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Abstract: The phenomenon of internal conical diffraction has been
studied extensively for the case of laser beams with Gaussian intensity
profilesincident along an optic axis of abiaxial material. Thiswork presents
experimental images for atop-hat input beam and offers a theoretical model
which successfully describesthe conically diffracted intensity profile, which
is observed to differ qualitatively from the Gaussian case. The far-field
evolution of the beam is predicted to be particularly interesting with a very
intricate structure, and this is confirmed experimentally.

© 2014 Optical Society of America
OCI S codes: (260.1180) Crystal optics; (050.1940) Diffraction.

References and links

1

2.

10.

11.

12.

14.

15.
16.

17.

. W. R. Hamilton, “Third supplement to an essay on the theory of systems of rays,” Trans. R. Irish Acad. 17,
137-139 (1837).

A. M. Belsky and A. P. Khapalyuk, “Internal conical refraction of bounded light beamsin biaxial crystals,” Opt.
Spectrosc. 44, 746-751 (1978).

M. V. Berry, “Conicd diffraction asymptotics: fine structure of the Poggendorff rings and axial spike,” J. Opt. A,
Pure Appl. Opt. 6(4), 289-300 (2004).

M. V. Berry, M. R. Jeffrey, and J. G. Lunney, “Conical diffraction: observations and theory,” Proc. R. Soc. A 462,
16291642 (2006).

C. F. Phelan, D. P. O’'Dwyer, Y. P. Rakovich, J. F. Donegan, and J. G. Lunney, “Conical diffraction and Bessel
beam formation with a high optical quality biaxial crystal,” Opt. Express 17(15), 12891-12899 (2009).

C. F. Phelan, K. E. Ballantine, P. R. Eastham, J. F. Donegan, and J. G. Lunney, “Conica diffraction of a Gaussian
beam with atwo crystal cascade,” Opt. Express 20(12), 13201-13207 (2012).

D. P. O'Dwyer, C. F. Phelan, Y. P. Rakovich, P. R. Eastham, J. G. Lunney, and J. F. Donegan, “ The creation and
annihilation of optical vortices using cascade conical diffraction,” Opt. Express 19(3), 25802588 (2011).

R. T. Darcy, D. McCloskey, K. E. Ballantine, B. D. Jennings, J. G. Lunney, P. R. Eastham, and J. F. Donegan,
“White light conical diffraction,” Opt. Express 21(17), 20394-20403 (2013).

D. P. O'Dwyer, C. F. Phelan, K. E. Ballantine, Y. P. Rakovich, J. G. Lunney, and J. F. Donegan, “Conical diffrac-
tion of linearly polarised light controls the angular position of a microscopic object,” Opt. Express 18(26),
27319-27326 (2010).

A. Turpin, V. Shvedov, C. Hnatovsky, Y. V. Loiko, J. Mompart, and W. Krolikowski, “Optical vault: A reconfig-
urable bottle beam based on conical refraction of light,” Opt. Express 21(22), 26335-26340 (2013).

M. Born and E. Wolf, Principles of Optics (Cambridge University, 1999).

L. D. Landau, E. M. Lifshitz, and L. P. Pitaevskii, Electrodynamics of Continuous Media (Pergamon, 1984).

. M. V. Berry and M. R.Jeffrey, “Hamilton’s diabolical point at the heart of crystal optics,” Prog. Opt. 50, 13-50
(2007).

M. C. Pujol, M. Rico, C. Zado, R. Solé, V. Nikolov, X. Solans, M. Aguild, and F. Diaz, “Crystalline structure
and optical spectroscopy of Er3*-doped KGd(WOy,), single crystals,” Appl. Phys. B 68, 187—197 (1999).

M. R. Jeffrey, Conical Diffraction: Complexifying Hamilton’s Diabolical Legacy (University of Bristol, 2007).
V. Peet, “The far-field structure of Gaussian light beams transformed by internal conical refraction in a biaxial
crystal,” Opt. Commun. 311, 150-155 (2013).

M. V. Berry, “Exact nonparaxial transmission of subwavelength detail using superoscillations,” J. Phys. A: Math.
Theor. 46, 205203 (2013).

#207174 - $15.00 USD  Received 25 Feb 2014; revised 27 Apr 2014; accepted 28 Apr 2014; published 2 May 2014
(C) 2014 OSA 5 May 2014 | Vol. 22, No. 9 | DOI:10.1364/0OE.22.011290 | OPTICS EXPRESS 11290



18. A. Ashkin, Optical Trapping and Manipulation of Neutral Particles Using Lasers (World Scientific, 2007).

19. M. V. Berry, “Conical diffraction from an N-crystal cascade,” J. Opt. 12, 75704-75712 (2010).

20. T. A.King, W. Hogervorst, N. S. Kazak, N. A. Khilo, and A. A. Ryzhevich, “Formation of higher-order Bessel
light beamsin biaxial crystals,” Opt. Commun. 187, 407-414 (2001).

1. Introduction

Conical diffraction was first predicted by William Rowan Hamilton of Trinity College Dublin
in 1882 [1]. As part of his extensive work on mathematical optics, he predicted that a light
ray incident along an optic axis of abiaxial medium would be transformed into a hollow cone
of light inside the material. If the material was cut such that the entrance and exit faces were
paralel to each other and orthogonal to an optic axis, then the light would emerge as a hol-
low cylinder. This prediction was experimentally confirmed later that year by Humphrey Lloyd
using the biaxial material arragonite. Hamilton's consideration was that of a refractive phe-
nomenon and led to the term ‘ conical refraction’. It was not until the development of the theory
by Belsky and Khapalyuk [2], which considered diffraction in a paraxial wave-theory model,
that the nomenclature was switched to ‘ conical diffraction’. This model was later reformulated
by Berry [3] and remains a highly accurate description of the phenomenon; notably present in
the model is the Poggendorff dark ring, a narrow region of zero intensity between two bright
rings, which is absent from Hamilton’s treatment. It is for this reason that we will refer to the
phenomenon as ‘ conical diffraction’.

Conical diffraction has been extensively studied using an input laser beam [4—7]. Such beams
are approximately Gaussian, and so the models describing conical diffraction often assume
an input Gaussian beam. Even in cases where broad sources were used to produce the phe-
nomenon, it was important to use a spatial filter to form a spatialy coherent beam which was
approximately Gaussian in the focal image plane in order for the established theory to remain
valid [8]. In this paper we consider another type of input beam, namely a ‘top-hat’ beam, and
demonstrate how it exhibits interesting intensity profiles beyond the crystal with a rich beam
evolution structure. Although thefirst observation of conical diffraction by LIoyd used apinhole
infront of arragonite, thusresulting in atop-hat beam, since then it appears no experimental im-
ages have been produced with this beam profile. We present experimental images of conically
diffracted beams produced using a top-hat source which are qualitatively different from those
produced using a Gaussian source, in particular featuring a narrow ring of high intensity and a
wedge-shaped structure with arapid drop in intensity at the beam edge. This novel and unusual
beam shape could find applications in areas such as optical trapping [9, 10], laser etching, and
high NA direct write photolithography.

2. Theory

Conical diffraction is an optical phenomenon observed in biaxial materials, which have three
principal refractiveindices n; < np < ng. Light incident along one of the two optic axesin such
a material undergoes internal conical diffraction and spreads out as a hollow cone with semi
angle

A= Jarctan {ng\/(nfz—nz‘z) (ny2—nz?)|. )

The geometrical optics description of this may be found in [11] and [12]. For many biaxial
materials A issmall, on the order of 102 rad, and hence a paraxial approximation may be used
to determine the radius of thering of light as it emerges from such a material of length I
_l'sin(2A) |

Ro
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A rigorous examination of the validity of this paraxia approximation when modelling conical
diffractionisshownin[13]. The biaxial material used in the experiments presented in this paper
isKGd(WOg4)2 whose principal refractive indices have been determined by Pujol et al. [14]. For
light at 632.8 nm the values are calculated to be ny = 2.0109, np; = 2.0414, and nz = 2.0950.
In order to develop a theory which describes conical diffraction it is useful to first define
some dimensionless beam parameters following the notation used by Berry and Jeffrey [13]:

ARy R [+ (z—ny Z

PO=W = W’ P=w 4 nokow? — nokgw?’ )

where ko = 2r/A, Ris measured along the radius of the beam with R= 0 at the centre of the

beam, and z is measured along the propagation direction of the beam with z= 0 at the location

of the focused image of the source in the absence of the crystal. The terms in these equations

may be seen in Fig. 1. While these parameters are defined for Gaussian beams with a 1/e

intensity radius of w, they are also useful for top-hat beams where w has been defined to be the

radius of the beam. When ¢ = 0 the conically diffracted rings are most sharply defined and this

location is known as the focal image plane (FIP). Letting { = 0 in Eq. (3) yields the location
Zrp Of the FIP measured from z= 0:

Zrp=1(1-1/np). @

l
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Fig. 1. A light beam undergoing conical diffraction within abiaxial material. This diagram
is atwo-dimensional slice taken along the plane where R = 0.

When a beam with electric displacement field profile Do(p) enters a biaxial material along
theoptic axisitisconically diffracted. If the beamisradially symmetric and circularly polarised
(or unpolarised), the equations describing this transformation are [ 3]

Bo(p.po. ) = | dicica()e(~3i?) Jo(xp) cos(xpo). 5)

Ba(p.po. ) = [ dirali)ep(—3iCx?) J(xp) Sn(ipo). ©)

where J, (x) is the v" order Bessel function of the first kind and a(x) is the Fourier transform
of theinput profile Do(p) given by

a(x) = [ dp pDo(p)o(xp). @
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The intensity distribution after the crystal isthen given by [3]

I(PvPOvC) = |BO(P7PO’C)‘2+|Bl(PvP07C)|2- (8)

The electric displacement field profile of a Gaussian beam can be expressed, in terms of the
beam parameters shown in Eq. (3), as

Doc(p) = exp(—p?/2). ©

The corresponding intensity profile is plotted in Fig. 2(a). Using Eq. (7) the Fourier transform
of a Gaussian beamis

ac(x) =exp(—x?/2). (10)
Top-hat beam electric displacement field profiles are given by

Dor(p) =O©(1-p), (11)
where ©(x) isthe unit step function defined by
0, x<0
ox) =<’ . 12
) {1, 0 (12

The top-hat intensity profile is plotted in Fig. 2(b). The corresponding Fourier transform of a
top-hat beam is then obtained using Eq. (7):

ar (k) = Ji(x) /x. (13)
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Fig. 2. Plot (a) is a Gaussian intensity profile calculated using the electric displacement
field given by Eq. (9). The value w is the 1/e radius of the beam. Plot (b) shows a top-hat
profile calculated using the electric displacement field given by Eq. (11). The red dots in
(b) show a profile, taken from an experimental image, of the beam used in the experiments
which demonstrates a reasonably good approximation of atop-hat beam.

The Fourier transforms of the two input profiles given by Egs. (10) and (13) may now be
substituted in Egs. (5) and (6) to give the intensity profiles in the focal image plane using
Eq. (8) with { = 0. These profiles are plotted in Fig. 3. The use of a top-hat input beam is
predicted to produce a strikingly different profile from the case of using a Gaussian input beam.
Most notable in Fig. 3(b) is the presence of a singularity and a wedge-shaped feature with an
instantaneous diminution, as predicted by Berry [3].
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Fig. 3. Intensity profiles at the FIP generated using Eq. (8) in the case of (a) a Gaussian
input beam, as given by Eq. (9), and (b) atop-hat input beam, as given by Eq. (11).

3. Finestructure of theradial intensity profile at the FIP

The intriguing intensity profile predicted to occur for atop-hat input beam as seen in Fig. 3(b)
merits closer examination. The singularity cannot of course be infinite in reality, but what we
actually observe is dtill of interest and should be quantified. In order to study this profile in
fine detail the experimental apparatus shown in Fig. 4 was used. A Helium-Neon (HeNe) laser
beam with a peak emission at 632.8 nm was directed onto a 100 um diameter pinhole. Since
the radius of the laser beam was of the order of millimetres, the 100 um pinhole acted to cut off
enough of the beam to generate atop-hat profile. A 22 mm long slab of KGd(WOg), was placed
as close as possible to the pinhole and the crystal was aligned so that the beam propagated along
an optic axis. A biconvex lens of focal length f = 3 cm was placed u = 3.11 cm after the FIP
where { = 0. This location occurs inside the crystal as can be found using Eq. (4). The image
of the FIP was formed 86 cm after the lens, where a colour charge-coupled device (CCD) of
pixel size 4.65 um was placed to record the profiles generated. The magnification produced by
the lens was calculated to be m = |v/u| = 28 which was sufficient to almost fill the CCD chip
with the entire singularity and wedge structure. The unmagnified FIP radius was determined to
be Ry = 360+ 10 wm which correspondsto pg = 7.2 when using a pinhole with a50 um radius.
Note that this value differs from the predicted value of Ry = 430 um obtained using Eq. (2), a
discrepancy which is discussed in more detail in [8].

Pinhole

Biconvex
/ 1 u /'\ lens
1 e

1
Fip

HeNe laser
beam

Biaxial crystal CCD

Fig. 4. The experimental setup used to study the fine structure of the beam profile in the
FIP which isimaged onto the CCD. The values of u and v can be adjusted independently
to give the image a desired magnification.

An example of the images recorded using this apparatus is shown in Fig. 5. Both images are
taken at the FIP, with Fig. 5(b) demonstrating the observed profile when using a top-hat input
beam. Figure 5(a) is an image generated using a Gaussian input beam as reported by Darcy et
al. [8].

#207174 - $15.00 USD  Received 25 Feb 2014; revised 27 Apr 2014; accepted 28 Apr 2014; published 2 May 2014
(C) 2014 OSA 5 May 2014 | Vol. 22, No. 9 | DOI:10.1364/0OE.22.011290 | OPTICS EXPRESS 11294



(2)

Fig. 5. (8) An experimental image of the conically diffracted Gaussian beamin the FIP. The
structure is distinct from that formed when using a top-hat input beam as seen in (b). The
radius of the Poggendorff dark ring in image (b) was determined to be 360+ 10 um. Both
images are 0.8 mm x 0.8 mm.

In practice therange over which Egs. (5) and (6) areintegrated isnot infinite, rather the exper-
imental apparatus will introduce constraints on these values [15] with the maximum contribu-
tion kmax being the maximum transverse wavevector component reaching the imaging device.
Consider an iris of radius Ry, centred on the conically diffracted beam and placed a distance
Zris from the entrance face of the crystal, as seen in Fig. 6. The maximum transverse wavevector
component Kmax passing through thisirisisthen

=rdusn an (3
Kmax = Nokowsin | arctan . (14

Ziris

I Xlal ystal x . ‘
=0

. 2
Incident V‘i]l
beam M Optic axis direction

:/ l
Ziris

Fig. 6. The maximum transmissible transverse wavevector component kinax iS determined
by the radius of the iris Rj, and its position z;is. This transverse wavevector is given by
Kmax = Npkowsino. where oo = arctan (Riim/Zis) -

This is effectively a low-pass spatial filter effect, cutting off higher transverse wavevector
components reaching the imaging device while retaining lower components. The smallest iris
in the system shown in Fig. 4 isthe crystal itself which has alimiting radius of Rj,, = 1.5 mm.
Since the beam is free to propagate transversely in the crystal until it emerges, the value of zyis
issimply thelength of the crystal, 22 mm. Using these valuesin Eq. (14) gives kmax = 69 which
was subsequently used in Eq. (8) to generate the plot shown in Fig. 7(a). Thisis compared with
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the observed intensity profile obtained by averaging several radial profiles and shows very good
agreement. The rapid oscillations of the profile for 0.9 < p/pg < 1.1 are somewhat smoothed
out in the experimental profile due to the effect of this averaging.

A variable iris was then inserted between the crystal and the biconvex lens, a distance of
Zris = 40 mm from the entrance face of the crystal. When theiriswas at its minimum setting, the
limiting radius was Rjjm = 0.75 mm which is smaller than the radius of the crystal, and so using
Eqg. (14) we find kmax = 19. Equation (8) was subsequently used to calculate the theoretical
intensity profile shown in Fig. 7(b), compared with the experimentally observed profile, again
showing very good agreement. The inner ring is less intense than the case with no iris as seen
in Fig. 7(a), and it is also broader. The oscillations of the wedge-shaped feature have become
more pronounced with longer periods than in Fig. 7(a).

(a)1.0

N e o
N =N )

Intensity (arb. units)

e
[}

o
=)

0.8 0.85 0.9 0.95 0/Po 1 1.05 1.1 1.15

~
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(=}

N o o
N =N )

Intensity (arb. units)

e
&)

0.0

0.8 0.85 0.9 0‘95p/p0 1 1.05 1.1 1.15

Fig. 7. (a) Comparison of the observed intensity profile (red dots) with the theoretical pro-
file (solid blue) where xmax = 69. (b) Comparison of the observed intensity profile (red
dots) with the theoretical profile (solid blue) where kmax = 19 corresponding to an iris of
diameter 1.5 mm present before the imaging lensin Fig. 4.
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4. Far-field propagation

The conically diffracted beam evolves as it propagates beyond the focal image plane. This
evolution has been examined in the case of a Gaussian input profile [5, 16]. In this case the
rings which form at the FIP spread out as { increases and eventually the inner ring converges
to produce a high intensity region in the centre of the beam p = 0 known as the ‘axial spike'.
When po > 1, the peak intensity of this axial spike occurs at { ~ po/2/3. A theoretical plot
of the evolution over the range 0 < { < 10 is shown in Fig. 8 generated using Eq. (8) with
po= 7.2 and a(x) given by Eq. (10).

=0 2 4 4 6 8 10

Fig. 8. Theoretical plot of the far-field evolution of a conically diffracted Gaussian beam
generated using Eq. (8).

The propagation of a conically diffracted top-hat beam beyond the FIP was examined using
the experimental arrangement in Fig. 9. A HeNe laser beam was directed onto a 100 um di-
ameter pinhole and a biconvex lens of focal length f = 10 cm was placed a distance u = 20
cm after the pinhole. This produced an unmagnified image of the pinhole a distance v =20 cm
after the lens. The profile of the laser beam at this point z= 0 approximated a top-hat very well
as shown by the red dots in Fig. 2(b). When a 22 mm long slab of KGd(WQg,), was inserted
into the beam between the lens and z = 0, the FIP occurred outside the crystal as determined
by Eqg. (4). A CCD with a pixel size of 6 um was mounted on arail allowing movement in the
¢ direction.

Pinhole Biconvex

ccb
lens

on rail

Biaxial crystal B I

HeNe laser
beam

1
| € ’I
u v 220

FIP

Fig. 9. The experimental setup used to study how the conically diffracted top-hat beam
evolves in space. The pinhole isimaged using a biconvex lens of focal length f to a point
z= 0beyond the crystal, thus using Eq. (4) the FIP occurs outside the crystal at a distance
v+1(1—1/np) from the lens. zincreases in the direction of beam propagation, and hence
sodo Z and § asgiven by Eq. (3).

The system was used to record a series of images beginning at { = 0 and moving away from
the crystal in 1 mm increments to Z = 8 cm corresponding to { = 2.8. The images were then
stitched together using numerical interpolation software which allowed the beam propagation
to be viewed from the side. The resultant intensity profile is shown in Fig. 10(b). A theoretical
profile was generated to show how the beam evolvesin thisregion using Eq. (8) with a(x) given
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by EqQ. (13). The theoretical profile is shown in Fig. 10(a). There is good agreement between
theory and experiment and the presence of the predicted oscillatory axial spike is obvious; a
feature which does not occur for the Gaussian input beam as seenin Fig. 8.

Fig. 10. Comparison of the theoretical evolution of the beam (a) with the observed evolution
(b) in the case of a 50 um radius top-hat beam. Image (b) was generated by stitching
together a series of images taken at 1 mm incrementsin the direction of beam propagation.

The unusual structure of the evolution was examined more closely by generating alog plot of
the intensity as shown in Fig. 11. It becomes apparent that the structure is very complex, with
many rings of light which converge as the beam propagates. Indeed it appears that there are a
multitude of intensity maxima where the rings converge along the p =0 linefor 0 < { < 0.4
which appear and disappear over extremely short distances.

0 0.2 0.4 1.6 ¢ 18 6.0 6.2 6.4

Fig. 11. A logarithmic plot of the far-field evolution of a conically diffracted top-hat beam,
calculated using Eq. (8), in order to show the very complicated and intricate structure of
the beam. It also demonstrates how the oscillating lobes along the p = 0 line are formed
from many converging rings.

One may intuitively understand the presence of such converging rings to be a result of the
diffraction of a top-hat beam as it propagates, giving rise to many fringes, as opposed to a
Gaussian beam which remains Gaussian as it propagates. In order to explain the oscillatory
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nature of the axial spike in a more rigorous way, we must use the following stationary phase
approximation for the intensity of the conically diffracted beam at p = 0 taken from Jeffrey

[15]:
+(2)]

Using the Fourier transform of the top-hat beam ar (k) asgiven in Eq. (13) gives
4 (/oo)’2 n (Po)
20 = =15 =
po \ ¢ 20"\ ¢

It will now be useful to use the following approximation for a vi" order Bessel function of the
first kind, which isvalid when x > 1:

2
(p=0.0)~ 523

2

2
|<p=o7§>w’2’—22 (16)

Jv(x)z\/gcos(x—ﬁ—"z”), x> 1, (17

po\ _ |2 po 3m
—>\]1 (C) ~ npOCOS(C—4>, €<<p() (18)
:>I(p:0,§)z2727§l§()cosz<’?—3f) :plocos?(pgo—s:). (19)

The form of the expression obtained in Eg. (19) brings us to an interesting conclusion—since
does not appear in the factor before the oscillatory cos? term, the intensity of the maximaalong
p = O0isconstant when { < po. Furthermore, we may now find the extrema of the function by
taking the derivative and finding the values of { for which we get zero:

9 2 _
=00 - ges(Beg)an(Fg) -0 )
__ po

A simple calculation taking the derivative of Eq. (20) showsthat {_ corresponds to local max-
ima, while . corresponds to local minima. Examining Eq. (21) reveals that as n — « with
¢ — 0, the separation between adjacent {.. values decreases at approximately the rate of 1/r?.
This means the intensity along p = 0 is an oscillatory function whose frequency increases
rapidly as { — 0. This feature suggests these beams may be used in super-resolution lens-
ing [17], where high transverse wavevector components generate the intensity maxima in the
region closeto § = 0. Further work is anticipated in this potential application.

When ¢ isof the order of po, the approximation in Eq. (18) breaks down and instead we must
examine Eq. (16) to find that as { — « the intensity along p = O trails off slowly to zero since

J1(po/e°) =3 (0) =0.

5. Conclusion

The structure of conically diffracted light was shown to depend sensitively on the profile of
the incoming beam with avery clear difference between the intensity distribution formed when
using a Gaussian input beam and when using atop-hat input beam. In particular, the interesting
beam profile predicted to occur at the FIP for atop-hat input beam was compared to experimen-
tal observations and found to match well when taking into account the physical limitations of
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the apparatus. The use of avariableiristo continuously vary the maximum transverse wavevec-
tor component of the beam allowed very fine control of the features of the intensity profile, such
as the width of the high-intensity inner ring, and the relative intensities of the inner ring and
the wedge-shaped feature. The evolution of such a beam beyond the FIP was simulated using
the theoretical model presented which yielded the unusual feature of an oscillating axial spike.
This evolution was then observed experimentally and found to match extremely well with the
prediction.

This unusua intensity profile may find applications in optical trapping since the strength
of a trap depends on the gradient of the intensity [18]. Since in theory the intensity of the
inner ring is limited by the apparatus being used, the use of high-quality components could
lead to a very stiff trap indeed. It may also be used to create microstructures with very sharp
features, or controlled using avariableiris as described in Section 3 to produce microstructures
with tunable feature quality. We also anticipate further work using white light top-hat beams
to generate novel polychromatic beam shapes, and to perform experiments in cascade conical
diffraction [19] and the generation of Bessel beams [20] in order to compare the results with
the case of conically diffracted Gaussian beams.

Acknowledgments

This work was supported by the Higher Education Authority under the PRTLI scheme, cy-
cle 5. We would also like to acknowledge funding from Science Foundation Ireland, award
09/SIRG/1592.

#207174 - $15.00 USD  Received 25 Feb 2014; revised 27 Apr 2014; accepted 28 Apr 2014; published 2 May 2014
(C) 2014 OSA 5 May 2014 | Vol. 22, No. 9 | DOI:10.1364/0OE.22.011290 | OPTICS EXPRESS 11300





