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The Physics of Asterism in Sapphire

by A.R. Moon*and M.R. Phillips*

Abstract

The star image observed in silky sapphire (the optical phenomenon of asterism) is shown to
result from the incoherent superposition of reflected Fraunhofer diffraction patterns which arise
when light is scattered from precipitates strictly orientated within the sapphire host. The theory
explains why long, thin precipitates produce sharper stars than their shorter and wider counterparts
and why a cabochon is normally required to observe the star image.
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INTRODUCTION

When so called «silky» sapphire is cut «en cabochon» (i.e. semi-ellipsoidal)
with its base perpendicular to the c-axis and is illuminated with parallel light, a

six-rayed star appears over its surface. This is the optical phenomenon of asterism.

The star axes are perpendicular to precipitate phases which lie in the basal
plane of the sapphire orientated along the first or second prism faces of the
sapphire host.

A theory recently put forth to explain this phenomenon involves the scattering

of light from needle-like precipitates which have a circular cross-section
(Weibel et al., 1980; Wüthrich and Weibel, 1982 and Wüthrich et al., 1983).
In this theory the light impinging on such a precipitate is scattered into a conical

surface, the precipitate being the cone axis. The star image is formed by
three bands of light, each band being a rim of a conic section from a scattered
cone of light at normal incidence. This explanation of asterism leads to the con-
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elusion that the star image is independent of the precipitate dimensions. However,

it is well known that long, thin precipitates give a sharper star than do

their shorter and wider counterparts (Frondel, 1954; Eppler, 1958 and Nassau,

1981) and that a more desirable star image can be obtained by altering the

precipitates dimensions by using an appropriate heat treatment on a cut cabochon

(Nassau, 1981). In view of this and the fact that a cabochon is normally
needed to observe the star image an alternate theory of asterism in sapphire to
the above is needed.

Studies of exsolved phases in both natural (Tait, 1957; Nassau, 1968; Moon,
1982; Sharma, 1982 and Moon and Phillips, 1984) and artifical (Phillips,
1981) star sapphire have all observed needle precipitates having definite rectangular

cross-sections (Fig. 1.) ranging from near square to rectangular strips (the

shorter dimension being parallel to the c-axis). The needles have lengths ranging

up to hundreds of micrometers, cross-sectional dimensions of the order of
the wavelength of light and have all been identified as minerals other than the

sapphire host.
A scattering theory which can suitably explain the optical phenomenon of

asterism in sapphire is Fraunhofer diffraction. By applying Babinet's Principle
of Complementary Apertures to a precipitate face lying in the basal plane of the

DISCUSSION
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Fig. 1 Electron micrograph of the cross-section of a needle-like precipitate of 0.5 FeTi03 0.5 Fe203 examined

in Australian black star sapphire.
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sapphire (allowable due to the difference in refractive index between precipitate

and matrix), the precipitate is then equivalent to a rectangular aperture
having the dimensions of the precipitate. The distribution of intensity for light
Fraunhofer diffracted from a rectangular aperture haying width b and length 1

is given by the formula

I~b2 • l2 sin2 a •si"2 ß

a2 ß2

where a =71 * b 'sm 9
B =71 '1 'sin " X the wavelength of incident light and 0

X ' K x

and © angles measured from the normal through the centre of the aperture in
planes parallel to the width and length of the aperture respectively. For light
incident normal to a precipitate having a length much greater than its width, its
width being of the order of the wavelength of light, the resulting diffraction
pattern is perceived as a narrow continuous band of light perpendicular to the
precipitate axis. Each star arm is formed by the incoherent superposition of
diffraction patterns reflected from similarly orientated precipitates and thus a narrow

band of light is formed. However, as the precipitate length becomes comparable

to its width, light is also diffracted in a direction parallel to the precipitate
axis. The amount of light diffracted in this direction increases as the precipitate
length decreases and the Fraunhofer diffraction pattern resembles a cross

(Fig. 2.). When these diffraction patterns are incoherently superposed a wider
band of light is formed. Since there are three sets of precipitates which follow

I

X

Fig. 2 The Fraunhofer light intensity distribution from a rectangular aperture which has long dimension parallel
to X and short to Y. As the length decreases the distribution along X broadens.



332 Moon, A. R. and M. R. Phillips

Fig. 3 A six-rayed star formed by illuminating a polished basal section with He-Ne laser light. Note that a focusing

lens is not required in this case since the laser light is coherent and has very little divergence.

the trigonal symmetry of the sapphire host (i.e. aligned at sixty degrees to one
another) a regular six-rayed star is produced (Fig. 3.). Therefore long, thin
precipitates will produce a sharp (narrow) star whereas shorter precipitates will
give a wider star with the star image becoming less well defined (wider) as the
precipitate length decreases. Even in the case where light is incident normal to a

precipitate having a circular cross-section, if such were observed, the Fraunhofer

diffraction equation still gives the most accurate representation of the
observed distribution of light intensity (Lunberg, 1968 and Birkoff, 1971).

For a Fraunhofer diffraction pattern to be observed two conditions must be
satisfied (i) the incident light be parallel and (ii) the plane of observation be at
infinity. The first condition is satisfied by having the source illuminating the
stone a reasonable distance from it's surface (e.g. direct sunlight). The cabochon

does not render the incident light parallel (i.e. collimate the light). Thus, if
the light source is too close to the gem's surface a star image is not observed. The
cabochon in facts as a biconvex lens which focuses the star image and hence
satisfies the second requirement for Fraunhofer diffraction.

For an opaque hemi-spherical cabochon the star image will be focused
above the gem at a distance f R/2(n-l) (Fig. 4.), where R is the radius of
curvature and n is the refractive index of sapphire (Wüthrich and Weibel, 1982
and Wüthrich et al., 1983). The location of the star image above the gem is
verified by it's parallactic motion, since the apparent displacement of the star is in
a direction opposite to an actual shift in observer position. The distance above
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Fig. 4 The star image appears a distance 2 mm above an opaque stone's surface when a cabochon with radius
3 mm is used to focus the scattered light. Note the spherical abberation inherent in the lens.

I 1

Fig. 5 By aspherising the lens in Fig. 4 (for example the elliptical lens above) a sharper star image is produced
since the amount of spherical abberation in the lens is reduced without effecting the focal length.

the cabochon at which the star is focused is also dependent on the opacity of the

gem, with the focal length decreasing with it. Opaque stones will give a sharper
star image than translucent ones since they focus less incident light which is non
paraxial (i.e. they produce less spherical abberation). The perculiar elliptical
shape of some cabochons results from firstly an attempt to improve the
sharpness of the star image by reducing the spherical abberation (inherent in all
spherical lenses) by aspherising the cabochon (Fig. 5.) and secondly from having

a star arm parallel to the longer cabochon axis to enhance the aesthetic
appeal of the gem.
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CONCLUSION

The type of scattering described here is by no means the only type possible.
For example, the bluish and reddish borders on the star arms observed by
Frondel (1954) are certainly the result of Rayleigh scattering. However, the
incoherent superposition of Fraunhofer diffraction patterns giving rise to a star
image is by far the most commonly observed optical phenomenon in sapphire.
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