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Lo Introduction

T phenomein o internal and exterial conieal relrction in biaxial crystals
prodivted by S Willion Hamilton and observed by Humphrey Lloyd are
st e most beantiful and strikieg, offects arising, in crystal oplics.

Followme Lo u! ot esperiments, these phenomena are usually exhi-
bited mth aragrande, apolished plate of (his crystal suitably mounted between
AT and viewing lens being employed for the purpose. The angles
of nternal and externad conieal refraction inaragonite are however small,
(VD s and b T respectivelyy, and the use ol other crystals, e.g.,
tartane send withe Y3 S and e 3 S8 and ol sulphure for which
A .'Hu% :ﬁ PO B therefore been sometinies supgested, 1 niy
e potnted ont, Towever, that orpauie crvstals of the aromatic class are
apechdly hh for the purpose, Naphthadene, v particular, exhibits
Brectompeice mean exeeptional deeree, having as its ]'»rimip'tl indices 1525,
P ad g m;wtiw!},' ford 6 A and it conieal angles (Y 13" 447
wd TR e coormonsly Tarper than i aragonite, Larpe single
crystal ni’n.t;m«h;zlvw cit casily be prepared (Hilmi-Benel, 19403 Nedungadi,
Py, aand the sabeanee i thua well suited for exhibitiog the optical charae-
ters b hivval crvatis snd especially confeal refraction ina striking way.

T may be vemarhed that apart from the purely geometrical aspeets of
opteal theany llustated by the Hamilton-Lloyd experiments, certain physical
wapect ot the propagation of ight in blaxial ceystals arising in conical refrac-
tont e of preat mterest, One ol these i the enormous coneentration of
coery which oceurs adony the asts of single-ray velocily within the erystal
andd alonne the soas ol the cone of external refraction outside it (Raman,
PO Raman and Lanmma, 19200 The converse phcnunwnon associated
with taternal comval refraction has Tong been known and is referred (o in

* A prelimmany note on ths subjectappedred in Nafure of the Ist March 1941,
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the literature as the Poggendorff dark circle. This was explained by Voigt
(1905) as due to the attenuation of the energy of the incident pencil which
occurs in single-wave propagation within the crystal. Both of these pheno-
mena are well shown by naphthalene and in such manner as to bring out
clearly their theoretical significance.

Conical refraction is often studied by viewing an illuminated pin-hole
in focus through the crystal plate with a microscope or magnifying lens.
It is generally supposed that what is then seen is internal conical refraction.
That this 1s not quite correct was long ago pointed out (Raman, loc. cit.),
but the matter was not then adequately discussed. Since the illuminated
pin-hole is usually held close to the crystal and is backed by an extended
source of light, the beam of light entering it is not restricted to any particular
direction, and the effect observed is not therefore ascribable to internal
conical refraction. Neither would it be altogether correct to ascribe it to
external conical refraction; for, though with the pin-hole close to the crystal,
a cone of light is incident on its first surface, no aperture limits the exit of
the light from the second surface as in the Lloyd experiment. The focussed
image of an illuminated pin-hole as seen in the microscope through the
plate of crystal is formed by the entire bundle of rays issuing from the
pin-hole and passing through the crystal and is thus a phenomenon dis-
tinct from either internal or external conical refraction, though related to
both. As will be shown in this paper, the form of this image is determined
by the curvature properties of the wave-surface in the crystal in the vicinity
of the conical points. It is specially worthy of remark that when the
microscope is focussed on the second surface of the crystal and not on the
illuminated pin-hole, we see in the field of view an illuminated picture of the
two sheets of the wave-surface, the conical point where they meet appearing
as an intensely luminous centre, and the circle of contact with the tangent
plane appearing as a dark ring (Fig. 7 in Plate X).

2. Preparation of the Specimen

A clear block of naphthalene can be grown by slow crystallization from
a melt. Pure naphthalene redistilled several times is collected in a pyrex
glass tube of about half-an-inch diameter, with its lower end drawn out
tapering to a sharp point. The tube is suspended in a vertical furnace
kept at a temperature from 10° to 15° C. above the melting point of
naphthalene and gradually lowered out of it automatically by clock-
work mechanism. Crystallisation starts at the tapering end of the tube and
develops upwards. By proper control of the temperature of the furnace
and of the rate of lowering of the tube, it is possibleto get clear flawless blocks
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W oo \‘)

of the stple covstal of any desired Tenpth, TS removed Trom the container
by mmm*ntmh heatimy the walls of the plass tube to a high temperature :

the portion ol the avstal e contuct with 1t then melts and  the crystal
ships out.

As the ervstal hlocks ;mpzml e this way do not possess any natural
Faces, advantaee s then of the fact that the axes of the optival and mapnetic
eliipsaids of the ervatal roushly coincide (o determine their orientation,
The three magnetie aves o the erystal block m ay be determined by marking
s preferred otientations e strong magnetie fickd with dilferent mades
of suspension. The ervstad block may be then cut with faces making any
destred anpele with these axes, To exhibit conieal refraction, the naphthalene
block should have 1t faces approxinately nommal to one ol the primary
optic dnes, these betne inclined at 42 (o the acute hiseetrin of the angle
between thenn For mountng the cut erystal, a flat surface s lirst ground
ik then quickly pressed on toa microscope cover slip kept at a temperature
of about 40 above the meltng point of naphthalene,  The crystal face melts
ad - wets the plass plate and immediately cools, thus resolidilying the
mehted Taver as pat of the sinele ervstal in addition (o making good optical
contact with the gl The second face of the plate is then treated in the
same waye An alternative method of mounting is (o prind the surfaces of
the block smooth ona pround gliass plate and then to polish them by rubbing,

ek ly onc i soft cloth stretvhed over o plass plate and  moistened w:lh

Ldiopor twoafavlenes Thin microscope cover elips may then be stuck on
the Faces with canadie babsam, The mounted  erystal may be conveniently
fned onca diee of alummium: having acentral opening,

a0 Method af Ohservation and Results

The wnples of comeal refraction in maphthalene are so larpe that with
a Lurly thich prece, the phenomeni can be seen divectly with the si mmplest
possible arnmgements, Im aocnteal study of the ellects, however, and
espectally for secuning siatisfactory photopraphs, it is convenient (o use g
mucroscope with o revolving and centering stape and o Federov universal
st attwchment on which the erystal plate is placed so that i€ can be tilted
and set with its optie axis accurately pavallel to the axis of the MICTOSCOP,
A Tow power ahjective and a high-power ocular should be cmployed so
that, for the same etfective magniication, the larpest working distance be-
tween the upper surface of the erystal and the objective of the microscope
can be secured. For observing conical refraction under the microscope,
a relatively thin plate of naphthalene (say two to three millimetres thick)
Iy quite suttable. Tty casy with these arrangements to photograph the cone
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of external conical refraction and the cylinder of internal conical refraction
outside the crystal in the manner of the Hamilton-Lloyd experiments. It
is also possible to examine the relationships between these effects and the
nature of the optical images obtained when a point-source of light is viewed
through the crystal either in or out of focus.

Figs. 1-4 in Plate IX and Figs. 5-8 in Plate X reproduce a series

of photographs obtained with the microscope camera attachment to illus- .

trate the phenomena of conical refraction in naphthalene, the monoechromatic
green light A 5461 A of the mercury arc being employed to avoid all disturb-
ances due to chromatic aberration or dispersion. Fig. 1 shows the hollow
cone of external conical refraction as seen above the crystal; to photograph
this, both the upper and lower surfaces of the crystal are covered up except
for small apertures situated at the ends of the axis of single-ray velocity,
the lower aperture being illuminated by a convergent pencil of light. Fig. 2
shows the cylinder of internal conical refraction seen outside the crystal
when a parallel beam of light is incident in the direction of the optic axis
on the lower face of the crystal; to observe this, the lower face is covered
by a screen with a small aperture and the second facc is left uncovered.
Figs. 3 and 4 in Plate IX and Figs. 5, 6, 7 and 8 in Plate X reproduce
a consecutive series of photographs of a point source of light held close to
the first surface and viewed through the crystal; Fig. 3 is the image secen in
focus, while the other photographs in the series are ultra-focal images
obtained when the microscope objective is gradually drawn away from the
crystal. As already mentioned in the Introduction, Fig. 7 is the ultra-focal
image of the point source of light obtained when the microscope is focussed
on the second surface of the crystal. Fig. 8 is the uitra-focal image obtained
when the microscope is still further drawn up. In obtaining this series of
six pictures, the source of light was an extremely fine hole (1 p in diameter)
in an aluminium foil covering the lower surface on the crystal and illuminat-
ed by a convergent beam of light, while the second face of the crystal was
left uncovered. The extreme sharpness of the circular ring seen in Fig. 3

is particularly significant. [t is noteworthy also that the so-called Poggendorff

dark circle does not appear in the focal image of the point source and develops
only in the ultra-focal irnages. The extremely bright point seen at the centre
in Fig. 7 (as also in Fig. 8 and very feebly in Fig. 2) is a noteworthy feature.
This bright point in the ultra-focal image coincides with the end of the axis
of single-ray velocity meeting the second surface of the crystal. This is
shown by the fact that the second aperture for observing the cone of external
conical refraction above the crystal (Fig. 1) has to be placed exactly at the
same point so as to admit the light passing through the crystal. It is
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evident from the series of pictures that the axis of single-ray velocity
and the conical point on the wave-surface are loci of intense concentration
of energy within the crystal, while the circle of contact where the wave-surface
touches the tangent plane is a locus of vanishingly small energy.

4. Image Formation with a Biaxial Crystal

It is well known (Stokes, 1877 and Walker, 1904) that the image of a
point source of light seen through a crystalline plate exhibits astigmatism,
being drawn out into a line perpendicular to the piane of principal curvature.
For a biaxial crystal there are, in general, no fewer than four distinct posi-
tions of best focus determined by the orientation of the plate arnd by the
principal radii of curvature of each of the two sheets of the wave-surface.
In our present problem, we are concerned with the curvature of the wave-
surface in the vicinity of the conical point and especially along the circle
of contact with the tangent plane. At the conical point, one of the principal
radil of curvature for each of the two sheets of the wave-surface vanishes,
while the other two radii are

p1=b and p,= (a®+ c*— b?)*?/ac.

At points along the circle of contact, one of the principal radii of curvature
of each of the two sheets becomes infinite, while the other radius of
curvature 1is

p="b(a’—r? (c*—r? | (a®— b (c*— b?),

r being the length of the line joining the origin with any specified point
on the circle of contact. At the two points where this circle cuts the circular
and elliptic sections of the wave-surface respectively, the radii of curvature
are

p, = b and p," = b¥lac>.

In the case of naphthalene, % and ac are practically identical, as is
readily seen from the numerical values of the principal refractive indices.
As a consequence of this, also, the angles of internal and external ccnical
refraction are practically identical. Hence, while one of the principal radii
of curvature of the wave-surface is infinite along the circle of contact, the
other radius of curvature is practically constant and equal to b at all points
on the circle and changes only slowly as we move away from the circle along
the wave-surface either towards or away from the conical point. Accord-
ingly, the astigmatism of the rays emerging from the plate results in an
exceptionally simple form of the image, namely a sharply focussed
circular ring having the same diameter as the circle in which the

wave-surface makes contact with the second surface of the crystal.







