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Appendix: Determination of the
crystal orientation of ice

Hexagonal ice (Ih) is a uniaxial birefringent crystal and its birefringence can be
used to determine the crystal orientation. The ordinary axes have a refractive
index of no = 1.3091 and the extraordinary or optical axis has a refractive index
of ne = 1.3105 for light at a wavelength of 589 nm (daylight mean). [274] We
exploit the birefringence of ice to determine the orientation of the optical axis,
which coincides with the basal plane of ice.

For that purpose we constructed a Rigsby-type universal stage with four
independent axes of rotation (Fig. A1). [275–277] The stage can rotate around an
inner vertical axis (IV), an outer vertical axis (OV), a north–south axis (NS),
and an east–west axis (EW). The point of intersection of NS and EW lays in
IV.
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Figure A1: The four independent axes of rotation of the Rigsby stage.
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Determination of the crystal orientation of ice

The Rigsby stage comprises two crossed polarizing filters in front of a diffuse
lamp. The OV coincides with the line of sight. The bottom polarizer is oriented
to transmit light that is vibrating in a north–south direction and the top polar-
izer (or analyser) to transmit light vibrating in an east–west direction. During
crystal orientation determination it is of paramount importance to keep the eye
centred above the ice, especially at higher angles of inclination. We ensure the
alignment of the eye with two cross hairs on top of the polarizers.

The optical axis orientation can be determined by the following routine, as
described by Fairbairn: [275]

1. Rotate on IV to extinction.

2. Test the extinction by rotation on NS. If the ice does not remain dark, then
return on NS to 0○, rotate 90○ on IV to the alternative extinction position
and test in the same manner on NS. In this position it will remain dark,
indicating that the east–west plane contains the optical axis.

3. Turn about 20–30○ on EW and rotate on NS to an extinction position. If
two positions are available, select the one of least inclination.

4. Rotate on EW to the zero position. Then rotate around OV. If the ice
remains dark, then the optical axis coincides with the line of sight; if it is
illuminated, then the optical axis is normal to the line of sight and to NS.

5. Note the readings on IV and NS.

Special orientation cases arise where, in its initial position, the crystal remains
dark for all positions of IV (optical axis parallel, or nearly so, to the line of
sight) or where the manipulation in step 3 gives extinction in both IV positions
(optical axis perpendicular to the line of sight). In the former case, a more
exact determination can be obtained by the following additional steps:

1. Rotate on NS until the ice is illuminated.

2. Rotate on IV to restore extinction.

3. Return NS to 0○, retaining the IV position.

4. Proceed with the standard procedure, omitting steps 1 and 2.

The second case is treated as follows:

1. With the crystal at one of the two extinction positions, rotate an arbitrary
amount on EW.

2. Then vary NS. If the crystal remains dark, the horizontal optical axis lies
in the north–south plane; if extinction is lost, the optical axis lies in the
east–west plane.

Care has to be taken that the difference in refractive index of ice and air
gives a distorted view of the optical axis. This should be properly corrected for
by Snell’s law, especially for larger tilt angles. [276]
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Fundamental constants

Quantity Symbol Numerical value Unit

number π π 3.14159265358979323...

number e e 2.71828182845904523...

speed of light in vacuum c 299792458 m s−1

vacuum permeability μ0 4π ⋅ 10−7 N A−2

vacuum permittivity 1/μ0c
2 ε0 8.854187817... ⋅ 10−12 F m−1

elementary charge e 1.6021766208(98) ⋅ 10−19 C

Planck constant h 6.626070040(81) ⋅ 10−34 J s

reduced Planck constant h/2π h̵ 1.054571800(13) ⋅ 10−34 J s

Avogardo constant NA 6.022140857(74) ⋅ 10−23 mol−1

Boltzmann constant kB 1.38064852(79) ⋅ 10−23 J K−1

Values are taken from the National Institute of Standards and Technology. [278]
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