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© Wereport, in theory and experiment, on a novel class of controlled light capsules with nearly perfect
darkness, directly employing intrinsic properties of modified Bessel-Gauss beams. These beams are
able to naturally create three-dimensional bottle-shaped region during propagation as long as the
parameters are properly chosen. Remarkably, the optical bottle can be controlled to demonstrate
various geometries through tuning the beam parameters, thereby leading to an adjustable light
capsule. We provide a detailed insight into the theoretical origin and characteristics of the light capsule
derived from modified Bessel-Gauss beams. Moreover, a binary digital micromirror device (DMD) based
scheme is first employed to shape the bottle beams by precise amplitude and phase manipulation.
Further, we demonstrate their ability for optical trapping of core-shell magnetic microparticles,
which play a particular role in biomedical research, with holographic optical tweezers. Therefore,
our observations provide a new route for generating and controlling bottle beams and will widen the
potentials for micromanipulation of absorbing particles, aerosols or even individual atoms.

The rapidly growing optical tweezers techniques offer a precise and controllable access to manipulation of
objects on micro- and nano-scale, resulting in many significant insights into events and processes on micro-
scopic level occurring in biological, physical and chemical worlds'. Conventional optical tweezers confine
objects in high-intensity region by counterbalancing scattering and gradient forces??, so the captured objects
are usually restricted to transparent particles with refractive index greater than that of the surrounding medium.
However, the optical manipulation of absorbing particles or low-index particles still remains a challenge though
many attempts have been made*¢, holding back the raising interest of optical tweezers in relevant applications.
Fortunately, a novel trapping configuration based on optical bottles or light capsules, composed of a huge dark-
ness volume surrounded by higher intensity light barriers, can readily enable a stable confinement and guiding
of light-absorbing particles’"'2. Inside the light capsules, absorbing particles are repelled by high-intensity barrier
and pushed towards regions of lower light intensity due to the thermal photophoretic force”!®. This will minimize
the optical damage induced by light heating compared with the particles confined at high intensity region, which
will be of particular interest to the in-vivo cell trapping experiments'*!°. In addition, the optical bottle beams have
also been exploited to capture cold atoms with decreased photon scattering and decoherence rates!®-?’, low-index
particles*! and even chiral microparticles??. Furthermore, the concept of bottle beams is extended to areas of
acoustic waves? and plasmonic surface beams?*-2°. All these expansions will open new avenues to applications of
biomedical imaging, object manipulation and cloaking.

Over the past years, several optical schemes have been proposed to realize light capsules. Some make use of
the coherent superposition of two vortex beams!?’, Gaussian beams!'$, Laguerre-Gaussian beams?”5, or Bessel
beams?, and some take the advantage of moiré-techniques'?, speckle fields*® or abruptly autofocusing beams®!.
They either require fine alignment of the optical system or lack the versatility. All these methods mentioned above
are concentrated on scalar light fields, while the polarization capacity of light recently has also been adopted to
create vectorial bottle beams with controllable light distributions®***. This approach can adjust the bottle shape,
but the main problem is that the generation of spatially variant vector optical fields is not a trivial task*-.
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Here, we propose a novel optical scheme to generate controllable light capsules directly employing the intrin-
sic properties of modified Bessel-Gauss beams. Theoretically, we find that as long as the parameters of modified
Bessel-Gauss beam are properly chosen, the light maxima are capable of self-bending along curved paths during
propagation in free space, naturally creating a perfect darkness surrounded by regions of high light intensity, i.e.
the light capsule. The light capsule is able to exhibit various geometrical shapes according to different choices of
beam parameters. Remarkably, distinguished from the previous methods, not only the volume but also the dark-
ness degree of the light capsule could be continuously regulated through tuning the beam parameters. For the
experimental demonstration, a flexible scheme based on a digital micromirror device (DMD) with well-designed
binary amplitude masks is proposed to shape the bottle beams by precise amplitude and phase manipulation.
Besides, the fast switchable merit of the DMD enables the rapid switch among various bottle beams, which may
benefit the dynamic applied scenarios. Finally, in order to demonstrate the specialties of the light capsules, we
experimentally achieved a non-contact optical trapping and manipulation of core-shell magnetic microparticles
using a liquid crystal spatial light modulator (LCSLM) based holographic optical tweezers*. Especially, the high
controllability of the darkness degree and shape of the light capsules for the particle confinement was investigated,
which can be exploited to capture and sort particles with different absorbing properties or refractive index. Thus,
this technique may be beneficial for biomedical research due to the unique advantages of magnetic particles in
applications of diagnosis, in vivo imaging, and drug delivery**-4.

Results

Principle and numerical simulation. A detailed insight into the theoretical origin and characteristics of
bottle beams employing modified Bessel-Guass beam is presented. The modified Bessel-Gauss mode is a spe-
cial case of generalized Bessel-Gauss mode that can be derived from the superposition of decentered Hermite-
Gaussian beams (see Methods). The modified modes (74 = 0, £,=0) can naturally form optical bottles on
condition that the beam parameters are properly selected. In free space (A =D =1, B=z, D=0), apart from the
constant factor, the zero-order modified Bessel-Gauss beam has the form of.

Vir, 0, 2) = 220D [5" — LR+ 02)]I0[ ] ZUR]
wox/l-i-ﬁz 1+¢ 1+¢ (1)
with
R=rlwy €= z/L, 0 = rylwy, L = kwg/2. )

In order to generate the optical bottle, there must be a huge darkness volume surrounded by high intensity
light barriers. That means an intensity minimum should appear not only in the transverse pattern but also over
propagation. Therefore, the transverse and on-axis intensity profiles in terms of the radial and longitudinal coor-
dinates are analyzed to obtain the conditions.

In the waist plane, the intensity distribution of the modified beam is defined by

I(R) = A, exp[—2(R* + o%)]I; (207), (3)

where I(x) indicates the zero-order modified Bessel function. Note that the transverse intensity profile is deter-
mined by the parameter 0. This geometric parameter regulates the intensity distribution. The intensity maxi-
mum stays in the center with geometric parameter smaller than 1, while the intensity peak splits into two side
lobes by increasing the geometric parameter. A supplementary animation (see Supplementary Movie 1) dynam-
ically demonstrates how the intensity profile is regulated by the geometric parameter. These conclusions can
be obtained mathematically through analysis of inflection point of Eq. (3). However, from the view of physics,
this can be easily understood because such a beam is regarded as a superposition of Gaussian beams with mean
wavevectors parallel to the longitudinal z direction, whose centers are placed on a circumference of radius w,
around the z axis. By increasing o, the maxima of the constituent beams recede from each other, and correspond-
ingly the central intensity of the resultant field will change gradually from peak to valley. As a consequence, the
radio of radius 4, and w, determines the transverse patterns. Figure 1(a) demonstrates three typical cases of dif-
ferent values of 0 =0.5, 1 and 2, which indicates the existence of a ring-structured pattern.
As for the on-axis intensity distribution with the form of
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another animation (see Supplementary Movie 2) is presented to investigate the profiles in terms of the parameter
as well. Taking the derivative of I with respect to &, it can be observed that there must be a minimum of the inten-
sity in the origin if o > ~/2/2. On the other hand, if ¢ < +/2/2, we have only a maximum point at the origin.
Typical behaviors are verified by the results in Fig. 1(b), and thereby a nearly perfect null region can be clearly
formed along the optical axis with large 0. As long as o > 1, the beam will exhibit an intensity minimum in the
origin but immediately increase the side lobe intensity (Fig. 1(c)), naturally creating an optical bottle. Further, as
can be seen from the 3D model shown in Fig. 1(d), the optical bottle has a potential of saddle shape. Consequently,
it is verified that the zero-order modified Bessel-Gauss beam is able to form a three-dimensional light capsule
enclosing supersized darkness when the initial parameter is properly chosen.

Generally, the control of the null field can provide optical capsules more possibilities for practical applica-
tions. However, in previous reports, only the size control can be realized usually through changing the NA of the
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Figure 1. Formation condition of optical bottle employing zero-order modified Bessel-Gauss beam and the
intensity distributions of light capsule. (a) Transverse intensity profiles of zero-order modified Bessel-Gauss
beams with different parameters of o = 0.5 (blue line), 1 (red line), and 2 (green line) and the corresponding 1D
intensity curves. (b) Longitudinal intensity curves of the zero-order mode for three typical 0. (c) Seven cross-
sections with equal separation distances along optical axis of the bottle beam (w, = A and o =2) together with
the correspongding 1D transverse intensity profiles. (d) The x-z intensity profile of the light capsule formed by
zero-order modified Bessel-Gauss beam and its 3D model (bottom).

focusing lens, so it is restricted to the capacity of optical elements and difficult to achieve the continuous adjust-
ment. Notably, based on our method, not only the size but also the darkness degree of the light capsules can be
continuously controlled by adjustment of a single parameter. As illustrated in Fig. 2(a), we define the radial size
(D) and the axial size (d,) of the null field in optical capsule as the distance between the two intensity maxima
along radial and longitudinal direction, respectively. Figure 2(b) presents the theoretical results about the depend-
ence of the darkness region size on the parameter . Obviously, the radial and axial sizes of the null field increase
in accordance with the parameter. As the parameter can be any positive real number, the darkness volume thereby
can be manipulated continuously. In particular, the size of the optical capsule can be gigantic for large o, implying
that supersized null field can be created. Meanwhile, we find that not only the size but also the darkness degree,
the degree of center intensity approaching zero, changes with the parameter. Especially for small o, the intensity
minimum in the origin descends fast with the increasing value, but for large o, the intensity minimum gravitates
towards zero and keeps unchanged basically, which is verified by the theoretical predictions in Fig. 2(c). Note
that we could manipulate the null field through tuning the Gaussian beam waist wj that is in proportion to the
radial size of the bottle. Therefore, it implies that our method can give rise to controllable light capsules enclosing
perfect supersized darkness.

Now, let us consider the high order cases. In these cases, the transverse profile of the modified Bessel-Gauss
beam defined by Eq. (5) is determined by the radial index m and azimuthal index I. As for /=0 but m =0, the
optical bottles can also be generated but under different conditions, for example, 7 > ~2 and o > +/3 in terms of
m=1and 2, respectively. These conditions can be obtained through analysis of the inflection point at r=0. Along
with the increasing m, the beam will exhibit multiple rings (1 + 1) in the waist plane. Thus, the optical bottle will
possess multilayer structures, and this will decrease the energy of the highest light barrier around the null field, as
demonstrated in Fig. 3(a).
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Figure 2. Control of the sizes and the darkness degree of the light capsule. (a) Sketch definition of the radial
and axial sizes of the light capsule. (b) The relationship between radial (red line) or longitudinal (blue line) size
of the null field in optical capsule and the increasing parameter o. (¢) The control of the darkness degree inside
the optical bottle. This can be verified by comparing the central intensity values of the on-axis intensity profiles
for different cases (0 =1.1 and o0 =2.5). The inset shows the intensity map of the corresponding two cases, in
which the darkness degree inside the light capsules can be clearly observed.

While in the case of m =0 but /= 0, the field has a phase vortex indicated by Eq. (8), resulting in a
hollow-bottle beam, as illustrated in Fig. 3(b). Furthermore, the value of the index I can change its shape down
to the dark-hollow optical beam that is depicted in Fig. 3(c). When the two index are nonzero, the optical bottle
beams will present more complex structures. Figure 3(d) shows a typical one for the parameters of m=1 and
I=1. Moreover, we note that the index m also influences the size of the null field, providing another way to control
the shape of the light capsules. So far, we have theoretically demonstrated that the modified Bessel-Gauss beams
are able to naturally create three-dimensional bottle-shaped region during propagation as long as the parameters
are properly chosen. Remarkably, the light capsules can exhibit various geometries by different choices of beam
parameters. Further, the shape of the darkness can be continuously controlled by tuning the initial parameters,
leading to adjustable light capsules.

Bottle beam generation with a binary DMD.  To experimentally verify our findings, we demonstrate
the generation of the bottle beams with different shapes. For the experimental scheme, a programmable digi-
tal micromirror device (DMD) is utilized for wavefront engineering. In particular, its capacity of simultaneous
amplitude and phase modulation*-# is exploited for shaping the bottle beams. As the DMD is a binary SLM,
binary amplitude masks are first designed based on a super-pixel method to accurately encode both the amplitude
and phase information*® (see Methods). Figure 4(c) illustrates a typical binary DMD pattern that encodes the
corresponding amplitude and phase information, depicted in Fig. 4(a,b), of a modified Bessel-Gauss beam (m =1,
I=1). Practically, encoding is achieved by applying a sequence of ON and OFF states to the DMD that lie on the
optical path of each user-defined region of interest. Our setup is presented in Fig. 4(d). The employed DMD (0.7
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Figure 3. Light capsules with various geometrical shapes employing high-order modified Bessel-Gauss
beams. (a) 3D intensity distribution of the light capsule generted with modified mode of m=1and I=0.

(b,c) 3D optical bottles employing modified modes with the same m = 0 but with different [ (I=1 and 2,
respectively). (d) 3D distribution of the light capsule formed with mode of m =1 and /= 1. The beam parameter
for all the calculated bottle beams are 0 = 2.5, wy= A and A =532 nm.

inch, XGA, Texas Instruments) is located at the front focal plane (image plane) of the 4-f configuration composed
of two lenses (L3 =250 mm, L4 = 100 mm), and a pinhole placed at the Fourier plane selects only the beam of first
diffraction order and rejects the components with high spatial frequencies. Once the surface of DMD projected
with predesigned holograms is sufficiently illuminated by a collimated laser beam (A =532 nm), the desired field
distribution will appear at the back focal plane. Finally, a movable CCD camera allows us to record the intensity
profiles at different positions along propagation direction, upon which the 3D light capsules can be subsequently
reconstructed.

First, we demonstrate the generation of various Bessel-Gauss modes with our proposed scheme. The cor-
responding binary patterns are designed with super-pixel method in advance and projected onto the DMD.
Subsequently, the intensity images of various generated modes can be observed at the target plane, illustrated in
Fig. 4(e-h). Beneath these pictures, we also present the corresponding one-dimensional transverse intensity pro-
files reconstructed at y = 0. An excellent match can be seen compared with theoretically calculated profiles which
are shown in Fig. 4(i-1). Notably, the dynamic generation of such modes can be realized with our DMD-based
scheme, which has the highest switching frequency of 22kHz in principle**. This may benefit the dynamic applied
scenarios.

To obtain the three-dimensional light capsules, a series of cross-sections along longitudinal axis were collected
near the target plane. Figure 5(a-c) illustrate three individual transversal field intensities with equal separation
distances of zero-order modified Bessel-Gauss mode, while Figure 5(e-g) demonstrate those of the high-order
mode with m=1, I=1. Accordingly, the x-z distributions of reconstructed light capsules are presented in Fig. 5(d)
and Fig. 5(h), respectively. The nearly perfect darkness surrounded by regions of high light intensity are clearly
distinguished in the measured distributions. We can see that not only bottle beams but also hollow-bottle beams
are demonstrated in our experiments. Remarkably, this can be easily achieved through tuning the beam parame-
ters. Therefore, the advantages of such bottle beams and the DMD-based scheme have been combined to enhance
the controllability and flexibility for generation of light capsules.

Optical trapping of core-shell magnetic microparticles. To demonstrate the specialties of the light
capsules, we realize a non-contact optical trapping and manipulation of core-shell magnetic microparticles using
a LCSLM based holographic optical tweezers (see Methods). Magnetic particles play a particular role in biomed-
ical applications, such as diagnosis, in vivo imaging and drug delivery*®-%’. They are normally moved under a
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Figure 4. Experimental implements and measurement results for various modified Bessel-Gauss modes.
(a) Normalized amplitude and (b) phase of a modified Bessel-Gauss mode (m =1, I=1) and the corres-
ponding binary DMD pattern (c) to generate such mode encoding the desired field with super-pixel method.
(d) Experimental setup. (e-h) Images of the generated Bessel-Gauss beams with various orders [(m =1, [=0),
(m=2,1=0),(m=0,l=1),(m=1, I=1)] and the 1D intensity profiles reconstructed at y=0. (i-1) The
calculated intensity distributions corresponding to those in Fig. (e-h). The other parameters are the same for all
the generated beams, which are wy =250 um and o=2.5.

Figure 5. Experimental results of the light capsules. (a—c) Three typical intensity cross-sections of equal
interval near the imaging plane and (d) corresponding profile of the generated light capsule employing zero-
order modified Bessel-Gauss beam. (e-g) The measured transverse intensity profiles of a high-order modified
mode (m =1, =1) along optical axis. (h) The x-z profile of the generated bottle-hollow beam. 0 =2.5 and
wy =200 pum in experiments.

magnetic field, but cannot be trapped and manipulated to a targeted position. Fortunately, optical tweezers that
enable manipulation of small particles provide a promising tool, but it is difficult to trap magnetic particles with
a Gaussian beam because of their strong absorbing property. Here we take advantage of the intrinsic properties
of the light capsules and its thermal photophoretic force on absorbing particles in liquid to achieve the optical
manipulation of magnetic microparticles.

Figure 6 presents the results of optical trapping and manipulation experiments together with two supplemen-
tary videos (see Supplementary Movie 3 and 4) that show the dynamic process. The magnetic particles (SiO2@
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Figure 6. Optical trapping of core-shell magnetic microparticles with light capsules. (a) The magnetic
particle is trapped in the center of the light capsule first. When we move the chamber along the vertical
direction, although the particles accordlingly deviate from the center upwards (b,c) or downwards (e-g), they
cannot escape the optical bottle eventually. Once moving stops, the particles will stay for a little time near the
upper (d) or lower (h) boundary of the light capsule and then move towards the center. (i-p) The similar pocess
of manipulating a magnetic particle but along horizontal direction. The circles indicate the range of the light
capsules, and the arrows respresent the directions of the flowing fluid.

Fe304 core-shell microspheres, 4.0-5.0 um in diameter, BaseLine Company) suspended in a chamber filled with
water are used in our experiments. They can be trapped inside light capsules created by modified Bessel-Gauss
beams. As a demonstration, we employ the zero-order mode for trapping experiments. As depicted in Fig. 1(d),
the different length scales in the transverse and axial direction (about 8 um and 25 pum in experiment) underline
the asymmetric bottle shape, leading to lower confinement in the axial direction compared with that in transverse
plane. So when we move the trapped particle by moving the chamber, it will be not very stable inside the light
capsule because of perturbation, and that’s the reason why defocus blur is observed in the process. Meanwhile,
the particle is also pulled off the center of the optical bottle in the transverse plane and maybe partially go beyond
its soft boundary caused by viscous drag force of the fluid. Nevertheless, it cannot escape the optical bottle
through its bottlenecks and still be confined inside the capsule. Hence, we can conclude that the light capsules
are able to confine and manipulate core-shell magnetic particles in three dimensions. Actually, we recently have
demonstrated optical trapping of such particles with cylindrical vector beams and particularly exploited their
heating effects to kill targeted cancer cells*. However, there are lots of applied researches, especially the in vivo
cases, where heating effects are really undesired, while light capsules can make a difference because the particles
are confined at the low intensity region. Thus the noninvasive trapping technique will greatly benefit magnetic
microparticles’ application in biomedical research.

Further, we also investigated the high controllability of the darkness degree of the light capsules in the manipu-
lation experiments. As demonstrated in Fig. 2, we can continuously adjust the light capsule especially the darkness
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Figure 7. Optical confinement of absorbing particles using light capsules with different darkness inside.

(a-c) Trapping demonstration using light capsule with o= 1.5. Such bottle beam has very weak force on the particle.
When we shifted the particle a little away from the center, it itsself moved slowly back to the center. (d) But with a
little external force exerted by the flowing fluid, it easily escaped from the optical bottle. (e-h) The demonstration of
stably trapping and manipulating a magnetic particle using bottle beam with o =2.5. The particle could be confined
within the capsule even with larger external force. (i-1) Enhanced confinement and manipulation of a magnetic
particle employing the first-order bottle beam (m =0, [= I, 0 =2.5). Compared with the previous trapping, the
trapped particle has smaller motion range indicated by the dashed circles under a certain moving speed of the fluid.
The arrows respresent the directions of the flowing fluid.

degree that decides the potential depth of the optical trap. Note that potential depth can also be changed via
laser power control, while here it is realized by controlling the intensity gradient inside the light capsules which
essentially determines the trapping ability. In the experiments, bottle beams with different darkness degrees were
employed to trap the same kind of light-absorbing particles. The first two rows of Fig. 7 demonstrate the confine-
ment of particles using light capsules with 0 =1.5 and 0 =2.5 (o determines the darkness degree of the zero-order
bottle beam), respectively. We find that the former light capsule had very weak force on the magnetic particle.
When we shifted the particle a little away from the center, it moved slowly back towards the center (Fig. 7(a—c)).
Whereas the particle easily escaped from the trap once a little external force was exerted (Fig. 7(d)). While the
latter could stably confine and manipulate the particles in three dimensions (Fig. 7(e-h)). This is because the
potential of latter bottle is deep enough to confine such an absorbing particle. Similarly, the last row of Fig. 7
presents the images of a trapped particle with the first order beam (m =0, =1, 0 =2.5) which possesses a phase
vortex. Such bottle beam has a perfect darkness in the center, resulting in an enhanced confinement of the absorb-
ing particles. This is evidenced by the smaller motion range indicated by the dashed circles compared with that
in Fig. 7(e-h) under the roughly same moving speed of fluid. Our observations demonstrate that light capsules
with different darkness degrees have different confinement abilities in terms of the same light-absorbing particles.
On the contrary, a certain bottle beam has different confinement abilities for different absorbing particles. That
means critical trapping of particles with various absorbing properties or refractive index requires light capsules
with controllable darkness inside. Thus, this can be exploited to trap and sort these kinds of particles. Notably, our
high controllability of the darkness degree and shape of the light capsules may play a key role in these applications.

Discussions

In the theoretical section, we focus on the discussion of light capsules created by modified Bessel-Gauss beams.
Here we will discuss the more generalized modes, figuring out the influence of parameter £, upon the formation
of bottle beams. Taking the zero-order generalized Bessel-Gauss beam as an example, for the given choice of the
parameters (o =2.5 and £, = 10°), its propagation behaves differently compared with that of the modified modes.
In Fig. 8(a), we show the transverse intensity profiles of the generalized beam at different propagation distances.
As the distance increases, even though a ring-shape structure appears in the waist plane, the intensity will not
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Figure 8. Intensity distributions of the generalized Bessel-Gauss beams under four sets of parameters that
determine the conditions under which the light capsules can be formed. (a) Transverse intensity profiles

of the zero-order generalized mode with ¢, = 10° at different cross-sections. (b) 3D intensity profile of the
generalized mode with £,=0.01°. (¢,d) The asymmetric distributions of generalized beams with £,=0.5° and
go=—0.5°, respectively. In simulations, the beam parameters are set to be 0 =2.5 and wy= .

increase quickly up to a much high value any more along the optical axis, which is distinguished from the behav-
iors of the modified beam presented in Fig. 1(c). In this regard, the generalized modes cannot be used to generate
the optical bottles. However, from a mathematical point of view, the transition from the generalized modes to
modified modes occurs when ¢, — 0. Therefore, it resembles the behaviors of the modified ones when ¢, approx-
imates to zero. Figure 8(b) gives an example distribution of the generalized with £,=0.01°, which is much similar
with that of modified one illustrated in Fig. 1(d). The observation agrees with our theoretical predictions. Hence,
we conclude that the generalized Bessel-Gauss beams can also create optical bottles in free space as long as the
previous conditions are satisfied and simultaneously the parameter ¢, approximates to zero.

In fact, such generalized modes can be regarded as quasi-modified ones. Next, we will investigate the influence
of parameter ¢, on the generated optical bottles. Figure 8(c) shows the field distribution of the 3D light capsule
with £,=0.5° while other parameters are the same with Fig. 8(b). Interestingly, we see that the intensity distribu-
tion of the light capsule created by generalized mode is not asymmetric in the propagation direction. And on the
increasing value of €, the asymmetric behavior becomes more and more evident. Further, when the parameter
is assigned with a negative value, the asymmetric behavior will change over, which can be verified by the optical
patterns in Fig. 8(c,d). This phenomenon can also be observed for light capsules formed by high-order general-
ized Bessel-Gauss beams. Note that such asymmetry of the intensity distribution of the light capsules can result
in asymmetric depth of potential well when used in optical trapping, which may expand the potentials of the light
capsules, especially benefiting from the continuously adjustment of the asymmetric distribution.

In conclusion, we introduce and demonstrate a new class of light capsules enclosing perfect supersized dark-
ness in free space. Theoretically, we show that light capsules with various geometrical shapes can be formed
with modified Bessel-Gauss beams so long as the parameters are properly chosen. Notably, compared with the
previous approaches, the geometrical shape and darkness degree of the light capsules can be tuned continuously
by adjustment of the initial beam parameters. As a proof of concept, the generation of bottle beams with dif-
ferent shapes was demonstrated employing binary amplitude holograms projected onto DMD. Our technique
brings about unique advantages in terms of flexibility and enhanced tunability. The experimental observations
agree well with the theoretical analysis. Furthermore, to demonstrate the specialties of light capsules, we realize a
three-dimensional optical trapping and manipulation of core-shell magnetic microparticles in liquid that play an
important role in biomedical research. And the high controllability of the darkness degree and shape of the light
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capsules were experimentally investigated to provide the possibility for sorting particles with different absorbing
properties or refractive index. Finally, we discuss the special cases of light capsules derived from the generalized
Bessel-Gauss beams. Note that, as generalized high-order Bessel-Gauss beams are paraxial solutions to the scalar
Helmbholtz equation, they can be implemented for acoustic waves or plasmonic surface waves as well. Hence,
our observations provide new routes for generating and controlling bottle beams and the advantages of optical
manipulation with controllable light capsules will greatly benefit applications in various fields.

Methods

Theoretical formulation of generalized Bessel-Gauss beams.  The generalized Bessel-Gauss beam
solution is derived from the superposition of decentered Hermite-Gaussian beams that are conventional Hermite-
Gaussian beams with a displacement in the beam center by a vector ry, in the x-y plane and a tilt of the mean
beam direction with respect to the z direction by an angle £,*-%. If the vectors ry, and g, of the component beams
are collinear with r,= const. and €, = const., that means the major centers of component beams are placed on a
circle with radius ry, in the z= 0 plane and their mean beam directions point to the apex of a single cone with a
semi-aperture angle £, the generalizing Bessel-Gauss beams are formed with the following form*:

2

V,,(r, 0, 2) = ZZ expikz)exp(—i - (m + 1))exp(ig)exp i(rz + 1% s
w 2q (5)
where q is the Gaussian beam parameter and w is the Gaussian waist. They are related by w = ./2/k/Im(1/q). The

parameter ¢ denotes a constant phase due to the transformation, while the other constant phase in terms of ¢ is
the Gaussian Gouy phase. And the term .7, is given by

g,

ml

1 27 . .
E‘/; dvH,,(a cos(§ — v) — b) - exp (icv cos(0 — 7) - exp(ily)), ©)

where
a=kr(c — (ryq); a=~2rlw; b= -2ryw. )

The parameters r, and ¢ at any propagation distance can be related to the initial ones via ABCD propagation
matrix: ;= Ar+ Beg and € = CAr 4y + De,.

To generalize the analysis, an azimuthal phase-variation is introduced for the integration, which is character-
ized by the index I. The integral .7, can be solved analytically, and for example the first three expressions are given

by®
Tg =" i J(a), (8)

il
Iy = ‘37 it Ria((=D)' (@) + Ji(a) — 4bJy(a)], ©

ilo
I, = %-il- [—2a°((=1)'], () + () = 8iab((—1)']; (@) + ], ;,(a))

+ (4a* + 8b" — D, ()]. (10)

Obviously, the radial index m and azimuthal index ! decide the field distribution, and further it depends on the
scalar parameters wy, 74, and &,. So the field patterns could be easily modulated through tuning these parameters.
To simplify the discussion, we first classify such beams according to the parameters r and ¢, and the field distri-
butions at the waist plane*”*. For r,, =0, ¢,= 0, the argument is v = ke,r at the z=0 plane, thus it reduces to the
more familiar, ordinary Bessel-Gauss beam. While for 4% 0, ¢,= 0, the argument o = —i2r r/w; is purely
imaginary. Considering the equation J,,(—ifr) = (—i)"I(0r), the transverse pattern of the beam can be described
by the modified Bessel function in the waist plane, thereby it is termed as modified Bessel-Gauss beam. Apparently,
when both are nonzero, Eq. (5) represents the more generalized situations.

Full field shaping with binary amplitude hologram. We take the advantage of the binary amplitude
masks®® projected onto DMD to shape the bottle beams. It requires manipulation of the spatial full field infor-
mation (i.e. amplitude and phase) of a light beam®!. Thus, the binary hologram must be designed in advance
to encode the complex signal. Usually, the Lee hologram is adopted to perform this task®. Here we employ the
super-pixel based method where the neighboring pixels within hologram are grouped into various super-pixels
to define a complex field in the target plane*>**. The Lee hologram only takes the advantages of one dimension to
encode the amplitude and phase in fringes, while this technique exploits both dimensions of the pixel array using
super-pixels, thereby providing more precise encoding.

The key of the super-pixel method is to realize the phase prefactors of the target plane responses of component
pixels within each super-pixel are distributed uniformly between 0 and 27 by designing a configuration with
DMD and a filter. As depicted in Fig. 4(d), the two lenses in the 4f configuration are placed a little oft-axis with
each other, and an aperture filter is adopted to obstruct the high spatial frequencies in the Fourier plane, so that
the target plane response of a super-pixel is the sum of the individual pixel responses. Then one can construct a
great many target fields by turning on different combinations of pixels within a super-pixel. Hence, the design of
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the binary masks is to determine the combination of on and off pixels within every super-pixel in terms of the
desired field distribution. A lookup table can be employed to calculate the holograms more efficiently**. Finally,
the bottle beams can be shaped with these binary amplitude masks loaded onto the DMD.

Holographic optical tweezers setup. To implement the particle trapping experiments, we con-
structed a holographic optical tweezers based on an inverted microscope (IX70, Olympus), which enables
complex-amplitude modulation employing an off axis hologram®. The hologram displayed on an LCSLM
(Holoeye PLUTO) is fully illuminated by an expanded Nd:YAG laser (HPG-5000, Elforlight, A =532 nm) for
shaping the bottle beams. The first-order diffraction component is selected via a 4f telescope with a pinhole in
the Fourier plane and then coupled into an oil-immersion objective (100X, numerical aperture 1.30, Olympus)
through alens ( f=250 mm). Near the focal plane, the light capsule is formed and subsequently used for trapping
and manipulation of the magnetic particles with the help of a mechanical stage (M545, Physik Instrumente). The
trapped particles can be observed clearly because the center of the light capsule is located near the imaging plane
and their images were recorded by a CMOS camera (1.4 M100, DALSA). The sizes of the bottle beam could be
estimated from the images reflected by the cover slip through axial adjustment of the microscope objective.
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