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Periodically focused modes in chains of dielectric spheres
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We show that, theoretically, Brewster angle conditions for transverse magnetic polarized rays can
be periodically reproduced in chains of spheres with index n=+/3 giving rise to lossless
periodically focused modes with 2D period, where D is the sphere diameter. Using ray tracing for a
spherical emitter with the diameter D we show that chains of spheres work as filters of such modes
at 1.72 <n < 1.85. This leads to tapering of the focused beams combined with the reduction of
their attenuation along the chain. Experimentally, the “beam tapering” effect was observed in
chains of 300 um sapphire spheres with index ~1.77 in visible. © 2012 American Institute of

Physics. [doi:10.1063/1.3684246]

It is well accepted that a set of identical lenses can be
used to relay light between two locations.' The optical losses
of such periodically focusing waveguides (PFWs) have been
considered to be high since the lenses are usually partially
reflective. For example, by integrating TE and TM compo-
nents of the linearly polarized incident plane wave over a
sphere with index n=1.58 immersed in water, one can esti-
mate total reflection losses about 0.27 dB/sphere.” Recently,
however, fabrication of extremely long and well ordered
chains of microspheres has become possible by self-
assembly techniques that stimulated a great deal of interest
in their optical properties.*'" Initially, this interest was
focused on coupling between whispering gallery modes
(WGMs) in spheres.4’5 The notable advance in this area has
been the identification of two distinct mechanisms of optical
transport: (i) evanescent WGM coupling and (ii) nanojet
coupling based on periodic focusing.® The terminology of
photonic nanojets came from tightly focused beams pro-
duced by single microspheres.>'* It was shown that the
properties of chains are determined by nanojet-induced
modes (NIMs) with the period equal to the size of two
spheres (2D).”® Both mechanisms have been observed in
chains of polystyrene microspheres with D in 2-10 um
range.7_11

These studies have revealed two effects which still
remain poorly understood at the present time. Both effects
were observed when such chains were optically coupled to
multimodal sources of light such as dye-doped fluorescent
microspheres. The first is an extraordinarily small attenua-
tion of light ~0.08 dB/sphere observed in such chains at long
distances from the light source.® The second effect is con-
nected with a gradual decrease of the lateral width of the
beams that are focused periodically along the chains.” The
latter effect has already found application for focusing multi-
modal mid-infrared beams in laser-tissue surgery.'>"'¢

In this work we study PFWs in the limit of geometrical
optics which is a reasonable approximation for D> 10 7,
where 1 is the wavelength of light. We show that in principle,
when n=+/3 a special type of TM polarized incident ray
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propagates through the chain without attenuation under Brew-
ster angle conditions. These rays give rise to periodic focused
modes (PFMs) with the period 2D and radial polarization,
which can be considered as a geometrical optics analog of
NIMs observed in earlier work using micron-scale polystyrene
microspheres.”'" From numerical ray tracing we show that
chains of spheres are natural PFM filters that lead to beam
tapering effects and dramatic reductions of attenuation for
1.72 < n < 1.85. We observed such beam tapering in chains of
sapphire (n~1.77) microspheres with D =300um and
showed very good agreement between the results and the
theory.

In our modeling we used a spherical light source (S) in
contact with the same size spheres, as shown in Fig. 1(a).
We assumed a uniform distribution of the point sources of
rays with random polarizations and directions inside the
source S. Such source has two advantages. First, it allows a
direct comparison of the results with experiments performed
using fluorescent dye-doped spheres. Second, all spatial
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FIG. 1. (Color online) (a) Ray tracing for five-sphere chain with n=1.785.
(b) Intensity profiles calculated for twenty-sphere chains with different 7.
FWHM is indicated as Y5, ~ 0.1 for a profile corresponding to n =1.785.
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FIG. 2. (Color online) (a) Intensity patterns and (b) profiles calculated at
different distances from the source S for n=1.785.

dependencies scale with D, which permits use of dimension-
less units: X =x/D, Y=y/D, and Z=z/D. We used the ray
tracing software zEMAX-EE (Radiant Zemax, Bellevue, WA)
which takes into account the Fresnel reflections and refrac-
tions at the spherical interfaces. This leads both to a gradual
attenuation of initial rays once they propagate through the
structure and to the emergence of new rays. We traced the
rays down to a weight factor (WF) of 10~ which provided
good convergence of the numerical solutions. The XY beam
profiling was performed at the positions where the spheres
touch using a flat detector with unit size and square shape. It
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was placed at different distances (d = 1,2,...,N) measured in
dimensionless units from the right vertex of the S-sphere, as
shown in Fig. 1(a). The intensity distributions were calcu-
lated from the density of the rays at the detector plane with
their WF taken into account.

The beam reshaping that occurs as a function of n is
illustrated in Fig. 1(b) for a 20-sphere long chain. It is seen
that for n = 1.5 and 1.67 the beam has almost uniform radial
intensity distribution with the full width at half maximum
(FWHM) Y,g ~ 0.4-0.5. However, for n=1.72, 1.785, and
1.85 the central section of the beam acquires a quasi-
Gaussian shape with much narrower FWHM. For n=1.785,
this is indicated by Y,o ~ 0.1. Further increase of n leads to
beam broadening, as illustrated for n=1.90.

The evolution of the beam profile at different distances
(d) from the S-sphere for a chain with n=1.785 is repre-
sented in Figs. 2(a) and 2(b). After the first sphere (d = 1) the
beam has a quasi-Gaussian shape with FWHM Y, ~0.45 as
shown in Fig. 2(b). After propagation through ten spheres,
the beam profile displays a narrower central peak superim-
posed on a wide and flat background. After 100 spheres, the
central peak becomes extraordinary narrow and Yoo~ 0.04.
In addition, an extremely narrow “ring” with diameter ~0.8
and much weaker peak intensity than the central peak is
formed. The gradual tapering of the central beam accompa-
nied by a ring formation is readily seen in the calculated in-
tensity patterns in Figs. 2(a) and 2(b).

We propose an interpretation of these observed effects
based on introducing a PFM mechanism. As schematically
illustrated in Fig. 3(a) there is a special type of TM polarized
rays, incident parallel to the axis of the system, which propa-
gate in such chains without losses in the limit of geometrical
optics. This occurs when external 6 and consequently
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FIG. 3. (Color online) (a) TM polarized meridional ray with the directions of incident electric (1:: ;) and magnetic (1; ;) vectors indicated, (b) ray tracing from
16th to 20th sphere for n=1.785, (c) FWHM of the central peak calculated as a function of » at different distances (d) from the source, (d) attenuation per

sphere as a function of # calculated for different segments of the chain.
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internal 0’ angles of incidence are equal to the corresponding
Brewster’s angles. These conditions are periodically repro-
duced (with a period of 2D) when the refracted ray passes
through the point where the spheres touch leading to the fol-
lowing equation:

tan" ' (n/ny,) = 2tan" ' (n, /), (1)

where ny, is the index of the background medium. In this
work it is assumed that n, = 1. This equation has a solution
at nin, =+/3, 0 = n/3,and r = \/5/4 in dimensionless units.
In physical optics, such rays correspond to PFMs with axial
symmetry, radial polarization, 2D period along z, and
extremely small losses. Similar to the modes in fibers, PFMs
should have properties determined by the phase; however,
these properties are beyond the scope of this work.

In geometrical optics, the key property is the fact that
although the illumination provided by the S-sphere contains
a variety of meridional and skew rays, only PFMs survive in
the long chains. Our ray tracing shows that these PFM filter-
ing properties are actually preserved in a range of indices
from 1.72 to 1.85. This is illustrated for n=1.785 in Fig.
3(b), which shows two fundamental PFMs shifted by D in a
16 < d <20 section of the chain. The beam tapering effect
can be explained by these filtering properties since PFMs are
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FIG. 4. (Color online) (a) A chain of 300 um sapphire microspheres in con-
tact with a dye-doped S-sphere, (b) expanded image of the scattered light at
the “shadow” surface of the sapphire sphere, (c) envelope (dashed) of the
maxima of the A-F intensity profiles with its FWHM shown as Y, (d) nor-
malized beam FWHM (Y,/Y;) measured for sapphire and polystyrene sphere
chains and comparison with the modeling for n=1.77 and 1.59,
respectively.

Appl. Phys. Lett. 100, 061123 (2012)

sharply focused. The “ring” pattern appears due to filtering
the second PFM shifted by D.

This interpretation is consistent with the results of mod-
eling for a broad range of parameters n and d presented in
Figs. 3(c) and 3(d). The tapering of the central beam is
clearly seen over the 1.72 <n < 1.85 range at d > 10 in Fig.
3(c). The reduction of the attenuation of the total transmitted
power over this range of indices is evident in Fig. 3(d) with
the local minimum of attenuation ~0.1 dB/sphere attained at
n=1.72-1.75 for a 56 < d < 60 section of the chain.

Experimentally, the light focusing properties were stud-
ied and compared in chains of sapphire (Swiss Jewel Com-
pany, n~1.77, D =300 = 3 um) and polystyrene (Thermo
Fisher Sci., n~1.59, D =289 * 6 um) microspheres. The
chains were assembled on glass substrates using a micro nee-
dle controlled by a hydraulic micromanipulator, as illustrated
in Fig. 4(a). The source used was a single dye-doped fluores-
cent (FL) polyethylene sphere (Cospheric, Santa Barbara,
CA) with D ~300 um. The FL excitation was provided at
340-370nm by a mercury lamp integrated with an inverted
IX-71 Olympus microscope. The FL emission occurred in a
490-570nm band having a maximum at 530nm. A small
fraction of the total emitted power was coupled to the chain.
The propagation effects were made visible as a result of light
scattering away from the axis of the chain, as shown in
Fig. 4(a).

An image of the bright region at the “shadow” surface
of a single sphere attached to the S-sphere was obtained with
focusing at its equatorial plane. This is illustrated in Fig.
4(b). We assumed that due to surface scattering the bright-
ness along the equator of the sphere is representative of the
local intensity of the beam guided by the chain in the axial
direction. This allows a simple estimation of the beam
FWHM using the envelope of the maxima of the intensity
profiles measured along closely spaced lines A-F, as illus-
trated in Fig. 4(c). Similar measurements performed for
chains of sapphire (n~1.77) and polystyrene (~1.59)
spheres with variable length show the pronounced beam
tapering effect in the former case very well and the absence
of this effect in the latter case, as illustrated in Fig. 4(d).
Very good agreement of the normalized beam FWHMs (Y,/
Y) with modeling was found in both cases.

In this work we introduced the PFM concept in geomet-
rical optics based on neglecting the interference and diffrac-
tion effects in such structures. Thus, the results are
applicable to sufficiently large spheres (D/A>> 10). In addi-
tion, the focused beams should have sufficiently large
FWHMs that are well in excess of diffraction limited dimen-
sions, i.e., Y, > A/D. Using a spherical light source, we
showed that chains of spheres work as PFM filters when
1.72 < n < 1.85. This phenomenon leads to gradual tapering
of the beams, combined with a reduction in their attenuation
along the chain. Previously we performed numerical ray trac-
ing for three- and five-sphere chains assembled inside hollow
waveguides where we observed focused beams with progres-
sively smaller lateral dimensions at 1.65<n < 1.75.'® The
fact that in the present work the beam tapering effect takes
place at higher indices 1.72 <n < 1.85 is connected with
much broader directionality of the spherical light source.
The results of the present work scale with D and can be used
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for developing light focusing devices coupled with multimo-
dal light sources.'>'® Examples of such applications include
ultra-precise laser procedures in the eye'® and brain or pierc-
ing a cell, as well as for coupling light into photonic micro-
structures. A particularly interesting direction of future
studies is connected with the polarization properties of PFMs
resembling that for radially polarized light beams which
have been used for achieving sharper focal spots.'” Another
interesting possibility is based on using microspheres made
from optically nonlinear and/or active materials where a
combination of sharp focusing with periodicity should result
in efficient optical parametric and lasing processes.
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