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of spacecraft solar sails. Specifically, we present a theoretical
study of different electromagnetic field configurations, and corresponding metasurface structures, that allow one to achieve
repulsive, attractive, lateral and rotational forces.
Index Terms—Metasurface, metamaterial, bianisotropy, solar
sail, radiation pressure.

Ph D position

total (incident and scattered) field around the object is not
changing with time. In that case, the time derivative of the
Poynting vector in (1) vanishes. Using Gauss integration law,
the time-averaged force acting on the object is then given by
Z
I
hF i =
r · hT em i dV = hT em i · n̂ dS,
(3)
V

S

where n̂ is the unit vector normal to the surface surrounding
the object and h·i denotes the time-average operation. Assume
now that the object to be moved is the metasurface system
surrounded by vacuum, as depicted in Fig. 1. The forces acting
11
on this metasurface, which is located at z = 0 in the xyplane, are calculated using (3). The surface integration in (3) is
performed on two planar surfaces, which are located at z = 0+
and z = 0 and for which n̂ = +ẑ and n̂ = ẑ, respectively.

I. I NTRODUCTION
The solar sail is a spacecraft propulsion method based
on radiation pressure. Although the force density exerted by
light upon scattering on an object is very small, the resulting
force may be sufficient for propulsion if the scattering area
Space-time electromagnetic
is sufficiently large. This technology may, one day, allow
humanity
to travel among
the stars [1]. However, solar sails
modulation
by plasma.
are, as of now, restricted to repulsive forces, which severely
limits the spacecraft motion capability.
x
In this work, we extend the range of operation of convenFx
tional solar sails by introducing metasurface solar sails. We
propose to leverage the electromagnetic transformation capaF
z
bilities of metasurfaces to control radiation pressure. While
Fz
most studies on optical forces have been so far restricted
y
to the manipulation of forces acting on small particles [2]–
[6], our goal here is to design a metasurface system, which
Fy F
consists of a metasurface attached to an object to be moved
(e.g. a satellite), and whose motion can be controlled by the
F
illumination emerging either from stars or from high-power
earth-based or satellite-born lasers. Different forces may then
be obtained by varying the polarization and/or wavelength of
Illumination
the illumination. In what follows, we propose a prospective
study on the
capabilities
of metasurfaces to control radiation
from
[1]
fromFig.
[2] 1:
(crédit NASA).
Proposed metasurface solar sail with two lateral forces
pressure.
(±Fx and ±Fy ), a repulsive/attractive force (±Fz ) and three
II. E LECTROMAGNETIC F ORCE ON A S TATIONARY O BJECT rotational forces (±F ). Picture credit: NASA.
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is subjected to a force as a consequence of the conservation the incident, reflected and transmitted waves and the metasurof momentum law, which reads [7]
face occur only in the xz-plane. The metasurface is isotropic,
has a finite lateral size of dimensions Lx ⇥ Ly and is assumed
@S
Context :
f + ✏µ
= r · T em ,
(1) to be of zero thickness. We now calculate the force that a p@t
In recent years, Space-Time
Modulations have revolutionized the control of electromagnetic
where f is the volume force density, S is the Poynting vector polarized plane wave, impinging at an angle ✓i from broadside,
waves. A multitude of potential applications canexerts
be found
in reference
[1]. This work,
carried
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The corresponding
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fields
of
the
incident
wave
are
given
by
out in a few laboratories
worldwide, is clearly disruptive: it leads to completely new
1
T em = DE + BH
+ B · H),
E0
component
concepts or2 I(D
very· Eoriginal
ideas (2)
[2].
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also been capitalised in the fields of metamaterials and the Time Reversal of electromagnetic
waves for the spatio-temporal control of plasmas.
The very innovative perspectives resulting from the Time-Modulation concepts in terms of
pulsed energy storage and use with (or for) plasmas, motivate this Ph D proposal. The
investigative skills and knowledge gathered within LAPLACE should enable the first
experiment of plasma based microwave Time-Modulation.

Ph D work :
Based on the work of [3], simple concepts (circuit ones) will be used to understand how
electromagnetic energy can behave unusually in a propagation medium or a dipole which
electrical and magnetic properties change rapidly over time. We will study how energy
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the cavity (or located at its access) will then be
results for nonreciprocal transmission [45].
evaluated according to two purposes. Consideration will be given to the possibility of using it
to obtain the required modulation scheme and to the possibility of optimizing the
electromagnetic energy transferred to the plasma. The issue of pulsed nanosecond

discharges will be particularly targeted. This research presents an opportunity for a
technological breakthrough in the way such discharges are created.
•

•

•

1st year:
o goal: catch the basic physical concepts of Time Modulation for
electromagnetism (if necessary, plasma training courses).
o approach: circuit analysis, based on bibliography and simulations (if necessary,
basic training with lab’s plasmicians and in-house experiments).
nd
2 year:
o goal: identify the pros and cons of using plasmas and cavities to perform Time
Modulation experiments.
o approach: understand the basic mechanisms in the specific context of a
plasma partially filled cavity (which performs the modulation).
rd
3 year:
o goal: design, build and characterize a Time Modulation experiment in a
plasma cavity.
o approach: based on the orientations previously identified: design, build and
characterize (electromagnetically) the behaviour of such a cavity. In
particular, assess the impact of the kind of modulation scheme on physical
behaviour.
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