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Generation of micro- and nanostructured complex light beams attains increasing impact in photonics

and laser applications. In this contribution, we demonstrate the implementation and experimental

realization of the relatively unknown, but highly versatile class of complex-valued Elegant Hermite-

and Laguerre-Gaussian beams. These beams create higher trapping forces compared to standard

Gaussian light fields due to their propagation changing properties. We demonstrate optical trapping

and alignment of complex functional particles as nanocontainers with standard and Elegant Gaussian

light beams. Elegant Gaussian beams will inspire manifold applications in optical manipulation,

direct laser writing, or microscopy, where the design of the point-spread function is relevant. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4922743]

Optical micromanipulation is a fast growing field with

many applications in biophotonics and biomedicine.1 Optical

forces, which occur in highly focused beams, induce attrac-

tive forces on dielectric particles and allow to trap, move,

and arrange them in three dimensional structures. A continu-

ous decrease in size and simultaneous increase of the com-

plexity of particle structures including nanocontainers, core-

shell particles, and other functional materials (e.g., Janus

particles and diatoms) evoke a recent development in the

exploration of advanced light field shaping techniques to par-

ticularly tailor light with respect to the size, shape, and

refractive index structure of the particle. Sophisticated light

fields nowadays form an alternative branch in the field of

optical micromanipulation and offer a high diversity of

extended three-dimensional optical potential landscapes.2–4

While standard Gaussian beams as Hermite-, Laguerre-,

and Ince-Gaussian beams as well as nondiffracting beams,

including Bessel-, Mathieu-, and Airy-beams, have been

introduced to optical micromanipulation in the past few

years, we propose in this contribution the holographic modu-

lation of the class of Elegant Gaussian beams5 and their

application to particle trapping. Elegant Gaussian beams are

complementary to before mentioned complex light fields,

due to their structural changing properties upon propagation.

Although they have already been introduced in 1973 by

Siegman,6 they are predominantly known in theory but up to

now have not been implemented in experimental physics. In

recent publications, the vortex structure7,8 of Elegant

Gaussian beams, their ability to carry orbital angular mo-

mentum,9,10 and Elegant vector wave packets11 have been

investigated theoretically. Also, the application to optical

micromanipulation has remained on a conceptual, theoretical

level: solely numerical simulations for Elegant Hermite-

cosh-Gaussian beams12,13 and partly coherent Elegant

Laguerre-Gaussian beams14 have been discussed. We dem-

onstrate experimental holographic modulation of Elegant

Gaussian beams for application in optical tweezers, analyze

realized mode profiles, and discuss their advantageous poten-

tial to create high gradient forces at small scales, which are

especially attractive to trap core-shell particles and nanocon-

tainers.15 In the first demonstration, the alignment of zeolite-

L nanocontainer particles is shown.

Beside the common and well known solutions of stand-

ard Hermite-, Laguerre-, and Ince-Gaussian beams, Elegant

Gaussian beams are alternative though less-known solutions

of the paraxial wave equation, which can be solved in

Cartesian (x, y, z), polar ðr;/; zÞ, and elliptical ðg; n; zÞ coor-

dinates. However, in contrast to standard Gaussian beams,

Elegant solutions exhibit a complex argument within the

characteristic polynomials6 determining their transverse

mode structure and propagation behavior. For Elegant

Hermite-Gaussian (eHG) beams

eHG ¼ q0

q
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The complex beam parameter q is defined via the beam ra-

dius wðzÞ determined by w2ðzÞ ¼ w2
0ð1þ z2=z2

RÞ and the

phase front curvature RðzÞ ¼ zþ z2
R=z; 1=q ¼ 1=RðzÞ � ik=

ðpw2ðzÞÞ with q0 ¼ izR, the Rayleigh range zR ¼ kw2
0=2, and

the beam waist w0 ¼ wð0Þ. With the complex argument

x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðik=2qÞ

p
in the Hermite polynomials Hn, an additional

phase variation is introduced that modifies the usual

Gaussian spherical phase front.6 Therefore, Elegant Gaussian

beams have a non-spherical phase front curvature and show

structural instability, which means that the transverse beam

profile of an Elegant beam changes during propagation. This

loss of self-similarity by contrast with standard Gaussian

beams can be seen in Figure 1, where transverse intensity

and phase distributions of Elegant Hermite-Gaussian beams

are shown in the near- as well as far-field. In comparison to

standard Gaussian beams, where the transverse structure of

the beam is scaled but maintained during propagation from

near- to far-field, the structure of Elegant Gaussian beams

changes remarkably. While the phase structure in the near-

field is identical for standard and Elegant Gaussian beams,

the intensity is located in outer parts of the transverse field ofa)Electronic mail: c.alpmann@uni-muenster.de
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standard beams but is centered in Elegant beams. In the far-

field of Elegant beams, characteristic nodal lines of their

transverse profiles disappear and lead to less structures

located in the outer region.

In radial cylinder coordinates ðr;/; zÞ, Gaussian beams

are characterized by generalized Laguerre-Gaussian polyno-

mials Ll
p with l and p being the azimuthal and radial mode

index, respectively. Elegant Laguerre-Gaussian beams

eLG ¼ q0

q
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have a helical phase structure similar to standard Laguerre-

Gaussian beams. This means they carry optical orbital

angular momentum proportional to the topological charge l
giving the number of intertwined helical wavefronts. The

handedness of these so called optical vortices is defined by

the sign of l, and the corresponding modes are denoted as

eLGþ and eLG–. Beside these helical modes, even and odd
eLG modes
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provide similar to standard Laguerre-Gaussian beams petal

like mode structures in the focal plane. Figure 2 shows inten-

sity and phase distributions of the near- (z¼ 0) and far-field

of helical, even, and odd Elegant Laguerre-Gaussian beams.

The propagation behavior is similar to Elegant Hermite-

Gaussian beams.

We propose to generate Elegant Gaussian beams by a

spatial light modulator (SLM) using a combined holographic

amplitude and phase modulation technique,16 which allows

to encode a complex field E ¼ A expðiuÞ into a phase only

function

U ¼ exp½iA0ðuþ ub � A0pÞ�: (5)

U reproduces the desired complex field in the first diffraction

order, which is spatially separated from other diffraction

orders by the linear function ub. A corrected amplitude in-

formation A0 is determined using a look up table defined by

A ¼ sincð1� A0Þ for A;A0 2 ½0; 1� to modulate the desired

amplitude information.

For many applications, micro- and nanostructured light

fields are focused by a microscope objective (MO) into the

sample plane (SP) of an inverted microscope (see Figure 3).

FIG. 1. Structural changing properties of Elegant Hermite-Gaussian beams:

theoretical intensity and phase distributions of different eHG beams in the

near-field at z¼ 0 (rows 1 and 2) and far-field (rows 3 and 4). Near- and far-

field are independently scaled to enhance visibility of the structures.

FIG. 2. Structural changing properties of Elegant Laguerre-Gaussian beams:

theoretical intensity and phase distributions of different eLG beams in the

near-field at z¼ 0 (rows 1 and 2) and far-field (rows 3 and 4). Near- and far-

field are independently scaled to enhance visibility of the structures.
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Solely, the first diffraction order is transmitted by a dia-

phragm in a Fourier plane of the SLM, before the light is

reflected by a dichroic mirror (DM) into the microscope and

imaged onto the back focal plane of the MO. In this geome-

try, a Fourier hologram is required for the far-field modula-

tion of the focused light field. For Elegant Gaussian beams,

the Fourier transformation is given by17

F eHGð Þ g; n; zð Þ / kg
z

� �nx kn
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� exp �w2
0
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To analyze the modulated light field, a mirror placed in the

focal plane of an oil-immersion MO reflects the light back-

wards to the camera ports of the microscope where the spa-

tial intensity profile of the beam is directly imaged onto a

CCD. Alternatively, the phase information can be recon-

structed out of the interference pattern of the modulated

beam with a tilted plane reference wave.18 To correct for

spatial inhomogeneities of the SLM and the setup in general,

a wavefront correction19 has been measured for our setup,

which is displayed on the modulator together with the phase

only function U. This method allows for high fidelity modu-

lation of submicron structured higher order modes and other

complex light fields.

Experimental results for intensity and phase measure-

ments taken in the focal plane of the MO are shown in

Figure 4 for Elegant Hermite- and Laguerre-Gaussian beams.

Single structures provide feature sizes smaller than 400 nm

(see e.g., eHG7,6). Except for small spatial inhomogeneities

which can be explained by an elliptical beam profile of the

laser, all intensity distributions coincide well with theory

(compare Figures 1 and 2 with Fig. 4). Holographic phase

measurements reproduce the theoretical predictions except

for an irrelevant relative phase shift in regions of sufficient

intensity. If the contrast of the interference fringes is too

low, random phase values are obtained, as seen in the outer

parts of the phase images in Fig. 4. The phase of a funda-

mental Gaussian beam was used as reference and subtracted

from the particular beam.

To analyze the propagation behavior of Elegant

Gaussian beams, the MO was shifted with respect to the mir-

ror by a piezo stage to take a z-stack of transverse intensity

profiles. Moving the objective upwards, as indicated in the

inset of Fig. 3, scans the light field from zstart> 0 to zend< 0

as the light is reflected by a mirror in the sample plane of

the inverted microscope. We used 100 nm steps of the piezo

stage to scan the beams in 200 nm longitudinal shifts.

Three-dimensional theoretical and experimental intensity

profiles are shown for eHG and eLG beams in Fig. 5. 3D

plots are obtained by an overlay of isosurface and contour

plots, wherefore each image has been normalized sepa-

rately. On the right, images taken at z¼ 0 lm and z¼ 3 lm

are shown. For the Hermite-Gaussian beam, the characteris-

tic change in the beam profile during propagation can be

well seen.

As the light was focused by a high numeric aperture oil-

immersion objective (NA¼ 1.3), the Fourier hologram con-

tained additional terms to correct for spherical aberrations.

High angle far-field distributions of Elegant Gaussian

beams not only result in high intensity peaks in the center

of the mode in the near-field but also enhance optical gra-

dient forces Fgrad / rI acting on transparent micropar-

ticles, as can be seen from the profile of the normalized

intensity gradient rI=Imean shown in Fig. 6. This means

that Elegant Gaussian beams might be better suited for op-

tical manipulation to trap and align particles within

FIG. 3. Setup sketch for the holographic modulation of Elegant Gaussian

beams on the micron size. The inset illustrates the movement of the MO to

measure z-stacks of the beam. FF: Fourier filter, DM: dichroic mirror, HWP:

half wave plate, IL: illumination (optional), L: lens, M: mirror, MO: micro-

scope objective, PS: piezo scanner, (P)BS: (polarizing) beam splitter, SLM:

spatial light modulator, SP: sample plane, and TL: tube lens.

FIG. 4. Experimental intensity and

phase measurements of holographi-

cally generated Elegant Hermite-and

Laguerre-Gaussian beams in the focal

plane of a microscope objective.
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submicron structured profiles. In the first experiment, we

compared trapping and alignment of zeolite-L nanocon-

tainer particles for standard and Elegant Gaussian beams.

Zeolite-L crystals are nanoporous alumosilicates containing

one-dimensional nanochannels, which are able to accom-

modate guest molecules as drugs or dyes.20 From former

experiments, it is known that zeolites align with their long

axis parallel to the propagation direction of light in standard

holographic optical tweezers (HOT).15 With two or more

traps, they can be rotated and have been used, e.g., as suita-

ble building blocks to form bio-hybrid micro-robots.21 We

now investigate their orientation and alignment in higher

order standard and Elegant Gaussian beams and compare

both results with the alignment in the fundamental

Gaussian beam, which is typically used in HOT. Fig. 6

shows the experimental intensity images of the focal plane

of the light field, bright-field images of the trapped zeolite,

and sketches to illustrate zeolite alignment. The orientation

of the nanocontainer is similar in the fundamental and the

Elegant Gaussian beam (100� MO, NA¼ 1.4), as in both

cases, the long axis is aligned in the direction of light prop-

agation. But as the geometry of the Elegant Gaussian light

field better matches the geometry of the particle, it aligns

more straightly compared to the fundamental Gaussian

beam where a small tilt of the particle with the beam axis

can be observed. In opposite to the parallel alignment, the

standard Hermite Gaussian beam of the same order as the

Elegant Gaussian beam leads to a perpendicular orientation

of the zeolite with respect to the direction of propagation of

the light (60� MO, NA¼ 1.49). The reason for this is the

relative intensity distribution of the beam, where the high-

est intensity peaks are located in the outer lopes of the

standard beam and therefore create an optical potential,

which can be compared to the case of two or three traps in

HOT. During the experiment, we switched several times

between different beams and observed that these character-

istic alignments are reproducible.

In conclusion, Elegant Gaussian beams as alternative

solutions of the paraxial Helmholtz equation provide inter-

esting changes of their transverse structure during propaga-

tion due to their instability caused by complex arguments of

their characteristic polynomials. To overcome the nonavail-

ability of Elegant beams in laser applications, we proposed a

holographic modulation technique to generate submicron

structured Elegant Gaussian beams within the focal plane of

high NA microscope objective. After measuring a phase cor-

rection for our setup, the combined amplitude and phase

modulation technique allows to generate high fidelity com-

plex light modes. We analyzed the beam profiles of Elegant

Hermite- and Laguerre-Gaussian modes and showed that the

intensity and phase measurements are in excellent agreement

with theoretical predictions. Moreover, we measured z-stacks

to visualize the characteristic changes of Elegant Gaussian

light fields during propagation and discussed the influence of

spherical aberrations on Elegant Gaussian beams. We com-

pared the alignment of zeolite-L nanocontainers for the fun-

damental, Elegant, and standard Gaussian light modes and

propose to use the high angle contributions in the far field of

Elegant Gaussian beams to enhance trapping forces in opti-

cal micro manipulation.

FIG. 6. Optical alignment of zeolite nanocontainer particles within (from left to right) a fundamental Gaussian beam, an Elegant Hermite-Gaussian beam

(eHG2,0), and a standard Hermite Gaussian beam (sHG2,0). For each case, the experimental intensity image of the focal plane of the trapping light field, a bright

field illumination image of the trapped zeolite, and a sketch to illustrate the zeolite alignment are shown. On the right, profiles along the horizontal white

dashed lines of the intensity gradientrI=Imean are shown.

FIG. 5. Three dimensional theoretical and experimental intensity profiles of

Elegant Hermite- and Laguerre-Gaussian beams visualized by isosurface

and contour plots.
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