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Abstract
Beamed power can enhance solar sail mission possibilities. Beam heating of a sail until its surface coat sublimes or desorps
can add far more thrust, roughly a factor of 1000. Beamed power from Earth can heat sails to temperatures > 1000 K, both to
drive them to high velocities and to simulate similar conditions for very near-Sun missions. We give theory and a microwave
experiment displaying the phenomena. This capability could open many kinds of fast-start interplanetary solar sailing missions.
The basic physics can apply to sails heated by lasers or microwaves, and to a wide variety of materials for laboratory studies.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction
Solar sailing is an old idea, but as yet no mission
has flown [1]. In part this comes from the difficulty in
flying a sail from LEO, because the far upper atmosphere’s pressure on an orbiting sail exceeds sunlight
pressure. Also, solar sails are plagued in mission plans
by low accelerations, which dictate long trajectoryraising times. Only in the last few years have beamriding sails fully emerged as a valuable addition to conventional solar sails. Robert Forward’s prescient 1985
paper [2] led to work by Benford and Dickinson [3].
This work follows from the first laboratory flight
experiments on beam-riding sails in which an intense
microwave beam drove an ultralight carbon sail to
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liftoff and flight against gravity. Although there was
large photon pressure, it was not strong enough to
explain the observed accelerations. The most plausible explanation for the bulk of the observed accelerations greater than gravity is evaporation of absorbed
molecules from the hot side of the sail.
This suggested use of such effects in space, yielding
a thrust advantage over pure photon thrust. The results
from MIRO (Microwave Instrument for ROsetta, the
ESA comet rendezvous mission) found that material
sublimes off the surface of a comet at a velocity just
under the sonic velocity in a gas at the temperature of
the surface. Thrust is the sail thermal speed times the
rate of mass blowoff, dm/dt.
The upper temperature range of thermal desorptiondriven sails promises higher specific impulse than liquid rockets, as Fig. 1 shows [4]. LOX (O2 /H2 ; point
2) rockets have specific impulse  500 s, but various molecules (CH4 , LiH, NH3 , B2 H6 even water)
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Fig. 1. Specific impulse of a range of fuels. Typical rocket fuels are dotted. Microwave-heated sails at T > 3000 K can use other compounds,
embedded in the sail itself or “painted” on. Desorption can attain high specific impulse if low-mass molecules are blown out of a lattice
at high temperature [4,5].

at T  4000 K exceed this. Embedded in a sail lattice
or as a “paint”, they could out-perform existing rockets in specific impulse. A major thrust of future work
should be to study such embedding and the resultant
thermal desorption rates of both painted materials and
desorption of embedded atoms. Microwaves do not
damage sail materials as lasers do, and so can heat
them less destructively. This fact promises to make
microwave-riding sails greatly superior to both solar
sails and laser-driven sails, because one can use the
best features of both. After the coats sublime away, a
sail can perform as a conventional solar sail, using an
aluminum coat beneath.
Solar sails are plagued in mission plans by low
accelerations, which dictate long orbital times. Laser
sails have problems with atmospheric distortion if the
laser beam is fired from the ground, which microwave
beams do not. A natural collaboration emerges between subliming sails driven by beams in LEO, converting to greatly accelerated solar sails for the long
mission.
In laser or microwave propulsion the rate of energy
delivery is not fixed by the rate of on-board propel-

lant consumption, or the energetics of any particular
chemical propellant combination. Thus the successful insertion of externally generated energy into the
propulsion fluid is not constrained within the usual
bounds of chamber temperature and resulting specific
impulse. We may select working fluids for optimum
expansion characteristics without regard to needs for
high molecular weight oxidizer. This again translates
into a potential specific impulse advantage.
These correspond to an assumed chemical equilibrium condition in the chamber and compositions that
shift in the nozzle to maintain chemical equilibrium
during an assumed isentropic one-dimensional expansion. A rather low chamber pressure of 50 psia was selected in Fig. 1 out of concern over high heat fluxes that
would exist in the higher temperature ranges covered.
The high area ratio chosen produces a low pressure at
the exit to offset the low chamber pressure—and restricts the usefulness of the calculation to space, or at
least upper stage application. The flame temperatures
covered range from values that are low by chemical
standards to values that cannot be obtained chemically. The upper temperature bounds were generously
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chosen with hardware limitations in mind, rather than
by assumed limitations on heating. Reactants were selected primarily for low molecular weight.
Fig. 1 shows that the specific impulse for hydrogen considerably exceeds that of all other fuels, as expected [4]. It reaches a specific impulse over 1000 s
at rather modest temperatures; and it appears that specific impulse values of 1800–2000 s can be obtained
with temperatures that do not greatly exceed today’s
hotter chemical combinations.
Interest in other substances must be based on other
considerations, such as improved propellant density
and storage and handling characteristics. Most of the
other propellants are themselves hydrogen-bearing
compounds. An important conclusion from these
lower curves is that it is possible to obtain specific
impulse over 1000 s without elemental hydrogen,
and without exceeding flame temperatures that have
already been successfully handled.
There is much structure and variety in the Fig. 1
curves, including concave upwards, concave downwards, and more complex shapes. These arise primarily from changes in molecular weight with temperature, as molecules dissociate and condensibles
vaporize. The curve for lithium is curious. Over much
of the range it is lower than helium, as is expected
in light of the relative atomic weights of helium and
vapor lithium. Above 6200 K the lithium curve is
higher, which turns out to be due to ionization. There
is large partial pressure of free electrons which lowers
the average molecular weight. Lithium hydride shares
this characteristic; and is, unexpectedly, the best performer (except for H2 ) at the highest temperature
calculated. Over a broad range from 4800 to 7500 K
methane is the highest. The generally high performance of diborane, and its space storability make it
attractive.
The effect of changes in molecular weight in magnifying the effect of changes in temperature is significant, and is most responsible for the rapid rise in specific impulse up to about 4500 K. Many of the fuels
have a “knee” in this vicinity which diminishes the
return on higher temperatures.
Also plotted in Fig. 1 are five characteristic chemical systems. Included are the Be/O2 /H2 system,
with the highest known Isp with stable propellants,
H2 F2 , H2 /O2 , and two storable systems, N2 O4 /N2 H4 ,
and CLF5 /N2 H4 . The specific impulse is lower as
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a rule at any given temperature than in the selected
beam powered systems. The difficulty lies in the lack
of an oxidizer element with atomic weight to match
the low values of unoxidized systems.
Exhausts from chemical rockets range in power
from 10 kW on small attitude control engines to
 100 GW in large boosters. Within this range of high
thrust, Isp < 500. Electric systems give low thrust and
high Isp so between these two there may well be a
role for the high Isp and moderate thrust of subliming sails which use low molecular weight working
“fluids”. Since line of sight constraints reduce the
thrusting time for any beam-riding sail, delivering the
largest thrust in the time allowed is crucial. Estimates
of this restriction for laser systems, for example,
implies powers  100 MW [1].
Generally, a variety of compounds not typically
thought of as fuels can be “painted” on sails and, depending on which physical process occurs, be sublimed, evaporated, or desorped. We discuss desorption,
as it has a rigorous experimental base in the regime of
interesting temperatures.

2. Thermal desorption as a propulsion
mechanism: theory
Atoms embedded in a substrate can be liberated by
heating, an effect long studied in the pursuit of ultraclean laboratory experiments [5]. This effect is called
thermal desorption, and dominates all other processes
for mass loss above temperatures of 300–500  C.
(Since thermal desorption is a better known term, we
shall use it when atoms of the substrate itself blow
off. Generally, desorption will often be the relevant
physical process; see [4,5].)
A molecule is physisorbed when it is adsorbed without undergoing significant change in electronic structure, and chemisorbed when it does. Physisorbed binding energies ( 2–10 kcal/mol) are typically much less
than chemisorbed energies ( 15–100 kcal/mol), by as
much as an order of magnitude (Fig. 2). This implies
that two different regimes of mass liberation can be
used, with physisorbed molecules coming off at lower
temperatures, and hence lower thrust per mass, while
chemisorbed molecules can provide higher thrust per
mass. Cuneo [5] offers this general schematic for desorption in layers from bulk substrates.
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Fig. 2. Layers which can desorb from typical substrates (see [5]).

Generally, the rate of mass loss under heating is
dn/dt = an eQ/kT ,

(1)

where a is  1013 s1 , Q is the required liberation
energy (usually < 1 eV) and n is the area density in
atoms/m2 , so that dn/dt is the desorbed flux under heating in atoms/m2 s. (We neglect readsorption,
which is tiny in a space environment [4].) The exponential factor means that thermal desorption of
molecules from a sail lattice will have a sudden onset
as the sail warms. When temperature T varies with
time, the above equation can be formally solved
Z
o
n(t)/n = exp a exp[Q/kT (t)] dt .
(2)
As the binding energy Q increases, the time to desorb
gets longer. The relationship between Q and T  , the
temperature at the peak in the desorption rate dn/dt
is, for heating rate dT /dt,
Q/kT 2 = a exp(Q/kT  )/(dT /dt).
At the peak desorption rate, 63% of the mass inventory
has been lost, so this is a good estimate of when the
effect is largest for a given molecule of binding energy
Q.
Hydrogen is often easiest to liberate, with a Q
of 0.43–1.5 eV, depending on the substrate. (Little
measurement is available for Al or C, alas.) Water

has Q = 0.61 eV. Generally, likely candidate
chemisorbed compounds like hydrocarbons have Q
around 1 eV (11,605 K). CO is more strongly bound
and may be a candidate for the most tightly held in a
carbon sail lattice. Quite possibly lab sails experiencing strong, sudden-onset lift may be desorbing CO at
a critical temperature onset > 2300 K.
Acceleration by thrust from desorped molecules
seems a likely mechanism for high Isp , since for
hydrogen, the best molecule to propel,
Isp , =637(T /3000 K)1/2 s1 ,

(3)

so the higher the temperature required to unbound a
molecule, the greater its thrust. Note that this Isp is
higher than for any chemical rocket.
Sails make poor rockets because there is no nozzle.
If molecules leave the surface at random angles the
thrust velocity is 2V /p with V the thermal velocity
for the species of mass lm. However, some materials
tend to concentrate sublimed matter toward the normal
to the surface. For simplicity take V as the exhaust
velocity, though this is material-dependent and the true
thrust may be somewhat lower, though never by more
than 2/p.
Acceleration of a subliming sail in a photon beam
can be written
a = aP + ad = P (2r + a)/Mc + V (dm/dt)/M, (4)
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where the first term is from pure photon reflection (r)
and absorption (a), for a sail of mass M bombarded by
photons of power P . The second term is the thrust from
thermal desorption at rate dm/dt at thermal velocity
V . When desorption dominates radiation in regulating
T , the ratio of accelerations is [10]
ad /aP = (2/pg  )c/V

(5)

with the thermal velocity V , and g  the degrees of
freedom of the exhaust gas. This means the amplification ad /aP ? 1 for plausible temperatures. For example, for molecular hydrogen, ad /aP = 4.5  104 for
T = 1000 K. This means that a beam source can exceed the solar accelerations if it illuminates the sail for
 104 of the sail’s orbit time around the Earth. Such
a large multiplier is the essence of the beam-driven
method. A ready way to compare the superiority of
thermal desorption over pure photonic thrust is to take
the ratio of these accelerations for illumination of a
sail for constant dm/dt,
1

1

ad /aP = (dm/dt)(g/s)P (GW)(2r + a)
[(a/0.5)("/0.1)1 (P/A/kW/cm2 )]1/8 .

(6)

Choosing dm/dt = 1 g/s as a nominal rate of mass
loss, for powers below GW, desorption exceeds photonic acceleration. Note that this ratio is sensitive to
P but not to P /A. For foreseeable powers > GW ,
desorption dominates over photonic propulsion, as in
current laboratory conditions.
This probably explains the JPL flight experiments
(below) that observed carbon sails lifting off with accelerations several times the photonic level.
A sail with 10 kg of molecules included in the
lattice, then desorped away, can be accelerated for
10,000 s, about the time needed to lift it from Low
Earth Orbit into an interplanetary trajectory. For example, consider transit from LEO to geosynchronous orbit, which demands a delta-V of 2500 m/s. If the sail is
kept in range during the entire flight, so the desorption
can occur continuously over a time t  = m/(dm/dt),
and 2500 m/s=ad t  =(t  dm/dt)104 (l T )1/2 /M m/s.
Then a 10 kg sublimed (desorped) mass m, must satisfy roughly m/M(T l )1/2  1/4, where M is the sail
plus payload mass without the desorped mass m, T
is in eV ( 21 for 5400 K) and l is the mass of the
desorped molecules in units of the proton mass. Thus
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m/M > 1 is plausible, so sails need not be greatly
loaded to achieve high velocities in short illumination
times (a few hours).
A carbon sail of 1000 m2 would have 10 kg mass at
an areal density of 10 g/m2 , and would require a power
input of P = 10 GW to drive it. This is a very high P ,
so the best solution would be to go to lower powers
(and thus T ), or smaller sails, or longer illumination
times.
This in turn places a restriction upon the distance
over which a beam can be focused on the sail, which
is best met by illuminating the sail only when it is near
perihelion of an increasingly elliptical orbit. Raising a
sail orbit by repeated near-encounter shots of a groundbased (or LEO) beam seems a good method for making
best use of a beam of limited power.

3. Experiment
We compare with observations [6] of typical experiments with carbon sail liftoffs (Figs. 3 and 4).
We can use Eqs. (4) and (6) for the acceleration of a
sail of payload mass M and subliming mass m(t). Laboratory measurement shows that substrates can have
areal density N  monolayers leading to a total desorped mass of m when all layers are exhausted. Then
the acceleration gained of a sail is a function of temperature T (eV), given by (1) in terms of applied microwave power P and areal density r (g/m2 )
ad = 1.64N  (l T )1/2
 eQ/kT /[r (g/m2 )(1 + m /M)] m/s2 .

(7)

The exp(Q/T ) dependence strongly suggests the
sudden liftoff observed. However, it is equally illuminating to analyze those experiments, and scale to possible missions, by replacing the adsorption loss rate
with a simpler mass loss rate
dN/dt = N  A1015 /cm2 ,

(8)

where N  is the number of monolayers lost in an
area A, with the rate 1015 /cm2 taken directly from an
overview of many laboratory experiments in desorption. This allows us to import the wisdom gained by
experience in a distant field [3]. A monolayer is a region several hundred Angstroms thick from which adsorbed molecules escape under heating. A wide range
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Fig. 4. Carbon sail lifting against gravity under 5 kW microwave
beam illumination. Experiments done at JPL in 2000 with  6 mg
sail and observed T  2500 K. Blur is due to movement at > 2 g
after 60 ms (see [6,8]).

Table 1
Fit to Eq. (8) for JPL lab experiments in carbon sail liftoff

Fig. 3. Fit of Eq. (7) for acceleration of a carbon sail in an
experiment at JPL. Acceleration is in m/s2 vs. T in eV. The carbon
sail weighed 7.17 mg, with areal density 7 g/m2 , and accelerated
at 2.3 gravities at T (eV) = 0.175. This curve is a rough fit for CO
as the adsorbed molecule, Q = 1.75 eV, and N  the areal density
of adsorbed CO molecules of 1015 /cm2 . The steep curve means
a fit is only qualitative. The total expended mass to achieve this
acceleration was only  106 gm.

of observations show that under short pulses ( s)
several hundred monolayers can be ejected at close to
the thermal speed.
We assume CO adsorbed atoms are ejected for
thrust at the observed temperatures T (eV) and calculate the number of monolayers lost N  , which appears
to be nearly constant. The number of ejected atoms is
 1017 .
We analyzed the JPL experiments using (8) to calculate Table 1 above, concluding that only  1017

Acceleration/g

T (eV)

N  , CO monolayers lost

2.0
2.47
2.3

0.13
0.14
0.175

63
75
62

atoms ejected can explain the observed sudden accelerations. As microwave power rose, the steep curve in
Fig. 3 suggests that abrupt ejection of CO atoms may
have caused the strong accelerations in  0.1 s.
Of course we do not know that CO comprised the
ejected monolayers. The fit will work for any strongly
bound (Q  1 eV) atoms with mass number  28. The
narrow range of N   100 suggests that the picture
developed by Refs. [4,5] applies.

4. Promising desorption candidate
materials—possible “paints”
Many compounds may satisfy mission needs, i.e. a
film that
• is easy to apply to a candidate sail surface;
• does not sublime in high vacuum at room temperatures, and
• readily sublimes when heated by microwaves.
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Hydrogen, with the highest specific impulse per
unit mass, is the best (desorbed) embedded element
or painted-on subliming agent. With this in mind, we
have found potential “paint” candidates: BH2 , BLiH4
and several NH4 -based compounds. One can dissolve
these in ether, in varying concentrations, and let the
ether evaporate to yield a paint. Other candidates
known to make paints are nitrocellulose (“colodium”
when dissolved), which evaporates at a few 100  C
and can be loaded with added hydrogen.
Fig. 4 shows the acceleration of a sail as it lifts off
in vacuum under conditions slightly modified from the
above case. Here we assume payload plus adsorbed
material has a mass of 20 kg, while the underlying
sail has 10 kg, giving the entire sail a total mass areal
density of 30 g/m2 . The acceleration yields a velocity
gain of 0.84 km/s for each 10, 000 s pulse that drives
thermal desorption at a nominal 1 g/s. Higher thermal desorption rates will lower the number of pulses
needed.
One can test thermal desorption, stability, and control at power levels which simulate near-Sun conditions in the lab, then in LEO. [7,10]
Power/Area  kW/cm2 microwave can heat sails
to > 5000 K, achieving thrusts higher than chemical
rockets. Multi-layer sails can be developed with new,
polymer subliming “paints”—after evaporation, expose an aluminum-mylar layer for solar sailing. This
can lead to an architecture for hybrid, beam-riding and
solar sail systems.
Micro-spacecraft conveyed by beam-riding, subliming sails can respond quickly to new scientific requirements and be inexpensive once the transmitter infrastructure is in place.

5. Conclusions
Using thermal desorption for thrust is not a new
idea, but it is new to apply this idea, together with a
powerful microwave beam, to both heat and push a
sail. It is worth pursuing because thermal desorption
• works well with the new carbon sail materials,
which can take high temperatures,
• can use promising new materials for thermal desorption so far not studied for thrusting applications,
• promises whole new classes of missions.
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Though we have not analyzed this here, spinning the
sail by absorption of a circularly polarized beam can
enhance control for beam riding stability, and provide
even heating by the beam. This in turn will ensure
even thermal desorption.
This new sail capability promises to provide a revolutionary combination of the best features of solar,
laser and microwave sails [8,9].
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