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ABSTRACT

Electromagnetic forces can be used to deform the free surface of a reflective liquid. Such forces can be obtained
through flowing of electrical current in the liquid itself or using its ferro—magnetic properties. For the first approach a
ground—based experiment to characterize an adaptive mirror is briefly reported. For the second approach a technique
to deploy in nearly—zero gravity environment a large concave mirror is shown. For this space—based application an
example of case study is briefly given.

1. INTRODUCTION

Liquid mirrors are the simplest way to accomplish a flat reference mirror. From the historical point of view the
first attempt to deform the surface of a liquid mirror dates back to 1850 by E. Capocci1 in Naples, Italy. In our
century it is worth quoting the work of Wood2 and in most recent times the work of Vasil'ev3 and a number of
remarkable results obtained by Borra and coworkers4'5'6'7.

In 1981 Imbert, Levy and Loulergue obtained a Patent8 on an image converter based on the deformation of the
interface between two different liquids, via thermal variation of the local density.

Recently the deformation of the surface of a liquid mirror using electromagnetic coupling has been studied by
Ragazzoni & Marchetti9 (RM hereafter) and by Shuter & Whitehead'° (SW hereafter). Their concepts however differ
in a fundamental manner. RM's ideas apply to any conductive liquid affected by an electric current in it in order to
obtain a relevant electromagnetic coupling. In this way slight deformations can be added on the free surface of the
liquid. SW uses a ferro—magnetic liquid (for a popular paper on ferro—magnetic liquids see the one of )
coupled with a very strong magnetic field in order to obtain deformations of the order of more than iO wavelengths.

Finally, we note the use of a large rotating liquid mirror as collimator and camera for an IR spectrograph used to
remove spurious background from astronomical images'2.

In this paper we show the first results of an experiment conducted on a mercury mirror larger than the one
previously used in RM. Furthermore an extension of the ferro—magnetic concept to the space—based environment is
also given.

2. AN ADAPTIVE MIRROR

The working principle of the liquid adaptive mirror, following RM, is based on the mutual interaction between
the electromagnetic fields generated by the currents which flow inside two conductors.

The conductors, in fact, are affected by a force which tends to attract or repulse them (according to the reciprocal
verses of the current flows) increasing with the current intensities.

If an electrically conductive reflective liquid is interested by a current with an opportune verse, it is repulsed
by the action of the field generated by a coil placed at the bottom of the pot containing the liquid: the result is a
deformation of the flat surface of the liquid.

It is therefore possible to conceive a great number of coils or actuators that deform the reflective surface, adapting
it to a distorted incoming wavefront.

A reasonably low amount of current and a modest magnetic field are sufficient to obtain deformations of the order
of few wavelengths. RM pointed out also the possibility to use this approach for a kind of Active Optics inside a
rotating liquid mirror while the required deformations are, usually, of the order of some wavelengths. SW proposed
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Figure 1: The section of the liquid mirror assumed for the evaluation of the influence function.

to deform a parabolic mirror to a spherical one. As they state, for this task a large amount of deformation is required
and the use of current flowing in the mirror doesn't seem a reasonable choice. They also pointed out the possibility
to make an adaptive mirror by using the same technique, placing under the ferro—magnetic liquid container a number
of coils, without the need to flow in the liquid any current.

2.1 THE INFLUENCE FUNCTION

We consider a liquid film of thickness I immersed in a magnetic field B generated by an electromagnet placed at
a distance (h +1) below the upper surface of the film (see also Fig. 1). The electromagnet is approximated, in a first
approach, via two dummies electromagnetic charges separated by the distance d.

When the liquid film is affected by current density J, the force experienced by the liquid volume elements dxdydz
is:

d1= -JABdzdydz (1)47r

The current flowing through the infinitesimal volume element is:

dl = J dydz (2)

where J is equal to the component of the current density along the z axis. The force acting on the element along
z direction is equal to13:

dF=dIdzB (3)

Orienting z along the current flow we can write the equilibrium condition between the electromagnetic and the
gravitational forces:

z=h+t

_PHgL(ZY)JzJ B(z,y,z)dz (4)
z=h

where y) is the amount of deformation of the free surface of the liquid, i.e. the influence function, given by

pz=h+z
z(zy) = — Tx / B(z,y,z)dz (5)4lrphgg Jz=h
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Figure 2: Left Panel: The appearance of a typical influence function. Note the two negative lobes around the central
peak. Right Panel: Section along the z axis of the influence function, at different h/d ratios, and i = O.5d. Continuous
line: h/d = 0.8; dotted line: h/d = 0.4; dashed line: h/d = 0.2; dashed & dotted line: h/d = 0.1.

In the left panel of Fig.2 a typical influence function is shown.
When the ratio h/d (the distance of the liquid mirror from the electromagnet, in dipole units) becomes smaller

than 0.5 the peak of the influence function splits into two spikes (see also the right panel of Fig.2).
The position of the negative lobes is much larger than the dipole size, as soon as h is slightly larger than d. In

this case it is possible to think of an array of coils in which each negative lobe is correcied by another actuator, driven
by a suitable matrix correction.

In Figs.3 and 4 sections along the x and y axis of the influence functions are shown for various relative values of h
and t with respect to d. It is worth noting that the adoption of an electromagnet as actuator isn't the only possible
choice. It is easy to show, for example, that a simple conductive wire, like the one used in the RM experiment,
produces an influence function without any negative lobe.

2.2 THE EXPERIMENTAL SETUP

In order to carry out an extensive experimental verification of the theoretical considerations here described, we
built a circular liquid mirror of 180 mm of diameter.

Under the glass pot containing mercury different coils or electro—magnets can be adapted. In the first—light of this
mirror five electromagnetic coils have been placed on the lower side of the pot. The five actuators are arranged in a
cross—shape configuration and they can be addressed individually by a set of voltage suppliers. The current is flown
in the liquid mirror via a pair of electrodes.

We've experienced various shapes and materials for these electrodes; graphite's electrodes are the best from the
point of view of contamination of mercury but it is difficult to allow for a uniform current distribution inside the
liquid as a whole. This is due to the lower resistivity of mercury with respect to the graphite. Brass plates can be
conveniently used to circumvent this problem, but a slight contamination of the mercury will be experienced. The
mirror has been analyzed through a classical Michelson—like interferometer, with the exception of the beam splitting
that has been obtained in the converging beam rather than in the parallel one. Due to this fact our reference mirror
was spheric. In Fig.5 the overall layout of the used arrangement can be seen.

The optical bench was good enough not to require damping of the mercury in order to obtain stable fringe
patterns, although damping via an additional viscous liquid (like glycerine) could improve the temporal performance
of this device. The interferograms was recorded by a TV camera on a video—recorder and later digitized with a
Screen—Machine on a PC.

Interferograms have been reduced using standard techniques. The experiment is under development and in this
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Figure 3: Examples of influence function sections along
z axis for different values of h and t. Up-Left Panel:
h = 2d;Up-Right Panel: h = d; Down-Left Panel: h =
d/2. Dashed line: t = d; dotted line I = d/2; continuous
line: I = d/4.

Figure 4: Examples of influence function sections along
y axis for different values of h and I. Up-Left Panel:
h = 2d; Up-Right Panel: h = d; Down-Left Panel: h =
d/2. Dashed line: I = d; dotted line I = d/2; continuous
line: I = d/4.
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Figure 5: The experimental set—up for the Hg mirror experiment. In the beam—splitter area a spatial filter, not visible
in the photo, was also placed.

7

Figure 6: The measured influence function of a single electromagnetic actuator.
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paper we show the very first results. Some noise in the resulting wavefront, clearly due to scratches and other defects in
the collected interferograms has been removed by a partial smoothing. The resulting experimental influence function
shows a remarkable qualitative agreement with the calculated influence function (see Fig.6 for a direct comparison).

3. A SPACE-BORNE LARGE MIRROR

Liquid mirrors in space could be come a reality, using centrifugal technique, only if an additional accelerating
force is provided to the whole spacecraft. The use of solar sail has been proposed to accomplish this requirement14.
Another more exotic technique for the generation of large mirror in space has been proposed by Laberyie15 in 1982
using light standing waves to confine a gaseous mirror in a zero—gravity environment.

Here we briefly show how a pair of coils are able to produce a magnetic field capable to maintain the free surface
of a ferro—magnetic liquid in a concave shape. For more details about the behaviour and properties of ferro—magnetic
fluids the interested reader can look at some references'6'17'18'19'20.

In this case, the required forces are much lower than the ones quoted by SW for the ground—based case. Space has
the further advantage of avoiding the sedimentation that occurs in the 21 : a ferro—magnetic liquid is a colloidal
fluid obtained mixing the viscous metaffic liquid with very small ferro—magnetic particles22 and these, having usually
a different density than the medium in which they are embedded, tend to decouple from it. The only remarkable
exception is in the launch phase.

A possible approach is given in the following; more details about this novel technique are given elsewhere23 . In
the left panel of Fig.7 the axial section of an electromagnetic field produced by two coils interested by antiparallel
currents is shown. In the central panel of Fig.7 the arrangement of a pot containing the liquid ferromagnetic mirror
is sketched. The free surface of the liquid will follow the locations having the same magnetic potential. This is
accomplished independently by the force of the magnetic field, provided t9(B2)/8r is large enough to avoid the
introduction of spurious effects by the surface tension of the liquid and/or by the accelerations experienced by the
mirror during pointing activities. Preliminary calculations show that, except for very large mirrors located in low
orbits, the gravity gradient is negligible.

Figure 7: Left: The B2 magnetic field generated in between two circular coils interested by the same current with
opposite directions; Center; Placing a pot in the proper position a ferromagnetic liquid can be confined, if gravitational
and surface tension forces are negligible, with a concave free surface; Right: A possible optical configuration for a
space—based liquid mirror telescope.

The obtained surface is highly aspheric and, to correct it using a pure optical mechanism, a reimaging of the
pupil mirror must be performed. This can be easily done in a 4 mirror telescope. The two auxiliary mirrors can
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be spherical, being the spherical aberration introduced by them negligible with respect to the one introduced by the
primary liquid mirror. The fourth mirror is a strongly aspheric correcting plate.
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