), while likely of little 
direct relevance to impacts of dust at starflight velocity, well 
demonstrates the complex physics that can occur under the ex-
treme conditions generated by impact. The typical double-wall 
shielding used in orbit today (i.e., Whipple bumper) can result 
in successive regions of “penetration” or “no penetration” as 
the velocity of a fixed-sized impactor is increased from 2 to 
10 km/s due to tradeoffs in impact-generated pressures and 
temperatures and material strength. The physics of impacts ex-
ceeding just 10 km/s are poorly understood—a regime wherein 
the impactor and target material are expected to vaporize upon 
release of the impact-generated shock—due to a lack of consti-
tutive data (equation of state, etc.) and is a direct consequence 
of our inability to simulate such impact speeds in the laborato-
ry. That different—potentially novel—regimes of impact phys-
ics will be encountered as the velocity increases from 10 km/s 
to 30,000 km/s should be taken as a given.

One such example of possible new phenomena, originally 
suggested by Winterberg [17], that might occur as impact ve-
locities begin to exceed 100 km/s (generating pressures exceed-
ing 10 TPa) is the formation of transient, metastable inner shell 
molecules that, upon decay, would emit copious soft X-rays. 
This phenomenon was suggested by Bae to be the mechanism 
responsible for anomalous signals observed at Brookhaven Na-
tional Laboratory in 1994 examining impact of electrostatically 
accelerated bio and water particles at ~100 km/s [18]. Further, 
Bae suggests that since these excited states exist in particles 
smaller than the wavelength of light emitted, they would decay 
via the mechanism of Dicke superradiance, which would occur 
orders of magnitude faster than the usual optical decay. This 
phenomenon—albeit highly speculative—would significantly 
alter how the impact-generated plasma would interact with the 
rest of the spacecraft structure assumed in prior calculations of 
impact damage.

Thus, it is difficult to conceive that an interstellar mission 
would be undertaken when it is likely that new physics will be 
encountered as the spacecraft are impacted by dust grains with 
problematic or impossible-to-calculate consequences for the 
survivability of the spacecraft. While more grandiose interstel-
lar mission architectures, such as Project Daedalus, have sug-
gested dust shields that would proceed the spacecraft or active 
sensing and deflection of dust, the question of what will happen 
if one grain gets past the shield will always arise. Therefore, the 
ability to simulate dust grain impacts in the laboratory would 
be of great interest and may well be crucial to the development 
of interstellar capability. This paper will review the potential for 
existing or near-future experimental capabilities to address this 
problem in the laboratory.

2 ACCELERATOR TECHNOLOGIES

Detailed overviews of accelerator technologies capable of ac-
celerating macroscopic objects to the 102–103 km/s regime can 
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be found in Manzon [19] and in a more layman-oriented ar-
ticle by Kreisler [20]. A thorough treatment of the problem of 
acceleration of macroscopic projectiles to the velocity regime 
necessary to obtain the conditions required for thermonuclear 
fusion (102–103 km/s) can be found in the Proceedings of the 
Impact Fusion Workshop held at Los Alamos in 1979 [21]. Due 
to the velocities involved, the only technologies that should be 
considered are those wherein no contact with the projectile 
is made, and thus the use of electrostatic or electromagnetic 
launchers were considered almost exclusively, and this will also 
be the case in this paper.

2.1 Electrostatic Accelerators

Electrostatic accelerators consist of charged particles (either 
elementary particles or macroscopic pellets) that fall through 
a voltage potential. The velocity of a particle of mass m acceler-
ated by a voltage potential ΔV is:

(1)

scopic object being accelerated, and larger particles are limited 
in their charge by the strength of the material, as discussed in 
the Appendix. The maximum velocity attainable via a 10 MV 
voltage potential is shown as a dashed line in Figure 1 opposite 
and forms an upper bound on the velocities of macroscopic 
projectiles obtained with various single stage accelerator tech-
nologies. In order to accelerate a μm-sized particle represent-
ative of an interstellar dust grain, the grain will have a charge 
to mass limit of q/m = 20 C/kg. If a potential of 109 V/m were 
applied along the length of the entire accelerator, then in order 
to accelerate a 1 μm dust grain to 0.1 c (30,000 km/s) would 
require an accelerator of length 22.5 km, which is impractical.

Cyclotrons and Synchrotrons (e.g., Tevatron, RHIC, and 
LHC) have accelerated fundamental particles, including 
the nuclei of heavy (gold and lead) atoms, to very near light 
speed by successively applying a voltage potential driven by 
radio frequencies while the nuclei follow a circular track in 
a static magnetic field. The idea that this approach might be 
considered to accelerate a μm-sized object by similarly em-
ploying a circular accelerator is appealing, since the oscil-
lating voltage potential is essentially reused with each trip 
around the track. The magnetic field strength is limited by 
the mechanical strength of the magnets and quenching of the 
superconductors used to create the magnetic field. A circular 
accelerator with a magnetic field comparable to the RHIC or 
LHC (3 to 8 T) would require a radius measuring r = v/[(q/m) 
B] ≈ 1000 km to turn μm-sized particles with q/m ≈ 20 C/
kg traveling at v = 0.2c, which is likely not feasible on earth. 
Construction of large particle accelerators in space has been 
proposed, discussed in Varley et al. [22], and several advan-
tages of the concept are discussed therein, but this is likely as 
significant an undertaking as interstellar travel itself, if not 
more so. Further, while particle accelerators are a highly de-
veloped technique for accelerating elementary particles with 
known and fixed charge, it is unlikely that the techniques 
used can be directly translated over to dust grains for which 
charge is not known a priori and not likely to remain constant 
during the acceleration process.

Despite these limitations, it is still of interest to examine 
current state of the art in electrostatic accelerators, as their ca-
pabilities might be of interest for experimental simulation of 
dust impacts at lower velocities and for smaller sized grains. 
In recent decades, C60 molecules, larger clusters of gold atoms, 

TABLE 1   Properties of particles that can be accelerated by an electrostatic field

Particle
Mass Charge q/m Velocity via

1 MV Potential Gryoradius
v/c = 0.1, B = 1 T

(kg) (C) (C/kg) (e/Da) v (m/s) v/c

Proton 1.67 ×10-27 1.60×10-19 9.58 ×107 1.0 1.38×107 0.046 0.31 m

Au nucleus 3.27×10-25 1.27×10-19 3.87 ×107 0.4 8.80×106 0.029 0.77 m

C60+2 1.20×10-24 3.20×10-19 2.68 ×105 0.0027 7.32×105 0.0024 1.1 m

Au400
+4 1.31×10-22 6.41×10-19 4.90 ×103 5×10-5 9.90×104 3.3×10-4 6.1 km

Biomolecules
(immunogloblins etc)

2.5×10-22

6.4×10-22 1.60×10-19 640
250

2.6×10-6

2.6×10-6
36×103

22×103
1×10-4

7×10-5
47 km

120 km

Dust grain (ρ = 2.5 g/cm3)

d = 10nm 1.3 ×10-21 2.7×10-18 2000 2×10-5 65×103 2×10-4 15 km

d = 1μm 1.3 ×10-15 2.7×10-14 20 2×10-7 6.5×103 2×10-5 1500 km

d = 100 μm 1.3 ×10-9 2.7×10-10 0.2 2×10-9 0.65×103 2×10-6 150,000 km

The particle charge to mass ratio (q/m) is the significant pa-
rameter that determines the design and capability of different 
accelerators. Table 1 lists different types of particles that can 
be accelerated, their charge to mass ratio, and the velocities 
obtained through a potential of ΔV = 1 MV, which is repre-
sentative of the maximum voltage that can be realized in a sin-
gle-stage device. Note that a potential of 1 MV is sufficient to 
accelerate a proton to nearly 5% of light speed, a velocity that 
was obtained in the earliest particle accelerators built by Van de 
Graaff and Cockcroft and Walton. Similarly, any fully ionized 
atom can be accelerated to similar velocities, since the charge-
to-mass ratio is half (or a bit less) than that of a proton due to 
the presence of neutrons in the nucleus. It is for this reason 
that the study of the impact of atoms and ions at velocities as 
great as 107 m/s are encountered in multi-MeV sputtering, as 
discussed in the Introduction.

The phenomenon ultimately limiting the gradient of the 
potential field in an electrostatic accelerator is field emission, 
the profuse streaming of electrons from a surface via quantum 
tunneling through the potential well that has been distorted 
by the applied voltage gradient. The onset of significant field 
emission occurs at a gradient on the order of 109 V/m. Field 
emission also limits the charge-to-mass ratio of the macro-
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and biomolecules have been accelerated using the voltage po-
tential generated by electrostatic tandem accelerator facilities 
[23, 24]. Much of this work has been motivated by mass spec-
troscopy and secondary ion mass spectrometry of the target 
material in particular. Molecules and clusters accelerated in-
clude C60

+2 and Au400
+4, but their charge-to-mass ratios, being 

only partially ionized compared to elementary charged parti-
cles, result in velocities of 3000 km/s and 300 km/s, respective-
ly, for a 10 MeV potential accelerator.

Matrix-assisted laser desorption/ionization (MALDI) is a 
more recent technique applied to mass spectrometry to char-
acterize large biomolecules (e.g., proteins) that benefits from 

greater ion velocities for greater detection efficiency. To im-
prove this technique for molecules of greater mass, Hsu et al. 
[25] have recently developed a macromolecular ion accelerator 
(MIA) that uses voltages applied to plates by fast high voltage 
switches via a preprogramed waveform generator. This modest 
device, with a total length of 1 m with an average potential 
gradient of 1 MV/m, is able to accelerate singly charged im-
munoglobulins (masses in the 100,000s of atomic mass units 
or approximately 10-22 kg) to velocities of 35 km/s, and this 
technique could be extended up to the limit of high voltage 
switches.

Moving up the mass scale to dust particles in the 10 nm to 1 
um size range, Van de Graaff accelerators have seen application 
to studying impact of interplanetary dust grains for more than 
50 years. The original facility built by Friichtenicht in 1962 
was able to accelerate 0.1 μm iron spheres to 14 km/s using 
a 2 MV potential. This original dust accelerator was the basis 
for a number of active accelerator facilities operating around 
the world today, including at the University of Kent (Canter-
bury, UK) [26], University of Colorado (Boulder, USA) [27], 
and Max Planck Institut für Kernphysik in (Heidelberg, Ger-
many) [28]. These facilities can continuously accelerate dust 
grains from micron size down to 30 nm size from velocities 
of 1 to 100 km/s, respectively, at a rate of about one grain per 
second. The modern facilities have the ability to actively select 
particles based on velocity, charge, or mass. The maximum ve-
locities obtained are a combination of the charge on the parti-
cle (again, field emission limited) and detection limits (i.e., it 
may be possible that nanometric grains are being accelerated 
to greater speeds, but cannot be detected). A multistage ver-
sion of a Friichtenicht-style dust accelerator was proposed by 
Vedder but did not demonstrate velocities greater than single 
stage devices [29].

To conclude this discussion, a few concepts—yet to be 

Fig.1 Overview of accelerator technologies and their capability in terms of particle mass and velocity. The dashed curve 
represents the velocity of a spherical conductive particle with ρ = 2500 kg/m3 with charge-to-mass ratio limited by field 

emission at the surface critical gradient of 109 V/m and accelerated through a 10 MV potential.

Fig.2 Charge to mass ratio (C/kg) for spherical particles as a 
function of size. Field emission due to the voltage gradient at the 
particle surface sets a limit for smaller particles. Larger particles 
made of thin-walled shells are limited by material strength.
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demonstrated—are mentioned that might have the potential 
to overcome the limits outlined here. In order to overcome the 
limitation on the potential gradient of 109 V/m imposed by 
field emission, Winterberg [30-32] suggested the concept of 
magnetic insulation, wherein a current is used to create a local 
magnetic field that would trap and return electrons emitted by 
field emission to the cathode surface and thereby insulating 
against breakdown. 

Harrison [33] suggested the limit on the charge-to-mass ra-
tio of a projectile might be increased by using a needle-shaped 
projectile that, due to the concentration of charge at the tip, 
would experience massive field emission of electrons, result-
ing in a highly positively charge projectile. In effect, this field 
emission projectile idea turns field emission into an advantage 
rather than a limit. Liu and Lei [34], drawing upon earlier ide-
as originating from Harrison [35], proposed blowing a contin-
uous stream of ions onto a projectile, generating a local high-
strength electric field. None of these concepts—all of which 
were motivated by fusion research—have been experimentally 
demonstrated to generate greater projectile velocities.

2.2 Electromagnetic Accelerators

The limitations discussed, which suggest a launcher capable 
of accelerating 1 g to 1000 km/s would be tens of km long, 
motivated the Los Alamos 1979 Impact Fusion Workshop to 
consider predominately electromagnetic launchers that uti-
lize the Lorentz force (j × B) to accelerate the projectile. The 
simplest implementation is the railgun, wherein the projectile 
comprises the armature for current flowing through the rails 
that make up the side walls of the launcher. Current flowing up 
one rail and down the other create the driving magnetic field 
that exerts a Lorentz force on the current flowing through the 
projectile. 

Despite intensive work on rail guns since the 1970s, the 
maximum velocity of a projectile retaining integrity obtained 
with a railgun is about 6 km/s, less than conventional light 
gas guns for the equivalent projectile mass. The use of sliding 
contact between the projectile and rails would preclude their 
application for the velocities of interest for this article. Con-
tactless accelerators, such as coilguns, would energize and/or 
de-energize coils in synchronization with the projectiles, itself 
a solenoid (either inductive or superconducting). There are a 
number of embodiments this concept can take, but to date the 
maximum velocities demonstrated by coilguns are less than 
1 km/s. The reasons for these limited velocities are related to 
the complexities of switching on and off high currents and be-
yond the scope of this article. The interested reader can find 
the engineering details of the electromagnetic launchers in the 
proceeding of the International Symposia on Electromagnetic 
Launch Technology, most of which are published in the Janu-
ary issue of IEEE Transactions on Magnetics and IEEE Transac-
tions on Plasma Science in odd-numbered years.

2.3 Explosive Accelerators

The generation of hypervelocity jets of metal from metal-lined 
explosive cavities, i.e., a shaped charge, is a well-developed 
military technology that also sees civilian application, for ex-
ample, in perforating the casing in gas and oil drilling oper-
ations. The mechanism by which these devices operate was 
explained in a classic paper by Birkhoff, Taylor, and co-work-
ers [36] and extended in a model by Pugh et al. [37]. Due to 
the high pressures that greatly exceed the yield strength of the 

metal, the collapse of the metal liner can essentially be treated 
as a flow of liquid toward the centerline that, by conservation 
of mass and momentum, requires some of the liner be jetted 
forward. This mechanism is essentially the same as that which 
results in the generation of a jet when a cavity in water col-
lapses. An interesting feature of the model is that, as the angle 
of the cavity is made smaller and the phase velocity at which 
the implosion of the cavity is increased, the velocity of the jet 
produced can be made arbitrarily great. This motivated Koski 
et al. [38] to examine the collapse of evacuated metal tubes 
by imploding toroidal detonations onto them. Jet velocities 
as great as 100 km/s were observed via streak photography, 
although the nature of these jets was not determined. Later, 
Lunc [39] proposed to use a two-stage jet formation process 
in which an imploding toroidal detonation imploded a tube 
onto a jet originating from an earlier implosion of the same 
tube. Again, velocities of 100 km/s were reported. Although 
the nature of these jets is a mystery, the analysis outlined in 
Koski and Lunc et al. [38, 39] would suggest these metal jets 
are likely of the order of 10-3 g, making them the most mas-
sive projectiles that have been launch to date by technological 
means to 100 km/s. These devices are unlikely to be able to 
be extended beyond 100 km/s and the fact that the projectile 
is not well quantified makes them less than ideal for impact 
testing. Explosive accelerators that retain an intact projectile 
exist and are reviewed in [40], but are likely limited to veloc-
ities less than 20 km/s. The low cost and the demonstrated 
ease of scaling shaped charges (scaling as jet mass ~ explo-
sive mass over several orders of magnitude) might still make 
them attractive for examining impacts of massive projectiles 
at these velocities.

3 HIGH ENERGY DENSITY FACILITIES

Drivers used for experiments in high energy density physics (not 
to be confused with high-energy physics) are motivated by in-
terest in inertial confinement fusion, nuclear weapon simula-
tion, fundamental equation of state studies, and experimental 
astrophysics. These generally fall in two classes: pulsed power 
and pulsed lasers. These facilities are also capable of accelerat-
ing macroscopic objects to velocities approaching, and in some 
cases exceeding, 100 km/s in very short distances (usually, 
mm or less). Due to the enormous driving pressures generat-
ed, the projectile cannot be allowed to undergo free flight (like 
the projectiles accelerated by the techniques covered in Sec-
tion 2) because the projectiles would explosively disassemble 
or vaporize upon release of the driving pressure. Nonetheless, 
these facilities are among the most promising for the creation 
of highly energetic events that are relevant to the simulation of 
the dust grain impact problem for interstellar flight.

3.1  Pulsed Power 

The most powerful pulsed power facility in existence is the 
Z-Machine at Sandia National Laboratory, with capacitor 
banks that store up to 20 MJ of energy that can be released on 
100-600 ns timescales, generating currents of 25 MA [41]. The 
magnetic field generated (1200 GPa) results in magnetic pres-
sures (B2/2μ0) as great as 600 GPa. When applied to thin metal-
lic foils, the magnetic pressure can accelerate the foils (typically 
≈ 2 cm × 1 cm × 1 mm) to velocities approaching 50 km/s over 
travel distances of less than 1 cm. As the magnetic field diffuses 
into the foil being accelerated, it is heated be Joule heating and 
vaporizes. In addition, the ramp-up of the magnetic field must 
be sufficiently slow to avoid the formation of a shock within 
material being accelerated. These two effects set an ultimate 
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velocity limit on the order of 100 km/s that can be achieved 
via the application of magnetic pressure [42]. The impact of 
the metal foil flyers launched by the Z-Machine at velocities of 
27 km/s has been used, for example, to shock samples of water 
to the regime of pressure and temperature encountered at the 
center of ice giant planets [43].

3.2  Pulsed Lasers

The use of very high power pulsed lasers for internal confine-
ment fusion (ICF) has motivated application of these devic-
es to launching thin flyers to velocities exceeding 100 km/s. 
In ICF, laser ablation of the exterior of a condensed-phase 
deuterium-tritium pellet (mm-scale) drives a compression 
pulse or shock into the pellet at speeds on the order of 300 
km/s, in a manner similar to rocket propulsion, raising the 
density by a factor of tenfold, in the hope of achieving fu-
sion conditions. In recent decades, consideration of fast ig-
nition concepts that would use an additional energetic event 
(e.g., second laser pulse) to ignite the compressed pellet has 
received significant attention. The use of flyers launched by 
the laser as the fast ignition source when impacting upon the 
previously compressed fuel is one such fast ignition concept 
(note this is separate from impact fusion discussed in the In-
troduction) [44, 45]. 

Experiments using the GEKKO XII laser in Japan [44] and 
the Nike krypton fluoride laser at the Naval Research Labora-
tory in the US [45] have used laser-driven ablation of polysty-
rene foils (0.5 mm diameter, 10 to 20 μm thick) to velocities 
of 700 and 900 km/s, respectively. These studies estimated that 
approximately 90% of the foil mass was lost in ablation, and 
the density and state of the remaining material was difficult to 
estimate. Nonetheless, as seen in Figure 1, these tests represent 
the nearest, in terms of mass and velocity, experiments to the 
more significant threat represented by the impact of μm-sized 
dust grains.

As discussed by Badziak et al. [46], use of laser-driven 
plasma ablation has poor efficiency in these experiments and 
the technique is unlikely to be able to extend launch of foils 
above 1000 km/s, however, using radiation pressure generated 
in the laser-driven plasma might allow greater velocities to be 
achieved. This idea is discussed further by Macchi et al. [47-
49], essentially a laser light sail in the lab driven by the radia-
tion created by laser energy deposition. Interestingly, the most 
recent discussion of this concept mentions it in connection 
with Breakthrough Starshot, since both concepts rely on radia-
tion pressure to approach relativistic velocities [49]. 

4 DISCUSSION

As accelerators do not appear to be able to achieve the regime 
of projectile mass and velocity necessary to perform labora-
tory simulation of dust grain impacts at starflight velocities, 
it is of interest to explore other types of facilities that could 
be used to create conditions similar to those encountered in 
such impacts. In particular, if the correct energy and energy 
release rate (power) can be realized, then such facilities might 
be useful for the study of the consequences of such impact on 
spacecraft structures.

The more significant challenge becomes the power den-
sity requirement, i.e., the rate of energy density. The ener-
gy density deposition time can be estimated for a 1 μm dust 
grain as the transit time across the grain, which at 0.1c is 

10-13, or 0.1 ps (100 fs), which is accessible via mode-locking 
techniques for pulsed lasers and, for even greater energies, 
via chirped pulse amplification. Thus, rather than use these 
high-power pulsed laser facilities to launch a projectile (as 
discussed in Section 4), they could be used to create intense 
events with the correct power and energy densities as a grain 
impact, and then representative coupons of spacecraft ma-
terials (e.g., sail, etc.) located at various distances could be 
instrumented to see their time-resolved response. By exam-
ining the response seen at different time intervals and differ-
ent distances, the structural response that would be obtained 
if the impact fireball was receding at speeds of 0.1c (or less) 
could be reconstructed.

5 CONCLUSIONS

The interstellar medium encountered at velocities necessary 
for interstellar travel will impact the spacecraft at energies on 
the order of MeV per nucleon. For elementary particles, due 
to their large charge-to-mass ratios (i.e., e/Da ~ 1), conven-
tional accelerators operating at MV potentials have been able 
to reproduce impacts at these energies in the lab for over a 
century, and thus a wealth of experimental data already exists 
to address sputtering by interstellar atom and ions. For mole-
cules, atomic clusters, and progressively larger dust grains, the 
velocity that objects can be accelerated to in the laboratory via 
electrostatic techniques becomes progressively less as the mass 
increases, due to the decreasing charge to mass ratio. Charge is 
limited by field emission and the ultimate strength of the ma-
terials involved, and this fundamental limit is not easily over-
come; as a result, nanometric to micron-sized dust grains can 
presently only be accelerated to 100 km/s in the laboratory, or 
0.03% lightspeed, but still represent the fastest well-quantified 
macroscopic objects on Earth. 

Contactless electromagnetic launchers such as coilguns, 
utilizing the Lorentz force, have not exceeded 1 km/s. Other 
technologies, such as explosive accelerators and pulse-power 
facilities, may be able to contribute by accelerating larger, but 
poorly quantified, masses (perhaps up to a gram) to veloci-
ties exceeding 100 km/s, but likely not greater. Presently, the 
greatest velocity that can be obtained at near-condensed mat-
ter densities is via pulsed laser facilities predominately used 
for inertial confinement fusion research. Using laser-driven 
ablation, velocities of almost 1000 km/s (0.3% light speed) 
have been obtained, although the state of the matter accel-
erated cannot be precisely quantified and the projectiles can-
not be allowed to travel over distances that would permit 
clean impact experiments to be conducted, independent of 
the laser energy deposition. Even greater velocities might be 
attained using radiation-pressure driven acceleration, essen-
tially, laser-driven light sails in the lab, a concept that is pres-
ently being explored.

Since the prospect for obtaining velocities on the order 
of 10,000 km/s in the lab is doubtful, it is proposed instead 
to use pulsed laser facilities to create dense plasmas that can 
mimic the power and energy densities of impact events with-
out launching actual projectiles. The damage caused by these 
events on spacecraft and sail can then be studied at scaled 
distances from the event. By integrating damage accrued over 
specific time intervals, the motion of the plasma source mov-
ing away from the target at high velocity can be simulated 
in these experiments. A test following this procedure would 
represent the best terrestrial-based simulation of the impact 
events likely to be encountered during interstellar flight.
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APPENDICES: LIMIT ON CHARGE TO MASS RATIO OF A MACROSCOPIC OBJECT

Appendix A: Field Emission
We consider a charged, conductive sphere of radius r and sur-
face charge σ. The total charge is thus q=4πr2σ . The potential 
outside a sphere is  , resulting in a potential gradient at 
the surface of the sphere of:

(A1)

If the limit of gradient at which the onset of significant field 
emission is 

then the maximum charge to mass ratio for a solid sphere can 
be expressed as

(A2)

If the sphere is a shell with wall thickness to radius ratio δ = 
t/r, then the charge to mass ratio is

(A3)

Note that the limiting charge-to-mass ratio of a shell of 
fixed thickness t is independent of sphere radius. These rela-
tions are plotted in Figure 2 for values of ρ = 2200 kg/m3, rep-
resentative of an advanced carbon or aluminum/magnesium/
lithium material.

Appendix B: Material Strength
The other factor limiting charge-to-mass ratio is the strength of 
the particle material. If the surface of the thin-walled spherical 
shell has charge q, the tensile stress in the shell due to electro-
static repulsion is

(B1)

For advanced engineering materials, σult ≈ 109 Pa = 1 GPa. 
Thus, the charge-to-mass ratio limited by material strength is 
given by

(B2)

This relation is also plotted in Figure 2. For particles of micron 
size and smaller, field emission sets the limit of the maximum 
charge-to-mass ratio that can be achieved. Depending on the 
shell thickness, material strength limits the charge that can be 
held on a larger spherical shell. The limiting value of q/m deter-
mines the velocity that can be obtained in an electrostatic ac-
celerator and the radius through which a particle can be turned 
in a magnetic field. A more detailed analysis of these consider-
ations can be found in [50].
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Project Icarus is a theoretical design study for an unmanned, fusion-based probe to Alpha Centauri using “current or near-
future technology [1]” The project was started in 2009 and is now drafting its Final Report. The leading design to come out 
of the project is a vessel dubbed “Firefly”, built around a continuous, open-core Z-pinch fusion engine. This engine is based 
on experimental work by Uri Shumlak at the University of Washington [2] showing that a Z-pinch plasma can be stabilized 
via sufficient “shear” flow of plasma through the pinch. There are nevertheless some major differences between the Firefly 
drive and Shumlak’s test device, the implications of which are discussed herein. 
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1  INTRODUCTION 

Firefly is one of several designs for an unmanned, fusion-based 
interstellar probe put forth by the Project Icarus Study Group. 
This vessel is described in the paper “Firefly Icarus: An Un-
manned Interstellar Probe Using Z-Pinch Fusion Propulsion” 
published in the March 2015 issue of JBIS. [3]

2 Z-PINCH BACKGROUND

An electromagnetic “pinch” is formed whenever a high current 
passes through a medium. The current (shown in Figure 3 as 
yellow arrows) generates a magnetic field (shown in Figure 3 
as blue arrows) directed in concentric lines around the current 
flow, and that field reacts with the current itself to create a force 
directed inward. This “pinches” the medium.

2.1 Pinch History

Pinches occur in nature – most notably as lighting, where the 
electrical discharge ionizes the air and then pinches the result-
ing plasma, resulting in a sonic boom commonly known as 
thunder. 

The earliest known example of a man-made pinch was by 
Martinus van Marum in 1790 in Holland [7] He discharged 
100 Leyman jars through a wire and the apparatus exploded. It 
was over 100 years before the physics of this phenomenon was 
understood, when Pollock and Barraclough studied a copper 
tube in 1905 that had been pinched by a bolt of lightning. [8] 
That copper tube is still on display at the School of Physics, 
University of Sydney, Australia (see Figure 4.)

The study of pinches for fusion began with the publication 

This paper was presented at the Foundations of Interstellar Studies 
Workshop at CUNY City Tech, New York City, 13-15 June 2017.
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Fig.1 Firefly Schematic [4].

Fig.2 Firefly Upon Main Engine Shutdown [5].

in 1934 of Willard Harrison Bennett’s analysis of the radial 
pressure balance in a static Z-pinch [9]. The Bennett Pinch 
Relation is named in his honor. The concept was researched 
heavily for potential use in a terrestrial fusion reactor until the 
mid-1950’s, when Kruskal and Schwarzschild published work 
describing various magneto-hydrodynamic (MHD) instabili-
ties in Z-pinch plasmas [10]. 
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Fig.3 Z-Pinch current and field. Fig.4 Copper pipe crushed by the Z-Pinch from a lightning strike [6].

Research into Z-pinch fusion languished thereafter, un-
til Uri Shumlak published his paper in 1998 showing that a 
sheared axial flow could mitigate hydrodynamic instabilities 
[2]. Shumlak’s subsequent work – including a plethora of lab 
tests at the University of Washington – has been indispensable 
for this project [12]. 

In addition to Shumlak’s work, Sandia National Labs is 
studying Z-pinches with their high-powered “Z Machine”, 
and NASA is researching Z-pinch propulsion at their Charger 
One facility at the Marshall Space Flight Center in Huntsville 
[13]. That puts Z-pinch technology at TRL 4, though the use of 
Z-pinches for fusion falls somewhat lower.

2.2 Bennett Pinch Relation

The Bennett Pinch Relation is the fundamental equation gov-
erning the mathematics of Z-pinches. It describes the plasma 
in a Z-pinch at equilibrium, where the magnetic pressure (as 
described by Maxwell’s Equation) is balanced against the plas-
ma pressure (as described by the Ideal Gas Law). 

Shumlak [14] gives this formula:

(1)

but Haines [15] gives this formula:

(2)

Haines’ temperatures are in eV instead of Kelvin, so Haines 
is using “e”, rather than the Boltzmann Constant, to convert 
temperature to Joules. Substituting this transformation yields 
the formula from Shumlak for Ti = Te while also explaining 
how to handle different particle temperatures. 

Z is the atomic number, which together with N defines the 
number of electrons in the plasma. Note that N is the linear 
number density (ions per meter) rather than the usual ions per 
volume.

The constant terms are typically rolled into a single constant 
Cp = 8πkB/u0, such that:

(3)

3 Z-PINCH FUSION

It was recognized as early as the 1930s that a pinch of sufficient 
strength, with the appropriate fuel, could conceivably be used 
to initiate fusion. The mathematics of a fusing plasma are more 

complex though, because a fusing plasma provides a secondary 
(and ideally dominant) source of energy to the plasma, over 
and above the energy provided by the pinch current.

3.1 Core Temperature

The expanded form of the Bennett Relation given in Equation 
#13 provides a way to determine how the plasma reacts as it 
fuses, and where the output energy is deposited. 

At the moment of ignition, the plasma is assumed to be at 
equilibrium with Ti = Te but once fusion begins, new ion spe-
cies are produced with significantly more energy than the ini-
tial plasma. The plasma temperature becomes the mean of all 
these particle temperatures:

(4)

In Eq. (4) Te = T0 is the initial electron / plasma temperature, 
Ti is the initial temperature of each ion, Zi is the number of 
electrons for each ion species and ni = Ni / N is the mole frac-
tion of each ion species.

The plasma temperature rises, pushing against the contain-
ment generated by the pinch current. The pinch seeks a new 
equilibrium, and assuming containment is maintained, there 
exists a second Bennett Relation describing the equilibrium 
temperature of the fusing plasma:

(5)

where Zp = Σi(NiZi)/N is the weighted average atomic number 
for the ions in the plasma.

But if the electrical current remains constant, how can the 
Bennett Relation hold as temperature rises? The right side of 
Equation #3 is then entirely constant, so the only thing that can 
change to offset the rise in temperature is the linear number 
density N of the ion species. 

There are two factors causing N to shrink. Firstly, the fusion 
core is converting pairs of lighter ions into single heavier ones, 
thereby reducing the total number of ions in the pinch. 

Secondly, the Bennett Relation is NOT a traditional number 
density (particles per volume), but rather a linear number den-
sity (particles per meter). 

(6)

where Nt is the total number of ions in the pinch, L is the length 
of the pinch, ṅ is the particle flow rate, and vz is the axial veloc-
ity. N decreases as the axial velocity of the particles increases 
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down the line, thereby distributing a fixed number of particles 
Nt over a greater length L.

Unfortunately, allowing N to vary violates a basic assump-
tion behind much of the theoretical work on Z-pinches – in-
cluding Shumlak’s. To get around this, Firefly’s full-length pinch 
is modeled as a series of shorter pinches with different initial 
conditions, assuming that N remains constant over those short-
er segments. The key is to calculate the new number density Ns 
for each segment based on the new ion species, and then to use 
that to calculate the new pinch temperature and radius.

4 DIFFERENCES vs. SHUMLAK’S EXPERIMENTAL DEVICE

Shumlak's experimental device is essentially an MPD thruster 
with the outer wall (electrode) extended aft and then capped at 
the end. The MPD portion – which Shumlak calls the "acceler-
ation region" – ionizes a puff of gas and accelerates that plasma 
into the tail end of the device, which Shumlak calls the "assembly 
region". If the outer wall (electrode) were not capped off, it would 
serve as a nozzle, focusing its jet of plasma more directly aft.

Besides the obvious difference of scale and purpose, there 
are some major design differences between the Firefly drive 
and Shumlak’s ZaP test device:
 1.  Firefly uses an entirely different plasma injection 

strategy, at much higher velocities.
 2.  Firefly works in continuous, rather than single-shot 

mode.
 3.  Firefly has an open core with three conducting rails, 

rather than a solid reaction chamber.
 4.  Firefly’s pinch is strong enough to produce actual 

fusion.
What follows is an examination of the implications of these 

differences on the mathematics describing the Z-pinch drive, 
versus the math presented by Shumlak for his apparatus.

4.1 High-Speed Plasma Injectors

In Shumlak’s test apparatus, gas is injected into an “acceleration 
region”, which is essentially an MPD thruster. There the gas is 
ionized and accelerated into the pinch. The same current which 
ionizes and accelerates the plasma also pushes aft to the tail end 
of the device to form the pinch. 

Unfortunately, this single-potential, single-current arrange-
ment doesn’t work for a continuous drive, because the incoming 

Fig.5 Shumlak’s ZaP Experimental Device [16].

plasma will always provide a path of least resistance that foregoes 
the pinch. The end result is just an MPD thruster, with no pinch.

It was thus necessary to separate the plasma injectors from 
the Z-pinch itself, isolating the two circuits and allowing them 
to operate at different potentials and power levels. Firefly ac-
complishes this via a ring of separate plasma injectors forward 
of the inner electrode (cathode) that drive plasma into the 
pinch region at several hundred kilometers per second.

Several technologies were evaluated to provide this input 
plasma at sufficient velocity. Both MPD thrusters and 4-grid 
ion thrusters currently under study at the ESA [18] appear 
promising.

Essentially, the Firefly drive then becomes a two-stage drive, 
with the input thrusters providing the high-velocity plasma to 
the Z-pinch drive. In fact, the input thrusters could provide 
low-thrust maneuvering propulsion for the vessel itself, when 
the full Z-pinch drive would be overkill.

4.1.1 Minimum Axial Flow Speed 

According to Shumlak’s research, the key to maintaining a sta-
ble Z-pinch plasma is to keep the outer sheath of plasma mov-
ing with sufficient speed. 

Shumlak [19] states in his 2012 paper: "Stability requires 
an axial flow speed greater than a fraction of the Alfvén speed 
such that vz ≥ 0.1 vA for a uniform shear…” 

The Alfvén speed, in turn, is calculated as follows:

(7)

(8)

where the field strength B is given by:

The plasma density ρ is a function of the pinch volume, which 
in turn is a function of the pinch diameter discussed in 4.4.1.

4.2 Continuous Operation
All lab work on Z-pinches thus far has been conducted on sin-
gle-shot discharges that happen in fractions of a second. This is 
primarily due to the power requirements for these devices, as 
discussed below.

ROBERT M. FREELAND II
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Nevertheless, Shumlak postulates that a stable pinch could 
be sustained indefinitely if sufficient sheared flow of plasma 
could be maintained through the pinch, and sufficient power 
were available to drive it. This raises the tantalizing possibil-
ity of a continuous fusion drive that could avoid the stresses 
and inefficiencies of high-frequency cycling. (All other designs 
considered by the Project Icarus team – including the original 
Daedalus design from the 1970’s – were cycled.)

4.2.1 Pinch Current

The Z-pinch fusion drive requires a very high, continuous elec-
trical current to compress the plasma to fusion conditions and 
to contain the resulting fusion core. 

For Firefly’s drive, the necessary current is ~5 MA, with a 
voltage of a couple hundred kV, and total input power of hun-
dreds of GW. This is an extraordinary amount of power – a sig-
nificant fraction of the total power consumption for the entire 
United States in 2005 (3340 GW) [21]. 

The current is similarly remarkable, being an order of mag-
nitude greater than the 300 kA current carried in a positive 
lightning strike [22]. As of this writing, the highest continuous 
current ever produced in a lab is 100 kA in July 2014 by the 
National Institute for Fusion Science (NIFS) in Japan, using yt-
trium-based superconductors [23], though the Qatalum plant 
in Qatar has rectifiers nominally capable of providing 350 kA 
of DC current [24]. 

Nevertheless, the voltages themselves are well within man-
kind’s current experience. The Van de Graaff generators at the 
Holifield Heavy Ion Research Facility (HHIRF) at Oak Ridge Na-
tional Laboratory (ORNL) produced 25.5 MV in the 1980s [25]. 
The Firefly voltage is right at the top end of the voltage currently 
used in North American high-voltage power substations [26]. 

4.2.2 Energy Recapture

Clearly, electrical power levels of this magnitude cannot be sup-
plied by any conventional power plant. The Cattenom Nuclear 
Power Plant in France represents the state-of-the-art in terres-
trial fission reactors, with four reactors producing 1.3 GW of 
electrical power each [27]. It would nevertheless take ~2500 
such fission reactors to provide enough power for Firefly! 

The only practical source of input power for this is the fu-
sion reactor itself, via direct energy conversion of charged 
particles in the exhaust plume. Research is still underway to 

evaluate various technologies for accomplishing this, including 
Venetian Blind collectors and other, more exotic approaches.

Energy recaptured from the exhaust must then be carried back 
forward to complete the circuit. This is accomplished via three 
conducting “rails” that run parallel to the Z-pinch core. These 
rails also serve as structural members to translate the force on the 
aft electrode / magnetic nozzle forward to the rest of the vessel.

4.3 Open Core

Firefly’s drive produces an extraordinary amount of waste heat 
in the form of high-energy neutrons and X-rays. It was obvious 
from the outset that shielding all of this would require unwork-
able mass, so Firefly was conceived to employ an unshielded 
fusion core. Nevertheless, it was determined early in the design 
process that even a thin, solid tubular reaction chamber akin to 
Shumlak’s test device would present unsustainable heat loads, so 
the Firefly team decided to eliminate the reactor walls altogeth-
er, leaving just three conducting rails to carry the return cur-
rent. This left a naked fusion core, and thus the Firefly moniker.

This open-core, three-rail design introduces some differences 
in the plasma dynamics during startup, as discussed below. 
Moreover, Firefly’s continuous operation introduces a new 
mode of operation distinct from the “startup” mode that has 
heretofore been studied in the lab.

4.3.1 Initiating Shumlak’s Pinch

In Shumlak’s experimental apparatus, propellant gas is inject-
ed into a conducting tube 1m long with a central electrode at 
one end and an end-cap with a small hole at the other end. A 
large voltage is applied between the electrodes, ionizing the gas 
and allowing a high current to flow between them. That current 
causes the plasma to constrict – first at the central electrode, 
and then outward to the end of the tube.
The initiation of Firefly’s drive is similar to that of Shumlak’s 
test device, but with some important differences arising from 
the continuous inflow of fresh plasma, and the separation of 
the injectors from the pinch. (Images in this sequence courtesy 
of Icarus Designer Michel Lamontagne.)
 
  (1) An electrical potential of a couple hundred kV is ap-

plied to the electrodes before any gas is injected into the 
drive. Since there's no path for current to flow, this is an 
open circuit. (The whole drive is essentially a giant gas 
discharge switch.)

Fig.6 Shumlak’s Pinch 
Initiation [16]. The 

images are taken 
from the doctoral 

thesis of Sean Knecht 
[16], a student in 

Shumlak’s ZaP lab 
at the University of 

Washington.
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  (2) When plasma is injected into the drive, it still doesn't 
close the circuit initially, because it doesn't contact any 
part of the anode. Instead, the plasma flows down to the 
point of the cathode while diverging somewhat, and then 
it bounces against the plasma coming in from opposite 
angles to further diverge toward the tail end of the drive. 
This plume forms an hourglass shape with its neck near 
the tip of the cathode.

  (3) When that plasma reaches the side rails (anode) near 
the tail end of the drive, the circuit is completed, sparking 
three bolts of lightning from the three rails to the cath-
ode. (In practice, the plasma will inevitably reach the rails 
at slightly different times owing to minor asymmetries in 
the device, as well as random fluctuations in the plasma 
divergence. But in the initial microsecond that the cur-
rent starts flowing from that rail, it will push the plasma 
toward the other two rails and thereby spark them as well. 
Thus, it's essentially three simultaneous bolts.) Those 
three bolts are still attached at the rails, curving in to meet 
up at the tip of the cathode. 

  (4) The bolts “zip” down to the aft electrode ring, pushing 
the plasma into a tighter funnel shape, with its open end 
at the aft electrode ring, and its point at the tip of the cath-
ode. The walls of the funnel curve, with a significant flare 
at the tail end to meet that aft electrode. 

  (5) Meanwhile, there's more plasma flowing in at the 
forward end of the drive. As before the pinch initiation, 
this plasma diverges somewhat on its path to the point 
of the cathode, but the current coming from the aft elec-
trode ring is hungry for an easier path to the cathode, so it 
spreads out a little to use this incoming plasma as a circuit 
path. This current pulls that plasma toward the pinch. The 
end result is that the pinch region flares at the forward 
end as well, where it meets the cathode. The resulting ge-
ometry is a narrow hourglass shape, with open ends at the 
two electrodes, and a very thin section in the middle. 

  (6) Now that the pinch is fully formed, fusion occurs 
in the central region of the pinch where the hourglass 
is squeezed tight. That's the brightest part of the drive, 
though the excess energy is mostly thrown off in the X-ray 
spectrum. The fusion super-heats the plasma, which has 
nowhere to go but aft. This produces a jet of hot plasma 
exiting the center of the aft electrode ring, which doubles 
as a magnetic nozzle. The plume diverges somewhat and 
cools on exit.

4.4 Actual Fusion

The biggest difference between Firefly’s drive and Shumlak’s test 
apparatus, of course, is that Firefly’s Z-pinch is strong enough 
to fuse deuterium. This introduces a tremendous source of ad-
ditional energy to the plasma in the middle of the pinch, and 
assuming that containment is maintained, the Bennett Pinch 
Relation dictates that the rise in plasma temperature must be 
offset by lower linear number density, which equates to higher 
axial velocity. That is to say, the fusion core heats the plasma 
and ejects it out the back. This is, of course, the entire purpose 
of the drive.

Firefly models this via a series of pinch segments, where the 
output from one segment is fed into the next. The fusion in each 
segment yields a hotter, faster plasma entering the next segment. 

Fig.7 Initial Drive Condition.

Fig.8 Plasma Injection Prior to Initiation.

Fig.9 Active Z-Pinch.

The open question is what unforeseen impacts the fusion 
heating might have on the structure / stability of the pinch. In 
a non-fusing pinch as studied in the lab, the initiation of the 
pinch tends to choke off the plasma flow, ultimately allowing in-
stabilities to develop. It seems possible that the fusion core’s en-
ergy input may help prevent this stagnation, but proper MHD 
simulations and/or lab work would be needed to explore this.

4.4.1 Pinch Dimensions

Shumlak’s formula for calculating the pinch diameter / density 
is based on the premise that gas in an “accelerator region” is 
forced into the “assembly region”, where it gets compressed by 
the strong current of the pinch. Thus, the mass, temperature, 
and volume in the pinch are functions of the mass, tempera-
ture, and volume in the initial accelerator region. 

Moreover, Shumlak assumes that this compression is adia-
batic, such that P/ργ remains constant from the initial condi-
tions to the pinched plasma, where P is the total plasma pres-
sure, ρ is the mass density of the plasma, and γ = 5/3 is the ratio 
of specific heats. Combining this with the Ideal Gas Law (PV = 
NgkBT) and the Bennett Pinch Relation (T = I2 / Cp N (1+Zp)) – 
and remembering that the traditional number density “Ng” in 
the Ideal Gas Law is different from the linear number density 
“N” in the Bennett Pinch Relation – eventually yields:

(9)
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current, and Ta and Va are the initial plasma temperature and 
volume.

Assuming the pinch region is a cylinder, this gives the radius 
of the pinch: 

(10)

This is acceptable as a first approximation, but in a pinch 
that’s producing actual fusion, the assumption of isentropic 
compression is completely wrong; rather, there’s a significant ex-
ternal source of heat to the system. The implications of this have 
not yet been properly incorporated into Firefly’s drive model.

5 CONCLUSIONS

Z-pinches have already reached TRL 4, with lab experiments 
at the University of Washington, Sandia National Labs, and 
NASA’s Charger One facility in Huntsville. Nevertheless, addi-
tional research is needed to address open questions about the 
design of a Z-pinch fusion drive:
 
   (1) A continuous drive needs a well-engineered solution 

for energy recapture from a continuous, high-speed ion 
stream. Without this, continuous drive operation is impos-
sible, and a Z-pinch fusion drive would have to be pulsed to 
allow for inductive charging of a capacitor bank to power 
the next shot. Such an arrangement is in many ways sim-
pler, but it’s less than ideal.

  (2) Lab tests need to be done to confirm that a stable plas-
ma can be maintained indefinitely with sufficient input 
flow. This is one of Shumlak’s key assertions, but it can only 
be tested with a continuous pinch, and the power require-
ments of such a device all but preclude such a test without 
some form of energy recapture as discussed above.

  (3) The mathematics of a Z-pinch plasma need to be red-
erived for a fusing plasma, as the Bennett Pinch Relation 
underlying most of the published work assumes adiaba-
tic compression. On the short timescales of single-shot, 
non-fusing tests, this is sufficient, but for a continuous, 
fusing plasma, this assumption is completely false and 
leads to erroneous results.

The Z-pinch drive offers a viable, near-term option for fu-
sion propulsion, with performance sufficient to get an interstel-
lar probe to Alpha Centauri in less than 100 years using pure 
deuterium fuel, but more research is needed to complete the 
design.
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Breakthrough Starshot is a study to consider the concept of ultra-fast Nano-spacecraft probes towards the stellar 
system Alpha Centauri. These probes leave the solar system at 20% the speed of light. The beginning of the journey and 
the intermediate interstellar trajectory has been the subject of preliminary studies [1, 2]. Considered here is arrival at 
destination [3]. In Starshot it is proposed that a bundle of spacecraft be directed towards the target star with the intent 
that some fraction of the interceptors would make close enough flybys to take physical measurements. If active guidance, 
navigation and control can be realized for Nano-spacecraft it may be possible to intercept the stellar sphere of one or 
more stars of the Alpha Centauri system. Of interest here is interaction of an interceptor with the stellar sphere radiation 
forces and magnetic field of a target star. Of particular consideration is the interaction of a Nano-spacecraft with radiation 
pressure, Poynting-Robertson drag, Lorentz forces, stellar wind drag and Coulomb drag. Can these forces usefully modify 
the trajectories of spacecraft at destination? Radiation pressure has been the subject of one study [3]. The dynamics of 
Nano-spacecraft under the influence of radiation pressure and Poynting Roberton drag is followed by numerical integration 
of the equations of motion. 
 
Keywords: Nano-ship Trajectories, Stellarsphere Forces, Project Starshot

1  THE SPACECRAFT AND TARGET 

The vehicle will be taken to be a ‘smart-chip-ship’ (how ‘smart’ 
is left open). A small-scale starship is modeled with a mass of 
much less than a kilogram, and a payload of grams. The size, 
possibly with an attached ‘sail’ is taken as a meter in radius. 
The craft could be a ‘folded’ package with the configuration 
deployed at target. It will be taken that the spacecraft can be a 
member of a cluster of identical vehicles sent in the direction 
of a target with the aim that at least a subset would encounter a 
target star or stellar system. 

This study operates under the condition that not only is there 
a statistical survival of a subset of vehicles but also that the indi-
vidual vehicles are hardened enough to survive the interstellar 
and stellar thermal and radiation environments, possible even 
configured to endure the Stellarsphere of the target star.

To make use of known physical conditions in the environ-
ment of the target star, it will be taken to be α-Centauri A (Rigil 
Kentaurus) because it is a GV2 star. Thus the magnetic field, 
luminosity, and stellar medium environment can be approxi-
mated as being solar-like. 

At 20% the speed of light the ship arrives at the target with 
approximately 555 times the escape speed from the galaxy. Tak-
ing that there are no dissipation losses on the way the spaceship 
arrives with 20% the speed of light, or a Lorentz factor γ = 1.02, 

This paper was presented at the Foundations of Interstellar Studies 
Workshop at CUNY City Tech, New York City, 13-15 June 2017.
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This corresponds to a kinetic energy of about 1013 joules, 
which is very large for even a 1 gram ship.

2 TRAJECTORY

The primary question asked is how can the trajectory of the 
ship be modified at the target star, when it interacts with the 
local stellar environment and stellarsphere (heliosphere for the 
Sun)? This is the question of Heller and Hippke [3], however 
here the condition of the approach speed is kept at 20% c. 

It is supposed that a ‘bundle’ of trajectories enter a ‘scat-
tering’ cross section of the target star. It may be that the chip-
ship has some GNC (Guidance-Navigation-and-Control) that 
makes possible some targeting. The vector form of the primary 
equation of motion becomes [4]:

(1)

That is radiation pressure modified Newtonian gravitational 
force, see section 3 for definitions. The polar equation of mo-
tion is well known:

(2)

where e is the eccentricity and p is the semi-latus rectum and 
θ is the azimuthal angle. In this case the incoming orbits will 
be hyperbolas with velocity at infinity v∞ of 0.2c. An encoun-

where
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ter hyperbola can be specified by a single quantity the point of 
closest approach rp, which determines the impact parameter b, 
as shown in Figure 1:

Fig.1 Figure 1: The basic trajectory under study.

(3)

When b is known the eccentricity e can be determined as

(4)

Take as a test a set of initial conditions where the approach 
speed is 20% the speed of light and point of closest approach 
(peri-apsis) is 2 stellar radii , Ra (radius of α-Centauri A) with β 
= 1032.48 (see section 2). Then the approach impact parameter, 
b, is 2.05Ra and the eccentricity is 42. The model is essentially 
Rutherford scattering with a repulsive potential. 

A couple of results: the time to go from 90 to -90 degrees, the 
region of the strongest reaction, is 142 seconds. The scattering 
angle is less than 2 degrees, close to being almost a rectilinear 
orbit. 

Under what condition will the turning angle be increased? 
The trajectory must lose energy either on the way or at the des-
tination. A calculation of how much is shown in Figure 2. It 
may be possible that one can use the interstellar medium to 
remove energy before an encounter, but that is not clear. Of 
course not too much energy since that extends the arrival time.

Fig.2 Change in scattering angle with respect to change in energy 
of the initial orbit.

3 PASSIVE SHIPS

3.1 Definition

The usage of the term ‘passive’ is not meant to imply there may 
be no modest or minimal GNC aboard to facilitate trajectory 
control.

3.2 Radiation Forces

The main forces in play will be gravitation and radiation pres-
sure. Let the spaceship characteristic size be a and its area A = 
πa2, taken as a circular area presented to the direction of mo-
tion. If the has ea mass = πa2 σ, then the force of gravity at 
distance r is: 

(5)

and the radiation pressure [4]:

(6)

where S = L/4πr2, a = radius of the ‘sail’, σ = surface density of 
sail material, G and c gravitational constant, c is the speed of 
light, M and L are the Mass and Luminosity of the target star. 
Qpr = radiation pressure coefficient. Then the parameter 
can be written as:

(7)

This parameter is a function of only the ship-chip (‘sail’) 
surface density and Qpr. Taking the ship material as Graphene 
σ = 8.6x10-4 gm/m2. Set Qpr =1, that is the optical proper-
ties are black-body in the geometrical optics approximation. 
(Graphene is an absorber with a Qpr ~1.0).

In the following a generic ship will be taken of area 1 square 
meter and a mass of 10 grams. Using the physical values for 
Alpha-Centauri A, β =1032.48, a reasonably large number. The 
radiation pressure efficiency coefficient Qpr, depends on wave-
length λ, on the refractive index m, shape and spatial struc-
ture, and is usually more applicable for microscopic objects. 
The study here will take this as an engineering problem, that 
is innovate a surface such that Qpr =1.0. One might speculate 
on the possibility of a number greater than 1.0. It may also be 
possible to engineer the surface density to be even smaller. The 
ratio Qpr/σ could be a crucial factor if it were possible to be 
manipulated. 

If r the distance from the star, ṙ is the radial velocity and v is 
the velocity of the ship. Fgr and Fpr are respectively the gravita-
tional force and Poynting Robertson effect, the set of equations 
of motion then are:

 GRAM-SCALE NANO-SPACECRAFT Entry into Star Systems
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(8)

(9)

(10)
and

These equations of motion are integrated with the Bu-
lirsch-Stoer numerical integrator [5]. The result of the standard 
case shows a change of only about 5% in energy. This corre-
sponds to an addition of about 3 degrees in the scattering angle.

3.3 Lorentz forces 

When the ship arrives at the stellarsphere of Alpha Centauri A 
it will encounter the system’s magnetic field. The Lorentz force 
on it as a charged body, of total charge Q is [6]:

Fig.3 Change in encounter angle with the inclusion of radiation 
pressure and Poynting Robertson drag and a given β.

(11)

where v is the system entry speed of 0.2c. Because this velocity 
is high one can ignore the stellar wind from the star as well as 
the stars rotation. The magnetic field of the star will be taken as 
the Parker model [7]:

(12)

Where r and θ are radial distance and azimuth angle with 
Br0 = Bθ0 = 5nT. This is an extremely simple model but we are 
after orders of magnitude estimates here. A spacecraft surface 
can become charged by collisional charging and photoelectric 
emission (other processes) [6]. We will not make a detailed cal-
culation for the charging process, which may or may not be 
possible in the situation under consideration. The only other 
criterion put forward is that there can only be a maximum 
charge on the spacecraft. The tensile stress on, say, a spherical 
spacecraft of radius ‘a’:

(13)

Where the surface potential Φ is given by:

(14)

where Z is the maximum number of charges of value e of ele-
mentary charge. If one takes the tensile strength of Graphene 
~ 1011 Pascals, then about 106 Coulombs can be put on a 10 cm 
Graphene sphere without breaking it. This is very interesting; 
the problem is it is not very possible the spacecraft ambient 
charging processes of collisional ionization and photoelectric 
emission can put this kind of change on the spacecraft. One 
might speculate that a very large charge could be artificially 
put on the spacecraft, at launch. However, a calculation of the 
charge allowed by field emission would have to be made and 
a check made of keeping the change for the duration of the 
flight.

One can make a model of a spacecraft as a magnetic dipole 
with constant magnetic moment μ moving in a magnetic field 

B, the force on it this is F = μ∙ ∆B. Creation of a strong enough 
magnetic moment, given a fairly weak environmental field ef-
fect seems unlikely or at least a problem for further study. How-
ever taking the case of the charged sphere above, spin a charged 
sphere and there is a magnetic moment m:

(15)

where Q is the total charge, a is the radius and ω is the angular 
speed. Take a Graphene sphere rotating at maximum breakup 
speed ~104 radians/sec and the charge given above one gets a 
magnetic moment of ~200,000 A·m2. This is extreme but small-
er yet substantial values might be obtained. It seems problem-
atic that large charges and magnetic moments could be sus-
tained for 20 years. 

3.4 Induction

For a conductor moving through an ambient magnetic field BΩ 
there is a motional emf induced. Take the ambient field to be 
the azimuthal stellar environmental field then a current ‘loop’ 
of size a moving in the field, then:

(16)

which induces a current I

(17)

In Eq. (18) Ω is the resistance of the loop. The magnetic mo-
ment of the loop interacts with the ambient field Ba to produce 
a force F = IaBa. Taking the loop being made of Graphene which 
has a high conductivity it is found that because the external B 
field is weak and the force generated is very small.

Another type of ‘induction’ force is Alfvén Wings. A conduc-
tor moving in a magnetic field will produce a charge separation 
and an electric field. Currents can flow due to conduction in the 
presence of plasma there can be a coupling to the plasma. These 
kinds of disturbances are called Alfvén waves. The waves carry 
away energy and cause drag. Unfortunately the entry speed of 
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20% c will cause a shock in front of the spacecraft muting the 
Alfvén wing drag to point it can’t be used.

3.5 Corpuscular Drag

A stellar wind will be responsible for corpuscular forces, due 
to collision and transfer of momentum from the stellersphere 
protons onto the spacecraft. Their interaction is therefore anal-
ogous to radiation forces, depending on the cross section of 
the spacecraft. Because of the dilution of the proton number 
density goes as 1/ r2, the solar wind proton interaction intensity 
decreases like the radiation pressure for increasing distances. 
The corpuscular drag can be written as:

(18)

In this case n is the number density, mp the mass of the pro-
ton, v is the speed and a is the radius of the spacecraft. This is 
classical gas drag with drag coefficient Cd, can be a bit complex 
for stellarsphere space but will be taken to be 2.0 here. At the 
point of closest approach 2 stellar radii the drag is order of 103 
Newtons. However particle drag will be a hazard, heating and 
erosion will be extreme [2]. Ablation mitigation could be ex-
plored however the conditions are extreme.

4 ACTIVE SHIPS

4.1 Definition

‘Active’ means not only a Guidance Navigation and Control 
system but also a method of power generation; this might be 
photon power cells. Turning from the study of ‘free’ energy dis-
sipation, two methods of active drag are possible with onboard 
energy or energy generation, magnetic sails and electric sails.

4.2 Magnetic Sail

An artificial magnetosphere has been proposed as an idea for 
a sail, or a magnetic sail spacecraft [9]. A spacecraft obtains a 
thrust force based on the interaction between stellar wind par-
ticles and an artificial magnetosphere made by electromagnets 
onboard a spacecraft. Consider an energized magnet moving 
in a stellar magnetic field. In an encounter with the local wind 
(or rather the local plasma particle density) a standoff shock of 
radius Rs emerges. A charged corpuscular drag is induced and 
can be approximated by: 

(19)

where ρ = mpn, n = number density and mp the reflected ion 
mass (taken here to be the mass of a proton). The number den-
sity at a distance r from the star can be modeled as [7]:

(20)

Taking the solar environment as the model, where r0 is 1 
AU, n0 = 7.3x106 m-3. The stand-off shock has the radius: 

(21)

where μ0 is the permeability of free space. For a loop 1 meter in 
radius with a current of 100 amps the standoff distance is about 
1 meter and the drag about 0.5 Newtons. Unfortunately, with 
a 100 ohm loop of Graphene this requires about a megawatt of 
power.

4.3 Electric Sail

Similar to the Msail, where a magnetic field deflects incoming 
stellar wind, the Esail [10] uses an electric field to change the 
trajectories of the stellarsphere protons, to produce drag. The 
sail consists of extended tethers, arranged in a circular pattern, 
which are charged with a high positive voltage. The force on 
the vehicle is a bit complex and is not repeated here. For a ship 
of size about 1 meter and generating 5 megavolts to the tethers 
one can obtain a force of approximately 0.5 Newtons. Unfortu-
nately for a 100 ohms system this requires almost a terrawatt!

5 CONCLUSIONS
   
The requirements set forward in this study are shown to be dif-
ficult to meet. That is if a ship arrives at α-Centauri A it is chal-
lenging to dissipate enough energy from a 20% speed of light 
trajectory using either passive or active methods. The case of 
radiation forces merits further study if the optical properties of 
a sail can be ‘engineered' to produce useful values for the pa-
rameter β. Coulomb drag may be interesting if a way to get a 
high charge in the spacecraft were possible. Despite the large on 
board energy generation needed, the magnetic and the electric 
sails may be worth further study. This is a work in progress.
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If a self-propelled ship is going to get to another star in less than many millennia, humanity will need vast quantities of highly 
energetic fusion fuels. Even fission will not do the job. However, the ten lightest fusion chain reactions that the human race 
knows about (some of which have sub-chains, and five of which involve hydrogen) have major, engineering, energetics or logistics 
liabilities. In 1985’s Interstellar Migration and the Human Experience ed. by Finney & Jones, William K. Hartman presented 
"Resource Base of the Solar System". In this work we repeat his approach 32 years later in order to estimate the human race's 
patrimony of aneutronic fuels suitable for interstellar flight, fusion fuels, and the total number of missions that could fly. 
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1  BACKGROUND REVIEW AND ANALYSIS 

Nothing really big will happen in space without an industri-
al base (material and energy) behind it. The energy required 
for anything interstellar is literally astronomical. A kg dropped 
from LEO has 10X its weight in TNT; at 3% of c, it has energy 
equal to the Hiroshima bomb, i.e. 10 kilotonnes; at 90% of c, it 
has the energy of Ivy MIKE, i.e. 10 megatonnes. The material 
demands are equally great. Humanity will not step beyond Sol 
system, even via machines, without an extremely wealthy and 
extremely powerful industrial space-faring culture behind it.

1.1 Three Classes of Interstellar Missions 

Three basic classes of one-way interstellar missions based on 
known physics, each separated from the next by roughly six or-
ders of magnitude in mass, have been described in the literature. 
Class One: "Starchip" (~3 g), “Starwisp” (103 g), and “Dragon-
fly” (106-107 g), all robotic probes boosted once by beamed mi-
crowave or laser power from Earth or the inner solar system for 
a one-way >0.05-0.10c flyby of a single target system. 
Class Two: Firefly and Daedalus, fully functional vessels 
crewed either by robots (kiloton-range, 109-1011 g) or living 
beings (megaton-range), self-propelled by fusion or antimat-
ter, for <0.10c flight for possibly multiple flybys or subpackage 
drop-off at multiple target stars along the way.
Class Three: Worldships (gigaton-range, 1015-1017 g), genera-
tion ships self-propelled by fusion or antimatter, traveling at 
~0.01c for rendezvous with a single target system.

While the first class of mission is within reach of a civilization 
limited to terrestrial resources, i.e. Kardashev Type 1, in the next 
century or so, the latter two would be such enormous enterprises 
requiring literally astronomical amounts of energy and matter, 

This paper was presented at the Foundations of Interstellar Studies 
Workshop at CUNY City Tech, New York City, 13-15 June 2017.
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that they could only be accomplished with offworld resources. 

Since the Industrial Revolution began 2 centuries ago, the 
economic growth rate has been about 3% per year, more or less. 
Applying the Rule of 72, that means a doubling period of 24 
years, about 1 human generation. Assuming continued unin-
terrupted economic growth over the long term, and that we 
manage to get offworld in a big way with cheap access to space, 
I expect we would have the energetic and material resources 
to throw something significant at another star in about anoth-
er two or three centuries. By “significant” I do not mean, “fast 
flyby at some fraction of c with a ‘Forward Swarm’ of chip sats”.

1.2  Notional 160-Year Timeline for a Forward Swarm of 
Chipsats to Nearest Star? 

The most unexpected hence valuable outcome of the Space So-
lar Power working track at TVIW-2016 was the realization by 
the participants that, given the establishment of space-based 
solar power infrastructure in the next half-century, a 160-year- 
horizon for a robotic interstellar flyby mission of a star within 
10 LY, for a mission-specific cost of 1011 dollars, is credible with 
known physics and reasonable extrapolation of power-beam-
ing technologies. Right now, it is not clear how we would get a 
meaningful science return, but assuming that signaling capa-
bility is developed somehow, and working backwards from a 
certain political requirement, here’s a notional timeline:
July 4, 2176  picture arrives @home (from nearest neighbors up to 

10 LY) for America’s Quadricentennial
2166  Swarm of wafersat(s) arrives at distant star(s); ac-

quires imagery, begins transmission
2066  “Be ready to send” (launch Forward Swarm at up to 

10% c up to 10 LY)
2030  commence national SPS program building on-orbit 

power grid with spare capacity
2021  commence Decadal Survey-like process for Interstel-

lar missions
2020? dinner with the President-Elect?
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TABLE 1 Eleven target star systems within 11 LY

Target name Spectral type Distance Age Joint probability habitable planet

Proxima Centauri
α Centauri A
α Centauri B 

M5.5
G2
K1

4.25 LY

4.37 LY
4.9 GY
4.4 GY

“earth-like” in Goldilocks detected!
0 super-earths
10.7% [Dole62]

Barnard’s Star aka V2500 Ophiuchi M4 5.98 LY 7-12 GY 0 > neptunian

Luhman 16 A (binary brown dwarf system)
Luhman 16 B

L7.5
T0.5

6.5 LY ?? subjovian??

Wolf 359 M6.5 7.86 LY 0.1-0.4 GY 0 > neptunian

Lalande 21185 M2 8.31 LY 5 – 10 GY 0 > jovian

Sirius A (binary blue system)
Sirius B

A1
dwarf A2

8.60 LY 0.2-0.3 GY 0 > superjovian

Luyten 726-8 A (binary red dwarf system)
Luyten 726-8 B aka UV Ceti

M5.5
M6

8.73 LY ??
1 jovian

3.3% [Dole62]

Ross 154 aka V1216 Sagittarii M3.5 9.60 LY ~1 GY A is extreme flare star

Ross 248 aka HH Andromedae M6 10.32 LY ??
system will close approach within 1 LY of  

ε  Eridani in 32K yrs

ε Eridani K2 10.52 LY 0.4-0.8 GY
1 jovian

3.3% [Dole62]

Ross 128b aka F1 Virginis M4V 10.89 LY 9.45 GY
“earth-like” in Goldilocks detected! Quiet dwarf! 

Will be closer than Proxima in 79K yrs

1.3 “Significant” Defined 

As cool as that would be, no, by “significant” we mean some-
thing much bigger and more capable, with enough delta-vee 
to slow down and rendezvous with the target system, perform 
open-ended activity and send back significant science data for 
a long time. Such a technical capability would have to mass at 
least a kilotonne at the destination, with an initial mass one 
to two orders of magnitude greater in order to deliver that 
package to the destination. Something on the order of the fu-
sion-propelled Daedalus or Firefly concepts. It is reasonable to 
assume that at some point the human race will figure out how 
to contain and control stable self-sustaining fusion reactions 
using some combination of electric and magnetic fields. So we 
can take that as a given. Taking the published figures at face 
value, with today’s technology, a “one-off ” unmanned Firefly 
probe (24,000-tonne initial 2-stage mass in LEO, 90% deuteri-
um fuel) would cost on the order of ten trillion dollars, about 
half the current annual GDP of the United States. The figure is 
dominated by the cost of the building the probe. The cost of the 
bigger, older, simpler Daedalus (150,000-tonne initial mass in 
LEO, 2 stages, 99% deuterium/helium-3 fuel) would be on the 
rough order of several hundred trillion dollars, equivalent to 
total global product for five years. The figure is dominated by 
the cost of the He-3 fuel (millions of dollars per kg). Since only 
30 kg of He-3 exist in human hands at the moment, we won’t 
discuss Daedalus further.

1.4 What Compelling Reason? 

What would justify such a costly mission using irreplaceable 
consumables (the boron fuel discussed later in this paper)? It 
is claimed that responding to a First Contact would certainly 
justify that expense. Here’s why: The most significant and un-
expected hence valuable outcome of the “C-for-Commo” work-
ing track at Tennessee Valley Interstellar Workshop (TVIW) 
2014 was the realization by the participants that detection and 
interpretation of CETI signals are major problems that cannot 
wait until First Contact to be dealt with. Of these, interpretation 
is much harder. By pure coincidence, this finding was almost 
identical to the consensus of the “Communicating across the 

Cosmos” conference conducted by the Search for Extraterres-
trial Intelligence (SETI) Institute on the other side of the USA at 
the same time, unbeknownst to Track C’s participants. As point-
ed out by this author and other co-authors (Sam Lightfoot, Eric 
Hughes, Paul Shuch) in a JBIS paper a couple of years ago (see 
“Communications, SETI, and Strategies”, JBIS 68, 2015):

  
 Thus, what must happen after a detection is to mount a 
physical mission to Go Out There and put sensors on target in 
order to observe the embodiment or somatic nature of the in-
telligence being detected. Without context, seeing it, interacting 
with it, and getting more knowledge in near-real time, we will 
have less-than-zero hope of anything approaching meaning, 
much less engaging in dialogue. If the goal is dialogue, we must 
interact, and it must be over less-than-interstellar distances (no 
latency). First Contact (info) leads to First Contact (physical).

Note that we are not explicitly saying this ship must have a 
crew, or at least, not a living breathing crew that would require 
a massive life-support system or a perfectly efficient closed-cy-
cle ecology. It’s one thing to set off on a multi-generation 
worldship from which your remote descendants one day found 
a new culture around another sun. It is difficult to imagine a 
multi-generational trip to answer an intellectual question, or 
just to answer the mail (though a religious order might do just 
that.) Absent suspended animation which does not exist yet, a 
trip with the original living breathing investigators would have 
to be limited to a human’s working lifetime, 50-70 years, and 
still allow time for productive work on the far end. The trouble 
is, there are not that many stars in such a small travel radius 
of less than 10 LY. Because of “regression to the mean”, even if 
one began with the most brilliant scientists and linguists, one 
could not count on the children from such a small number of 
parents, to be as smart. Thanks to the Law of Large Numbers, 
the best brains would always be back on Earth, but out of re-
al-time touch with their subject that is necessary for this par-
ticular kind of mission.

Whether the living investigators and funders are onboard 
or back at home, time is likewise as precious as throw-weight. 
Unlike interplanetary freight in the near future or worldship 
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travel in the far future, an interstellar probe, especially an ur-
gent mission that involves a possible First Contact, would be 
under boost the entire way, either accelerating or decelerating. 
The velocity profile would be all up or all down—no cruising.

Anyway, the question of living crew in the second class of 
mission is as moot as Daedalus—a kilotonne vessel is far too 
small to support life for that many decades. Therefore the 
“crew” would have to be a very advanced machine, or some 
sort of organic-metallic hybrid, i.e. a cyborg. According to the 
roboticist Hans Moravec, robots are our “mind children” any-
way [10]. See also Proceedings of “Practical Robotic Interstellar 
Flight: Are We Ready?” 29 Aug – 01 Sep 1994, New York Uni-
versity, New York, later published in JBIS [9]. Certainly, driv-
erless vehicles seem to be arriving much faster than a skeptical 
roboticist, as this author predicted 30 years ago.

2.0 FUSION

2.1 Candidate Fusion Cycles 

Getting a self-propelled object to another star in under a mil-
lennium calls for Isp on the order of a million seconds. This is 
far beyond even fission; only fusion (and even more energetic 
antimatter) will do. Fusion is all about binding energy – small 
but weakly-bound nuclei such as deuterons combine into more 
tightly-bound nuclei, like alpha particles (He-4), which is very 
tightly bound indeed. The difference shows up as energy, usual-
ly in the form of very fast-moving reaction products. The most 
troublesome one of these is the charge-less fast neutron. 

In addition to the proton-proton reaction going on inside our 
own star, there are ten other light fusion reactions that we know 
about. Some of these have subsequent chains; others are useless 
for interstellar flight and can be quickly eliminated. We will look 
at each candidate in turn, but first a word about the neutron.

2.2 Useless Neutrons and the Rocket Equation 

At Douglas Aircraft Company, we had a rule of thumb that 
every excess pound of weight was worth $150 (in early 1980s 
dollars, say $400-500 today) in terms the net present value of 
the excess fuel consumed over the 25-year service life of the air-
craft. That opportunity cost of $150 per pound is worth more 
than virtually every other material except precious metals. 

In the conventional world of chemical rockets into LEO and 
the inner solar system, in which the specific impulse (Isp) of 
typical launchers ranges from 200-500 seconds, that opportu-
nity cost climbs sharply to 100-1000X as much as in aviation 
(i.e., $10,000 - $100,000 per kg). Choices about the payload of 
a chemically-fueled scientific mission to the outer solar system 
can easily have an opportunity cost measured in millions of 
dollars per kg, which would already make that more valuable 
than any precious metal on Earth, exceeded in specific value 
only by certain famous gemstones. 

Now remember that Isp is in the exponent of the Rocket 
Equation, and then imagine the opportunity cost of wasted 
mass in a craft going 10 percent of c, which is 100,000 times 
faster than a passenger jet, for a hundred year journey at least.
So we come to the neutron problem. In every mission that slows 
down at the target instead of just flying fast by it, fuel for decel-
eration becomes the predominant component of the “payload”, 
which is a second stage sufficient for rendezvous. The trouble 

Fig.1 Average Binding Energy for Nucleons 

with most of the fusion reactions examined in some detail 
below, is that neutrons are produced in similar numbers and 
proportion to other desirable reaction products like protons 
and alpha particles. Since neutrons are both fast and lacking in 
charge, they cannot be manipulated or controlled, and radiate 
outward isotropically. A majority of the precious energy of the 
deceleration fuel dearly-bought across light-years, is thrown 
away, carried off by a useless neutron.

This is especially bad when there is a large disparity in mass 
between the products. Since momentum is conserved, having a 
light product (e.g., a neutron) and a heavy product (e.g., an al-
pha particle) with equal momenta means that the neutron goes 
away with 4 times as much velocity, hence that particle escapes 
with 4/(4+1) or 80% of all the energy.

While a neutron reflector (say a sheet of lightweight metal 
like beryllium backed by a lightweight hydrogenous polymer 
polyethylene) at the forward end of the reactor could convert 
some of this flux to net forward momentum, only some of 
the collisions are elastic. Much of the neutron’s impact energy 
would convert to useless heat. In any case, it is obvious that a 
reflector has geometric limits – a reflector of extent 1 steradian 
would subtend at most one-tenth of a unit sphere centered on 
the reactor. This means at most, five percent of the wasted ener-
gy could be transformed into momentum by the mirror. Most 
of the wasted energy stays wasted. Though they would help, 
and should be used in interplanetary travel, mirrors are not the 
answer to the neutron problem in interstellar flight.

In 20 minutes, half of the fugitive neutrons decay into pro-
ton by emitting electrons. It’s too bad that fast neutrons can’t be 
persuaded to stick around long enough for that to happen inside 
containment—they’d be much more useful and easier to handle.

So on this basis we can see two basic sub-types of fusion-fue-
led craft, and missions.

2.3 Fusion Reactions Considered

The most common fusion reaction is the complicated multistep 
one going on inside our Sun now. In proton+proton fusion, sta-
ble helium-4 is generated one of four possible ways, but the 
overall result is:

This is the hottest reaction, hence hardest. So, ubiquitous as 
it is, we do not know how to replicate it artificially. p-p burn-
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ing’s reaction density (10 watts per cubic meter, versus a billion 
times as much in a high-power fission reactor) as suggested by 
this quote…

  “The half-life of a proton in the core of the Sun before it is in-
volved in a successful proton-proton fusion is estimated to be 
about one billion years, even at the extreme pressures and tem-
peratures found there.”

…is horribly anemic and utterly unsuitable for flight, or even 
stationary power generation.

tritium+tritium fusion, being the coolest temperature of all 
fusion reactions, is the one we first mastered at small scale, in 
the form of “boosting” the explosive yield of fission bombs with 
scads of fast neutrons: 

Followed by deuterium+tritium fusion. Having the next 
lowest temperature of all fusion reactions, it should be the next 
easiest, and indeed it is, for it is the one we first mastered at 
large scale, in the form of a thermonuclear bomb:

But T-T and D-T burning have three major drawbacks—
 
  (1) engineering, right now we can only make bombs with 

this one; a breakeven, steady-state reaction has not been 
achieved.

  (2) efficiency, about ⅔ to ¾ of the total yield, ~10 to 14 
MeV, is carried off by a useless fast neutron. Since they are 
charge-less, it is very difficult to manipulate or harness 
neutrons.

 
  (3) logistics, the tritium has a half-life of only 12 years. 

Even for bombs, it has to be bred and replaced contin-
ually. For a decades-long voyage, not to mention centu-
ries-long, tritium is a totally unsuitable fuel.

For reason (3), we also eliminate helium-3+tritium fusion, 
with two outcomes of similar probability:

Due to a somewhat higher coulomb barrier than either D-D 
or D-T, this reaction requires higher temperatures, but while 

Fig.2 Abundance as a Function of Atomic Number 

not completely aneutronic, it has an admirably low proportion 
of useless neutrons in its two possible branches. However, in 
addition to tritium’s short half-life, unfortunately, nature has 
not been generous with us in re: He-3. The total supply of He-3 
on Earth is extremely limited.

deuterium+helium-3 fusion is the one that “back to the 
moon” advocates always talk about:

Both reaction products can be ionized, therefore are har-
ness-able in a reaction drive. But no one actually knows how 
to burn D-He3, and there are side reactions in which the deu-
terons react with each other instead of the helium-3, thereby 
producing useless neutrons. However, that’s just an engineer-
ing problem. The main drawback is logistics: because hydrogen 
is ubiquitous both at Earth and everywhere else between the 
Belt and the Oort Cloud, we can presume that so is deuterium, 
albeit 7000X less abundant. This suggests there is roughly 3 × 
1023 kg of deuterium in this Solar System (roughly equal to half 
the mass of Mars), though the vast majority of that is trapped 
deep inside the gas giants. Still, quadrillions of tonnes of deu-
terium fusion fuel are within relatively easy reach. But where 
are the necessary kilotonnes of helium-3 per mission going to 
come from? Although He-3 is a stable nuclide, which is both 
primordial and also continually produced in the sun therefore 
present in the solar wind, its abundance is 1/10,000 that of He-4. 
Being “noble”, it is immune to natural chemical processes that 
concentrate other elements for our use and convenience. Being 
a very light gas, it almost immediately escapes the Earth when 
released. Therefore, its terrestrial abundance and its practical 
availability is still extremely low. At present only ~30 kg of He-3 
is in human hands.

helium-3+lithium-6 fusion yields two alphas and a very en-
ergetic proton, which would be very useful for a reaction drive:

 THE INTERSTELLAR FUSION FUEL RESOURCE BASE of Our Solar System

In addition to hydrogen and helium, lithium is the only oth-
er primordial element made in the Big Bang (primordial nu-
cleosynthesis). 13.7 GYa, the BB stopped after 20 minutes, at 
lithium, A=7. In the cosmos, the elements lithium, beryllium, 
and boron are about as rare as noble metals.

Like boron, lithium is not made in stellar nucleosynthesis, 
nor in supernovae (neither S-process nor R-process). In fact, 
stars tend to consume whatever lithium, beryllium, and boron 
they are born with. [4] Some lithium is produced by spalla-
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tion of carbon and oxygen atoms struck by galactic cosmic rays 
(GCR, which are bare energetic nuclei stripped of all their elec-
trons) in deep space, but the macroscopic flux of lithium into 
the solar system is minuscule.

Lithium is an important, valuable metal used in electric ve-
hicles and the renewable energy sector. Like boron below, its 
abundance in the Earth’s crust due to its light weight belies its 
extreme rarity in the cosmos. Like boron, lithium is primarily 
found in lakebeds as evaporite deposits from hydrothermal ac-
tivity; mining these extracts about 500,000 tonnes in the form 
of lithium carbonate containing ~50,000 tonnes of the metal per 
year [11]. Global reserves at current prices of $10-20 per kg are 
>10,000,000 tonnes, enough for about a century at current rates 
of consumption. Li-7 is the most common isotope at 92.5%; the 
fusible isotope Li-6 constitutes less than 8% of all lithium, which 
practically puts this fuel into the same category of cosmic abun-
dance as boron-11. Mass-separation with just one amu of differ-
ence is difficult and relies on toxic processes (such as mercury) 
which would increase the delivered cost of the fuel considerably. 
Laser separation would ameliorate the toxicity issues and other 
complications at the expense of electricity.

However, the same fundamental disadvantage of He-3 scar-
city applies to any reaction that uses it, including this one.

helium-3+helium-3 fusion, aneutronic, produces an alpha 
particle and two energetic protons:

An energetic proton is the perfect propellant—its ionization 
and resulting high charge-to-mass ratio means it can be read-
ily manipulated with electrostatic fields, and it have the low-
est possible mass (1 amu) which approximates the theoretical 
maximum performance for any physical exhaust.

However, due to a much higher coulomb barrier (helium 
isotopes have twice the charge compared to hydrogen iso-
topes), this reaction requires much higher temperatures than 
people know how to stably create right now. Also, this reaction 
just doubles down on the scarcity of the reactant. So all-He-3 
burning is likewise eliminated as a candidate reaction for inter-
stellar propulsion.

Next is deuterium+deuterium fusion, with two flavors of 
equal probability:

One problem with D-D burning is that neutron coming 
off the second branch, wasting about 1/3 of the total energy 
right off the bat. In addition, the tritium and helium-3 are pro-
duced in equal numbers since the branches have equal prob-
ability, and will react with each other since the reactants and 
the products are all in the same soup of energetic particles. See 
the helium-3+tritium fusion reaction above. The more popular 
secondary branch produces a fast neutron right away, losing a 
good fraction of the energy, while the less popular secondary 
branch produces an alpha and a high-energy deuteron, taking 
us back to the beginning, albeit at a lesser concentration. The 
limit of this recursive process is that perhaps half the total en-
ergy is lost as fast neutrons. However, for interplanetary traffic 
in the future, with pit stops and ample resources of deuterium 
virtually everywhere in the solar system, the neutron penalty 
might be acceptable.

deuterium+lithium-6 fusion (LiD is a solid at STP) was 
also first used in thermonuclear development, in the first “dry” 
weaponized design. This reaction has the most diverse array 
of branches, yielding the most complicated soup of products:

proton+boron-11 fusion is another neutron-free reaction 
yields three alpha particles and nothing else. While boron-11 
would have a much higher Coulomb barrier than hydrogen 
(requiring about 10X higher temperature than a D-T reaction) 
a 500-keV proton can be readily manipulated in a beam for 
optimizing collisions.

ROBERT G. KENNEDY

Of principal interest is the first branch, yielding two very 
high energy alphas, making it ideal for a reaction drive.

The second and fourth branches are burdened with free 
neutrons. This is especially bad in the fourth branch due to the 
disparity in mass between the products (7:1). Since momentum 
is conserved, having a light product and a heavy product with 
equal momenta means that in this case, the neutron goes away 
with 7 times as much velocity, hence that particle escapes with 
⅞ of the energy.

The third side branch yields products that appear similar to 
the reactants in the next reaction below. Li-7’s presence with a 
proton on the right side of the equation (lower energy, higher 
entropy) suggests that it is important for the rare Li-6 isotope 
to be separated from the common Li-7 with a high degree of 
purity. This bears further investigation.

Historical note of interest: like its lighter sibling lithium-6, 
lithium-7 can also react with a neutron under the right circum-
stances. This unforeseen property of the Li-7 isotope was at the 
root of the Castle BRAVO incident of 1954, which ran away to 
15 megatons instead of the planned 6 (largest blast ever con-
ducted by the United States, albeit unintentionally).

 
While it may be physically possible to continually “breed” 

nuclear fuel enroute from stable precursors with slow “ther-
mal” neutrons, as a practical engineering matter, producing 
thermal neutrons is fairly difficult. With current technology, 
the task requires massive hugely inefficient apparatus that is in-
consistent with the harsh mass constraints on space travel, let 
alone an interstellar voyage.

proton+lithium-6 fusion is a neutron-free reaction which 
yields helium-3 and a relatively low-energy alpha. This would 
appear to be more useful for synthesizing He-3. Again, the low 
relative abundance of the fusible isotope Li-6 (<8% of all lith-
ium) which puts this fuel into the same practical abundance 
category as boron-11, while its difficult, toxic mass-separation 
makes the delivered cost of the fuel considerably higher than 
boron-11’s.

All alphas mean high efficiency, and high potential for di-
rect electricity generation (avoiding thermodynamic conver-
sion losses) as well as a reaction drive. Being a solid, the fuel 
is orders of magnitude more compact than liquid deuterium, 
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which would make the ship a lot smaller, and fuel storage much 
simpler. Boron-11 is the most common isotope, 80%. Trouble 
is, its abundance in the solar system appears to be down with 
rare earths, another logistics problem. One notable physics 
challenge is loss of energy via Bremsstrahlung, also known as 
"braking radiation" or "synchrotron radiation". This loss mech-
anism is common to all fusion reactions, which offers the hope 
that a solution to this problem that is found for any particular 
reaction, will benefit them all.

The Big Bang stopped making elements at lithium, A=7. Like 
lithium, boron is not made in stellar nucleosynthesis, nor in su-
pernovae (neither S-process nor R-process). Furthermore, stars 
tend to consume whatever lithium, beryllium, and boron they 
are born with. [4] Therefore there is no boron in the solar wind, 
neither ours nor anybody else’s. Since boron was made neither 
in the Big Bang nor stellar processes, the reader can see why the 
cosmic abundance of boron is lower than lithium. Like lithium, 
boron’s abundance in the Earth’s crust due to its light weight 
belies its extreme rarity in the cosmos, about as rare as some 
noble metals. Some boron is produced by GCR spallation of C 
and O atoms in deep space, an astrophysics puzzle only solved 
late in the 1990s at CERN which explains about a third of the 
boron we see. GCRs themselves are rich in Li/Be/B, say 25% or 
one-in-four versus the cosmic abundance of one-in-a-million. 
Boron may also be produced when carbon and oxygen nuclei in 
flight from supernovae crash into hydrogen and helium in the 
interstellar medium. Neutrino spallation of carbon-12 could be 
another source of boron-11. But macroscopically speaking, the 
boron flux into the solar system is still negligible.

Despite its extreme rarity, boron is an inexpensive material 
with hundreds of industrial uses today, as well as other sur-
prisingly prosaic uses, like laundry detergent. Like lithium, bo-
ron is primarily found in lakebeds as evaporite deposits from 
hydrothermal activity. Far more boron is mined than lithium, 
about 6,000,000 tonnes per year, as hundreds of compounds 
but mostly borates, B2O3, which is mostly oxygen by weight. 
The pure boron-11 component of this flow is 1-2 megatons per 
year. Global reserves of crude boron at the current price of $1 
per kg exceed a gigatonne, enough for two centuries at cur-
rent rates of consumption. About 80% of all boron is the fusible 
isotope boron-11, so at the current price, that reserve is about 
300 megatonnes. Boron is known to have “refractory” contam-
ination issues with carbon, inverse of the boron contamination 
problem in nuclear-grade graphite that plagued Manhattan 
Project-era engineers. Boron-10 is separated from boron-11 in 
the nuclear industry because it is such a good absorber of neu-
trons. Confusingly for our purpose, the remaining boron-11 
is referred to as “depleted”. Removing other chemical contam-
inants from crude boron is relatively cheap: going from "two 
nines" (99%) to "better than five nines" (99.9995%) increases 
the unit cost by only 1 order of magnitude. Isotopic separation 
to remove the unwanted B-10 to produce 99% pure B-11 fuel 
increases the unit cost yet again to ~$200,000 per kg.  Purifying 
that to a level suitable for nuclear reactions, say "six nines pure" 
(99.9999%) B-11, is not done by industry today, but could be 
expect to result in a final unit cost in the range of a million 
dollars per kg at laboratory scale.  One hopes that large-scale 
processing would reduce this number substantially.

3.0 BORON 

3.1 Boron Inventory of the Solar System

Having identified a promising candidate, using boron as a 

proxy for “interstellar-grade fusion fuel”, we will now estimate 
the boron inventory of the solar system.

Sun: There is no boron in the solar wind.

Mercury: I have not reviewed results from MESSENGER, but 
it seems to this author that the innermost planet, at R=0.4 AU, 
is unlikely to possess boron in useful concentrations where 
only the heaviest elements could condense from the protoplan-
etary disk.

Venus: Some cosmic catastrophe resurfaced Venus and made 
the entire planet spin backward. Whatever did this likely 
stripped off light elements, depleting it of volatiles like water 
than can process boron to useful concentrations. Furthermore, 
the resurfacing churned the crust and mantle hundreds of km 
down, and it appears that tectonic activity, which might be a 
point source of new material that might contain light elements 
like boron, has stopped.

Earth: The best candidate in the solar system to get boron at 
mine-able concentrations would seem to be right here on ter-
ra firma. Our world also has the steepest, albeit not the deep-
est, gravity well in the system. It has fully differentiated, so the 
lightest elements and refractories float, and hydrothermal pro-
cesses have had four and a half gigayears to further render the 
stuff into soluble compounds and concentrate them.

Mars: Boron has been found on Mars by the Curiosity rover. 
However, any tectonic and hydrothermal processes stopped 
there billions of years ago. So whatever’s on the surface is all 
there is.

If boron exists beyond the solar system’s “snow line” at all, it 
is likely to be either thoroughly mixed with the gas giants’ bulk, 
or the compounds that it likes to make with hydrogen have 
snowed out on the metallic hydrogen layers of the gas giants.

Belt and Jupiter. Any assemblage of ordinary material will 
pull itself into a sphere if R>100 km. It may be that water-ice 
worlds big enough (R>1000 km) to have melted and differ-
entiated (Ceres, Ganymede, Callisto) may have concentrated 
boron compounds among their other metallic salts. Europa, 
which would otherwise be a good candidate, must be left alone 
until it is determined if life is there. (Note: this criterion may 
be applied to any prospecting mission to any water-ice-world). 
Io churns itself inside out so much that no compound could 
separate out.

Outer Moons & Plutoids. It would seem that a knowledge of 
cryogenic chemistry but it should be noted that the reaction 
rate chemistry is generally an exponential function of temper-
ature. If so, after accreting, the outer moons and plutoids may 
not have stayed liquid long enough for chemistry to work. Even 
if liquid continues to exist at very deep layers in those bodies, 
there may not have been enough time since their formation for 
the sluggish reaction rates to concentrate the trace elements to 
industrially useful levels.

3.2 Estimating Number of Interstellar Missions 

We can see two broad classes of fusion-fueled craft, and mis-
sions, separated into two different fuel ecologies, Interplane-
tary and Interstellar.

Interplanetary – the neutron penalty will be tolerable for D-D 
fusion and thus sufficient for commerce around the solar sys-
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tem, with plenty of sources for raw material and place to re-fu-
el. Possible crossover exception: Because the neutron flux would 
convert to low-grade heat in a reactor that was big enough, the 
D-D cycle might also be useful for a worldship that does not 
get above 1% of c. Besides propulsion, a worldship has also sub-
stantial demands for space heat. Since for all practical purposes 
deuterium is unlimited in the Solar System, it will be sufficient 
to fuel interplanetary commerce and industry for the foresee-
able future, as well as the first stages of Class Two interstellar 
probes, and worldship drives in the far future. The possible 
number of trips would be very large.

Interstellar – the neutron penalty is unaffordable for a high-
speed interstellar probe, which despite the high mass fraction, 
will still be limited to just one start and one stop. The best can-
didate aneutronic reaction now known to us is fusing 500 keV 
protons with boron-11 plasma. Perhaps the first stage of an un-
manned interstellar probe out of the solar system could be D-D 
and then dropped. But the deceleration stage to rendezvous 
with the target system will need every microsecond of Isp it can 
get. We cannot waste that precious mass of the second stage, so 
expensively launched, on producing useless neutrons that we 
mostly can’t manipulate. The second stage must be p-B. If all 
the boron-11 available to us at current low prices ~300,000,000 
tonnes, were dedicated to this task, the human race would have 
enough fuel to launch a Firefly-class probe every other week 
for a millennium – 30,000 flights. That seems more than suffi-
cient to get a good look at the neighborhood. There is plenty of 
headroom in the price elasticity to make a much greater reserve 
available while still providing for local industrial consumption. 
The 10B isotope is useful for capturing thermal neutrons (see 
neutron cross section#Typical cross sections). The less-valua-
ble by-product, depleted boron, is nearly pure 11B.

3.3 What If We Needed More Boron Than We Have? 

Perhaps we could make some boron the way Nature does, 
spallation of carbon and oxygen with galactic cosmic rays. The 
reader may recall that the USA once had to manufacture syn-
thetic elements. Tritium is an essential component of thermo-
nuclear weapons. Half of it decays into helium-3 in just 12.3 
years, which is why it does not naturally occur on the surface 
of the Earth, and why it is utterly unsuitable for an interstellar 
fuel. Because the tritium at the heart of those tens of thousands 
of H-bombs had to be continually replaced, we synthesized it 
(via spallation also) at a time in a giant complex of production 
reactors at Savannah River (whose main purpose was to pro-
duce plutonium). The program cost $2B a year a gram to run. 
Over the entire 33-year history of that program, 1955-1988, 

the USA made 225 kg of tritium, at a fully burdened delivered 
cost of $200-300 million per kg. 

While we don’t have any tritium in our pockets (that I know 
of), here is something comparable: a transplutonium produc-
tion rod that this author designed a generation ago, to go inside 
the heart of the (never built) 300-megawatt Advanced Neutron 
Source reactor. This little rod, and a few dozen others like it, get 
stuffed with plutonium and other actinides like curium and am-
ericium, to be cooked for three weeks in the most intense neutron 
flux on Earth. After than, 99.9% of the plute has split into useless 
(and dangerous) daughter products, but one part in a thousand 
manages to survive the long climb up the transmutation ladder 
to become californium-252, einsteinium-254, and fermium-257. 
This author is unaware of the current value today, but 25 years 
ago, DoE sold Cf-252 for 50 million dollars per gram. The price 
tag for an amount of fermium-257 that you could actually see 
would have to be expressed in scientific notation.

Boron’s price inelasticity is not known to this author, but at 
the present level of $1/kg for unpurified un-separated boron, 
and ~$1 million per kg for six-nines purified, separated B-11 
fuel, there appears to be plenty of headroom to increase sup-
ply if necessary using economic incentives rather than a crash 
transmutation program.

However, the energy of spallative nucleosynthesis, up to 100 
GeV/n, is near the top end of the most powerful accelerators on 
Earth (~1-10 TeV). For a proper interstellar probe, we’d need 
ten of kilotons of boron-11 (worth trillions of dollars if extract-
ed from nature, or quadrillions if it were all synthetic). It is dif-
ficult to imagine the wealth of a civilization that could do that, 
but several centuries to a millennium of uninterrupted com-
pound growth could get us there. Applying the Rule of 72, three 
centuries of 3% real growth means a dozen doublings, which is 
a factor of 4096 which is a 300-quadrillion dollar economy. Per-
haps they could afford making arbitrary quantities of synthetic 
elements on demand. We cannot.

4 CONCLUSIONS AND RECOMMENDATIONS

So where’s the resource base of the preferred interstellar fuel of 
the future? It’s here! (Fig.3) And unless we find a big lode some-
where else in Sol System, what we have on the surface of the Earth 
is about all that we’ll ever have. It is our patrimony, a gift from the 
depths of interstellar space, and best used to return there.

•  If we go interstellar 2 or 3 centuries hence, you can be sure 
we won't be using borax for a detergent anymore. Dirty 
dishwater may become a valuable feedstock.

Fig.3 Boron – but not as our descendents might know it.
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•  In the far future, we might imagine some sort of fuel ra-
tioning regime, either by pricing or government fiat, in 
which fuels like boron-11 are rationed or simply reserved 
for the most important missions, the interstellar ones.

•  Do other exotic light fusion reactions exist? Surely in this 
giant Table of the Nuclides, 2600 things taken 2 at a time, 
there must be undiscovered but possible reactions.

•  Investigate further the burning of Li-6 with protons and 
other reaction with Li-7’s as well as sensitivity of these re-
actions to the purity of reactants.

•  Develop the field of ultra-cold chemistry, with liquid gas 
solvents such as H2, N2, CH4, NH3, etc. What sorts of 
differentiation and concentration processes could take 
place and on what industrially useful timescales?

•  Investigate boron-sulfur chemistry to inform the exist-
ence of boron on Io.
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Conjecture: If we ever meet someone’s worldship fueled with 
boron-11, we’ll know that they’re either very rich or desperate.
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We have considered general relativity (GR) effects related to the curved spacetime and frame dragging on long range 
trajectories of solar sails. Results prove that small deviations in the initial trajectories of solar sails that are deployed near 
the Sun can translate to large effects in the long run. It is shown that the Poynting–Robertson effect dominates over other 
special relativistic effects and decreases the cruising velocity as well as the Heliocentric distance. It is demonstrated that if 
a solar sailcraft can be used to test fundamental physics related to GR – particularly, the deflections of escape trajectories 
as the result of the curvature of spacetime and frame dragging in the vicinity of the Sun – then the most interesting orbits 
are those that are closer to the Sun. 
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1   INTRODUCTION 

There are different ways for testing fundamental physics: the 
use of specific scientific instruments on board a spacecraft, 
tracking the motion of a spacecraft, or a combination of these 
two approaches. Tracking an interplanetary or interstellar 
spacecraft is a significant technique for testing the laws of phys-
ics and exploring interplanetary or interstellar environments. 
Nevertheless, adding some instruments, such as an acceler-
ometer on board, could provide orbit determination experts 
and physicists with further data of great interest: the values of 
the non-gravitational acceleration acting on the spacecraft, i.e. 
the deviation of the spacecraft from geodesic motion [1]. In 
particular, the analysis of spacecraft trajectories for missions 
where anomalies were already detected - or could be revealed 
in the future, may provide data related to unknown gravita-
tional and non-gravitational effects.

For interstellar missions, we are facing two main concep-
tual problems: i) how to provide the highest speed to propel a 
spacecraft to the nearest stars; ii) how to navigate and commu-
nicate with the spacecraft. Solar sails have long been consid-
ered for an interstellar travel (see Refs. in [2]) and may even-
tually be applied to interstellar exploration. For such missions, 
when a solar sail approaches very close to the Sun, the effects 
of curved spacetime in the region near the Sun should be con-
sidered. While a solar sail in an escape trajectory is close to the 
Sun for only a short time, perturbations to its motion during 
this period, when the outward acceleration due to the solar sail 
propelled is the greatest, can translate into dramatic effects on 
long-range trajectories.

In the general relativistic framework, objects tend to fol-

This paper was presented at the Foundations of Interstellar Studies 
Workshop at CUNY City Tech, New York City, 13-15 June 2017.

low geodesics on curved spacetime. However, the Sun emits 
electromagnetic radiation and one can say that objects move 
in the photo-gravitational field of the Sun. It is of relevance to 
analyze how the escape trajectories of a solar sail deviate from 
geodesics due to the electromagnetic radiation of the Sun [3]. 
It is especially interesting to consider the cases when the solar 
radiation pressure (SRP) can enhance the relative importance 
of various general relativistic effects and therefore make them 
more readily observable. Moreover, solar sail dynamics may 
display an enhancement of potential anomalies compared with 
conventional satellite dynamics, which could be detected in the 
future and may be related to unknown gravitational effects. In 
that context, the general relativistic equations which describe 
the motion of a solar sail within the curved spacetime close to 
the Sun are worked out. Thus, for example, the observation and 
study of the trajectories of a solar sail could potentially provide 
tests of various effects associated with general relativity (GR). 
One can say that fundamental physics may be carried out as a 
passenger activity on space science missions performed by a 
solar sail. 

The roadmap to interstellar flight considers a mission to the 
heliopause [5,6] and the Sun’s gravitational focus [7-10] as the 
first stops on the interstellar journey to the nearest star system 
- the Centauri A/B and Proxima Centauri system. The helio-
pause represents the outer edge of the solar system and forms a 
termination shock between the heliosphere and the interstellar 
medium. According to Einstein’s general theory of relativity, 
gravitation induces refractive properties on spacetime, causing 
the Sun to act as a lens by bending photon trajectories and col-
lecting them in the Sun’s gravitational focus. Responding to an 
increasing demand for navigational accuracy [9], we consider 
general relativistic effects related to space-time curvature and 
frame dragging as well as Poynting–Robertson effect [11,12] 
on the escape trajectories of solar sails.

There are, of course, many other factors that influence the 
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sail simultaneously and are not considered in this paper. We 
have specifically considered a number of effects on the escape 
trajectories of solar sails that are associated with general rel-
ativity. We would like to emphasize that these are extremely 
small effects which can be masked by other features such as 
the gravitational forces of planets and the fact that the Sun is 
not a point like source of radiation. Nevertheless, in order to 
provide a description of the solar sail dynamics as accurate as 
possible, all of these factors and more should be taken into ac-
count. Moreover, given that solar sail dynamics shows a relative 
enhancement of various effects compared to the dynamics of 
conventional satellites, anomalies due to unknown gravitation-
al effects may be rendered more pronounceable and possibly 
detectable.

The purpose of this paper is to show how small general rel-
ativistic effects can be relatively enhanced through solar ra-
diation pressure and longtime duration, and to demonstrate 
that the Poynting–Robertson effect diminishes the cruising 
velocity, which has a cumulative effect on the escape distanc-
es. The paper is organized in the following way. In Section 2 
we present the orbital equations in the exterior spacetime of 
the Sun described by the Kerr metric [13], and also taking into 
account the solar radiation pressure for GR effects for escape 
heliocentric trajectories. The description of the Poynting–Rob-
ertson effect and orbital equations for a solar sail that include 
this effect are presented in Sec. 3. The summary of the results 
and calculations and their discussion are presented in Sec. 4. 
The conclusions follow in Sec. 5. 

2  ORBITAL EQUATIONS IN THE EXTERIOR SPACETIME OF 
THE SUN

General relativity can have a significant impact on the long-
range escape trajectories of a spacecraft. In contrast with the 
conventional spacecraft, a solar sail deployed near the Sun ex-
periences significantly much stronger the effect of solar radi-
ation pressure. The curved spacetime and frame dragging, in 
conjunction with solar radiation pressure, affects the trajecto-
ry of a spacecraft. Specifically, on escape trajectories for a so-
lar sail, for which GR effects and the solar radiation pressure 
should be considered simultaneously [14].

Let’s focus on the orbital mechanics of a solar sail when it 
is deployed at the closest approach to the Sun as depicted in 
Fig. 1. In this figure we distinguish escape trajectory in clas-
sical Newtonian dynamics, special relativity with Newtonian 
gravity and GR. Three different approaches give different es-
cape trajectories. Einstein’s general theory of relativity allows to 
consider the effect of spacetime curvature and frame dragging 
due to the slow rotation of the Sun that deflect a solar sail from 
a Newtonian trajectory and a trajectory that includes special 
relativistic kinematics. 

The geometry of spacetime in the vicinity of the slowly rotat-
ing Sun is described up to linear order in the angular momen-
tum J of the Sun by the large-distance limit of the Kerr metric 
[13], and can be given in spherical coordinates (r,θ,ϕ) in Eq. (1) 
below, where t is time as measured by a distant static observer. 
When the angular momentum J = 0, this metric reduces to the 
Schwarzschild metric, which describes the exterior spacetime 
of a spherical and non-rotating Sun.

Fig.1 Escape trajectory in Newtonian theory of gravity, special 
relativity with Newtonian gravity and general relativity.

Due to the second term in the metric (1), the rotating Sun 
should exhibit frame dragging—a prediction of GR. To max-
imize frame dragging effect let us consider the trajectories of 
the spacecraft that lie within the equatorial plane of the Sun. By 
introducing xμ=(t,r,θ,ϕ) and taking into account θ=π/2 one can 
write the 4-momentum of the solar sail as pμ=mdxμ/dτ, where 
τ is the proper time measured in the frame of reference of the 
solar sail. For the component of pμ we have:

(1)

(2)

and the constants of motion E ≡ –pt/m and L ≡ pϕ/m are the 
energy and angular momentum per mass m of the solar sail. 
Therefore, p2= –m2 c2 in the absence of the SRP yields

(3)

One can obtain the radial component of the 4-acceleration 
by differentiating (3) with respect to τ:

(4)

where M is the mass of the Sun. Eq. (4) describes the motion of 
the solar sail in the absence of the SRP and is orbital equation 
in the exterior spacetime of the Sun. Now one can include the 
effect of the SRP and consider the motion of the solar sail in 
the photo-gravitational field of the Sun. The acceleration due 
to the SRP is given by the same expression as in the Newtonian 
approximation [2]

(5)

In (5) c =3×108 m/s is the speed of light, σ is the mass per 
area of the solar sail, which is a key design parameter that de-
termines the solar sail performance, LS = 3.842 × 1026 W is the 
solar luminosity and the coefficient η represents the efficiency 
of the solar sail used to account for the imperfect reflectivity 
of the sail. Equating the expressions for ar given in (4) and (5), 
taking the first integral and the φ equation in (2), we finally find 
the orbital equation: 

(6)
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Eq. (6) describes the motion of the solar sail in the pho-
to-gravitational field of the Sun that simultaneously includes 
the effects of the curved spacetime, frame dragging and the 
SRP. Therefore, the curved spacetime and frame dragging, in 
conjunction with solar radiation pressure, affects the trajec-
tory of a sailcraft. In Eq. (6) the angular momentum L per 
unit mass is a conserved quantity assuming that the force 
due to the SRP is in the radial direction, while the energy E 
per unit mass is not a conserved quantity because the Sun is 
transferring energy to the solar sail via the SRP. For example, 
considering the relation between the proper time interval and 
the coordinate time interval for the spacetime curvature, as-
suming J = 0, then one gets Eq. (7) above, where v0 is a speed 
of the sailcraft at a perihelion r0 and f0 is the value of f at the 
perihelion r=r0.

3  ESCAPE TRAJECTORIES AND POYNTING-ROBERTSON 
EFFECT

The absorbed portion of the radiation induces a drag force on 
the solar sail, thereby diminishing its transversal speed relative 
to the Sun. The aforementioned drag force is relatively small, 
nevertheless it can have a long-term cumulative effect on the 
trajectories of solar sails. This force is related to the Poynting–
Robertson effect, which was first investigated for small spheri-
cal particles by Poynting [11]. Although it is now realized that 
this is a special relativistic effect [12] associated with the finite 
speed of light, Poynting’s paper was actually published a year 
before Einstein’s paper on special relativity.

For simplicity let’s consider a solar sail whose surface is 
directly facing the Sun and whose motion is restricted to lie 
within the heliocentric plane. It is obvious that the force due 
to the SRP is directed radially outwards. However, as a special 
relativistic effect, the solar radiation has a nonzero transversal 
component in the frame of reference of the solar sail. This is 
due to the relative transversal speed vϕ=rdϕ/dt between the so-
lar sail and the Sun. Therefore, the portion of electromagnetic 
radiation specularly reflected by the solar sail leads to a radially 
outwards acceleration, whereas the portion of light absorbed 
leads to an acceleration directed at an angle α with respect to 
the radial direction. Note that the Poynting–Robertson effect 
occurs at order v/c, and dominates over other special rela-
tivistic effects which are at order (v/c)2. Up to linear order in  
vϕ/c << 1, the orbital equations which take into account the 
Poynting–Robertson effect is [15]

(7)

(8)

Solution of the system of Eq. (8) allows to find the speed 
of the solar sail and demonstrate that the Poynting–Robertson 
effect decreases its orbital speed.

4 RESULTS

In Ref. [16] it was recently suggested to provide the highest 
speed to propel a spacecraft for extrasolar space exploration 
taking advantage of space environmental effects, such as solar 
radiation heating, to accelerate a solar sail coated by materi-
als that undergo thermal desorption at a particular tempera-
ture. Three different scenarios, which only differ in the way 
the sail approaches the Sun, were analyzed and compared. 
Two more preferable of these scenarios are the following: i. 
Hohmann transfer plus thermal desorption. In this scenario 
the sail would be carried as a payload to the perihelion with a 
conventional propulsion system by a Hohmann transfer from 
Earth’s orbit to an orbit very close to the Sun and then be de-
ployed there. ii. Elliptical transfer plus Slingshot plus thermal 
desorption. In this scenario the transfer occurs from Earth’s 
orbit to Jupiter’s orbit. A Jupiter’s fly-by leads to the orbit close 
to the Sun, where the sail is deployed. The speed reached at 
the perihelion r0=0.1 AU is v0=316 m/s and v0=321 m/s for 
the first and second scenarios, respectively, that corresponds 
to about v0=67 AU/year and v0=69 AU/year. In terms of 
cruise speed and distance covered per year, the best scenario 
is always the second one that takes advantage of a profitable 
planetary flyby. In fact, the cruise speed of 69 AU per year 
makes it possible to reach a distance of 200 AU within about 3 
years, the Sun's gravity focus at 547 AU within about 8 years, 
while to reach the edge of Oort Cloud at 2500 AU it would 
take about 37 years. For comparison the Voyager 1 spacecraft 
launched in 1977 with the cruise speed of 17 km/s (3.57 AU/
year), finally leaving the solar system after 37 years of flight, 
traveled 139 AU, while the Voyager 2 is currently in the outer-
most layer of the heliosphere – in the "Heliosheath" and trav-
eled about 115 AU. In order to reach true interstellar space 
beyond at about 150 AU the Voyager 1 needs 3 more year. 

Using these data as initial conditions, we calculated below 
the deflections of solar sails trajectory from the Newtonian 
one. The deflection of the trajectory can be find by calculating 
d=R(φ-φN), where R is the heliocentric distance and φ is the 
angular position of the solar sail as a function of R and φN 
is the angular position in Newtonian approximation. We can 
find the angular position φ(R) by integrating Eq. (6) using 
the perturbation techniques and restricting ourselves by the 
terms of the first order with respect of J. As a result one ob-
tains Eq. (9) below.

The angular position within the Newtonian gravity is 

(9)

(10)

In Eqs. (9) and (10) is the effective 
mass of the Sun. Results of calculations of the deflection d of 
the trajectories are shown in Fig. 2. The discrepancy in the lo-
cation as predicted by special relativity versus Newtonian me-
chanics and general relativity versus Newtonian mechanics for 
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v0 = 321 km/s at r0 = 0.1 AU that are the initial conditions for 
the second scenario – are shown. Fig. 2 shows the discrepancy 
in the location due to the spacetime curvature when in (8) J=0 
obtained by a numerical integration of φ versus R. The deflec-
tion due to frame dragging for the angular momentum of the 
Sun J=1042 kg m2/s increases to about 1.5×103 kilometers. The 
direction of the deflection depends on whether the solar sail is 
in a prograde or retrograde orbit relative to the rotation of the 
Sun. GR predicts that the solar sail will undergo a larger deflec-
tion than does the Newtonian mechanics.

As shown in Fig. 3, the discrepancy d in the location of a 
solar sail dramatically increases for closer flybys, approaching 
as much as about 9×105 kilometers for a solar sail deployed at 
r0 = 0.1 AU by using the first and the second scenarios traveling 
to R = 2550 AU. For a solar sail deployed at r0 = 0.01 AU with 
v0 = 420 km/s, the deflection increases to a million kilometers. 
Here we consider that the solar sail is deployed at perihelion 
distances as small as 0.01–0.1 AU, as this may be feasible for 
solar sails in the near future. In Ref. [17] it was presented a tra-
jectory design for a solar probe, which includes repeated pole-
to-pole Sun flybys at a perihelion of four solar radii.

In order to demonstrate the Poynting–Robertson effect we 
solve the orbital equations (7) by taking the value for the ef-
fective mass per area =1 g/m2 and η=0.9 is used to account for 
the imperfect reflectivity of the sail. Most of the acceleration of 
the solar sail takes place during the first day after it has been 
deployed and the most of the deflection of the solar sail occurs 
when it is in the vicinity of the Sun. We will refer to the differ-
ence in the speed between a trajectory with and without the 
Poynting–Robertson effect as ∆v. Similarly, ∆r is taken to be 
the difference between the heliocentric distance of the trajec-
tory of the solar sail with and without the Poynting–Robertson 
effect. In Fig. 4, we show the evolution of ∆v during the first day 
of the voyage for two sets of initial conditions. The Poynting–
Robertson effect decreases the speed of the solar sail relative 
to what it would have been if this effect was not present. For a 
solar sail deployed at 0.1 AU throughout almost all of the voy-
age, the speed is about ∆v~4 m/s less than what it would have 
been in the absence of this effect and if it is deployed at 0.01 
AU the speed is about ∆v~27 m/s less. This drag force has a cu-
mulative effect on the heliocentric distance. In order to further 
illustrate this point in Fig. 5 we present results of calculations 
for the decrease ∆r in heliocentric distance. One can see that 
the Poynting–Robertson effect decreases the Heliocentric dis-

Fig.2 The discrepancy in the location as predicted by special 
relativity versus Newtonian mechanics and general relativity 
versus Newtonian mechanics for the initial condition of the 
scenario v0=321 km/s at r0=0.1 AU. 

Fig.3 The discrepancy d in the location of a solar sail versus the 
heliocentric distance R for the following sets of initial conditions: 
v0=316 km/s at r0=0.1 AU (the first scenario), v0=321 km/s at r0=0.1 
AU (the second scenario), v0=420 km/s at r0=0.01 AU. 

Fig.4 The decrease in speed ∆v due to the Poynting–Robertson 
effect during the first day of voyage for the following sets of initial 
conditions: the second scenario v0=321 km/s at r0=0.1 AU (dashed 
line) and v0=420 km/s at r0=0.01 AU (solid line). 

Fig.5 The decrease in Heliocentric distance ∆r as a result of the 
Poynting–Robertson effect versus the duration of the voyage for 
the following sets of initial conditions: the second scenario v0=321 
km/s at r0=0.1 AU (dashed line) and v0=420 km/s at r0=0.01 AU 
(solid line). 

tance after a 35-year voyage by an amount of ∆r~3×107 kilome-
ters and ∆r~5×106 kilometers when it deployed with the speed 
v0=321 km/s at r0=0.1 AU and speed v0=420 km/s at r0=0.01 
AU, respectively.

5 CONCLUSIONS

We have considered GR effects related to the curved spacetime 
and frame dragging on long range trajectories of solar sails. 
Small deviations in the initial trajectories of solar sails that are 
deployed near the Sun can translate to large effects in the long 
run. This deflection is primarily due to the curvature of space-
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time near the Sun, while the kinematic effects of special rela-
tivity contribute to a lesser degree. Frame dragging due to the 
slow rotation of the Sun can result in a deflection, but this effect 
after a 35-year voyage is about 103 less than the one related to 
the curved spacetime.

The Poynting–Robertson effect occurs at order v/c and 
thereby dominates over other special relativistic effects. For es-
cape interstellar trajectories, this effect decreases the cruising 
velocity as well as the heliocentric distance.

If the solar sailcraft can be used to test fundamental physics 
related to GR – particularly, the deflections of escape trajecto-
ries as the result of the curvature of spacetime and frame drag-
ging in the vicinity of the Sun – then the most interesting orbits 
are those that are closer to the Sun. However, in this case the 
Poynting–Robertson effect is important as well and should be 
taken into consideration. Responding to an increasing demand 
for navigational accuracy [9] we demonstrated that consider-
ation of GR effects as well as Poynting–Robertson do have an 
impact on the escape interstellar trajectories of solar sails.
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DIARY

THE TOOLS OF APOLLO
22 January 2019, 7.00pm
VENUE: BIS, 27/29 South Lambeth Road, London, SW8 1SZ
Mark Yates looks at three artefacts from the Apollo programme, each with a fascinating story behind them. 

APOLLO MISSIONS: THE MECHANICS OF RENDEZVOUS & DOCKING  
BY DAVID BAKER
20 February 2019, 7.00pm
VENUE: BIS, 27/29 South Lambeth Road, London, SW8 1SZ
Starting with Apollo 9 launched on 3 March 1969, a key feature of the Apollo missions was the ability to 
rendezvous and dock in orbit – a capability that NASA had evolved over the preceding four years. SpaceFlight 
Editor David Baker describes the process in detail and casts an expert eye over the different options 
considered by mission planners in the run-up to the lunar landing missions. 

APOLLO 9 – TESTING THE LUNAR MODULE 
6 March 2019, 7.00pm
VENUE: BIS, 27/29 South Lambeth Road, London, SW8 1SZ
Jerry Stone continues his series of talks to celebrate the 50th anniversary of the Apollo missions with a 
uniquely personal take on the story of Apollo 9 – the first test of the full lunar landing package and only the 
second outing of the Lunar Module.

WEST MIDLANDS BRANCH: 
A NEW SPACE RACE? & PROJECT CHEVALINE 
16 March 2019, 1.45pm
VENUE: BIS, 27/29 South Lambeth Road, London SW8 1SZ
Gurbir Singh posits the beginning of a new space race between India and China, while John Harlow and Paul 
Jackman look back to the days of Project Chevaline and the famed Twin Chamber Propulsion Unit.

ARTISTS IN SPACE: THE EARLY YEARS  
3 April 2019, 7.00pm 
VENUE: BIS, 27/29 South Lambeth Road, London SW8 1SZ
David A. Hardy FBIS, the “longest established astronomical artist”, uses art from Lucian Rudaux, Chesley 
Bonestell and our own R.A.Smith, plus other ‘lesser-known’ artists (and of course his own!) to trace the genre 
of space art from its inception in 1874.

APOLLO 10 – DRESS REHEARSAL FOR THE MOON LANDING  
22 May 2019, 7.00pm 
VENUE: BIS, 27/29 South Lambeth Road, London SW8 1SZ
Jerry Stone continues his coverage of Apollo with the first flight to carry both the Apollo spacecraft and the 
Lunar Module on a full dress rehearsal of a landing.

Call for Papers
RUSSIAN-SINO FORUM 
1-2 June 2019, 9.30 am to 5pm (tbc)
VENUE: BIS, 27/29 South Lambeth Road, London SW8 1SZ
The BIS has now scheduled its 39th annual Russian-Sino Forum – one of the most popular and longest running 
events in the Society's history. Papers are invited. Watch this space for further details.

APOLLO MISSIONS: LANDING ON THE MOON BY DAVID BAKER 
12 June 2019, 7.00pm 
VENUE: BIS, 27/29 South Lambeth Road, London, SW8 1SZ
SpaceFlight's editor looks at the systems evolved by NASA for calculating optimum lunar landing trajectories, 
and at the descent procedures needed to achieve the maximum chance of success while preserving 
emergency abort and safety considerations.
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