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Abstract: In this paper, we report a new kind of beam, named “spoon-like” beams, generated with
the exponential phase. The intensity distributions and transverse energy flow of the spoon-like beam
at the focal plane are analyzed theoretically and experimentally. The results demonstrate that the size
of the spoon-like beam becomes enlarged with the increasing power exponent 7, and the length of the
spoon-like intensity trajectory becomes shorter with the increasing parameter p. Furthermore, there
is an intensity gradient along the spoon-like trajectory of the beam, which introduces the intensity-
gradient force exerted onto microparticles. The experiment on optical tweezers demonstrates that the
focused beams can create spoon-like traps for the two-dimensional manipulation of particles.

Keywords: exponential phases; diffraction property; optical guiding

1. Introduction

The use of highly focused Gaussian beams for optical trapping has been very suc-
cessful [1,2]. However, a tightly focused Gaussian beam rapidly diverges away from a
focus, and the use of the Gaussian beam in optical guiding and sorting is limited. In recent
years, several novel beams have been proposed. LG beams, i.e., optical vortices (OVs)
with the azimuthal index [ = 1, characterized by helical wavefronts and dark cores, have a
well-defined orbital angular momentum (OAM) per photon. LG beams can be extensively
used in the field of optical rotation for phase-gradient force exerted on particles, and optical
information encoding for the intrinsic and extrinsic nature of OAM [3]. Furthermore,
the optical binding of low-index and absorbing particles has also been realized by using
OVs [4-6]. Noncanonical OVs, i.e., fractional OVs, radially polarized fractional vortex
beams, and power-exponent-phase vortices, have been presented, and offer new ways of
optical manipulation [7-12]. Bessel beams possess the ability to propagate ‘diffraction-
free’ in free space [13-15]. The self-reconstruction property of fractional Bessel beams has
been demonstrated by Tao et al. [16], and higher-order Bessel beams have azimuthal and
radial-phase dependence [17]. Alonzo performed helical and conical phase fronts, and
proposed a new kind of beam, the helico-conical beam, generated by multiplying the helical
and conical phase functions. The beam revealed the spiral intensity distribution along the
optics axis, and can potentially be used in the high surface area systems of colloids and
nanoparticles [18-21]. In order to obtain the controllable intensity distributions and rotation
of the beams, Nathaniel Hermosa et al. modified the helical phase by boring a hole at the
center of the phase profile [22]. The intensity patterns greatly depend on the size of the
bored hole. Moreover, Zhao et al. were the first to propose a new kind of power-exponent-
phase vortices, different from the canonical optical vortices and power-exponent-phase
vortices [23,24]. Furthermore, we have since realized adjustable openings by adjusting the
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azimuthal or radial power index. Modified helico-conical beams have been applied for the
two-dimensional manipulation of microparticles [25,26]. Generally, the phase profiles of
the above-mentioned beams are dependent on the azimuthal or radial power index. The
phase profiles dependent on the exponent function of the azimuth have not been reported.
In this paper, an exponential beam with a spoon-like intensity distribution is proposed. The
two-dimensional intensity patterns of the exponential beam at the focal plane are analyzed
theoretically and experimentally. The far-field mapping and the transverse energy flow of
the beam are also introduced to analyze the distribution of the focal field. The intensity
distributions of the spoon-like beams, customized with the tailored exponential phase, are
also analyzed. Optical tweezer experiments with the beam are implemented to verify the
ability of the beam to manipulate microparticles.

2. Spoon-like Beams Generated with Exponential Phases

The phase function (7, 6) of the exponential phase plate can be obtained in Equation (1):

n
wir0) =1 (2P, M
where [ is the topological charge, n is the power index ranging from 0 to 1, r, is a normal-
ization factor of the radial coordinate 7, and 0 is the azimuth angle which is greater than 0
and less than or equal to 27t.

In this paper, we analyze the two-dimensional intensity distribution of the exponential
beam at the focal plane of a Fourier transforming lens illuminated by a plane wave encoded
with a phase profile, as shown in Equation (1). In the simulations, the phase profile was
sampled with a grid of 1080 x 1080 pixels with a pixel area of 8 x 8 um?2. The phase
profiles calculated by Equation (1) with [ = —5 and n = 0.4, 0.5, 0.6 are shown in Figure la—c,
respectively. The encoded phases were wrapped from 0 to 271. Figure 1d—f show the focal
fields of the exponential beams when n = 0.4, 0.5, and 0.6, respectively. It can be seen that
the intensity trajectory shown in Figure 1 resembles a spoon. Thus, we named this kind
of exponential beam as a “spoon-like” beam. The size of the generated spoon-like beam
becomes enlarged with the increasing power exponent n. Furthermore, the size of the
spoon-like beams can be also adjusted by changing the corresponding topological charge /.

[

I — wwg'g «——|

-

l—  8.64mm <«—I

ww g9 «—I

| —

Figure 1. (a—c) The phase profiles encoded with Equation (1) with I = =5 and n = 0.4, 0.5, 0.6,
respectively. (d—f) The focal fields of the generated exponential beams with the phase profiles shown
in (a—c), respectively.

A formal analysis was implemented by using the concept of local spatial frequency [27].
Local spatial frequency analysis possibly provides a basis for the observed pattern. For
an object field, an approximate mapping can be provided by the local spatial frequencies
defined as:
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Equation (2) can be arrived at by solving the Fourier integral by the method of sta-
tionary phase [28]. In order to produce a conformal mapping of the wave function, we
transform Cartesian to log-polar coordinates and get the approximate mapping in polar
coordinates shown in Equation (3) [29].
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For example, according to Equation (3), the frequency mapping (&/,¢') with [ = =5,
n =04, 0.5 and 0.6 can be plotted as a spot diagram, as shown in Figure 2a—c, respectively.
In the figures, the density of points is representative of intensity at the focal plane, and
some points are accumulated in a spoon-like trajectory. The densities of the points shown in
Figure 2a—c are consistent with the shapes of the corresponding focal fields of the generated
spoon-like beams shown in Figure 1d—f, respectively. The local spatial frequency analysis
can explain the observed intensity pattern. The simulations demonstrate that the size of
the beam is dependent on the power order n.
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Figure 2. Spot diagram of the local spatial frequencies for [ = —5, (a) n = 0.4, (b) n = 0.5 and (c) n = 0.6.

The focal fields of the spoon-like beams can be better understood by analyzing the
transverse energy flow of the beam [30]. Figure 3a—c show the transverse energy flow map
of the spoon-like beams shown Figure 1d—f. The direction and magnitude of the arrows in
Figure 3a—c demonstrate the counterpart of the energy flow at the focal plane. The energy
at the focal plane flows towards the head of the spoon-like beam. Furthermore, the energy
around the head of the spoon-like beams when n = 0.4, 0.5, and 0.6 exhibits a stronger and
larger density distribution. There is an intensity gradient along the spoon-like trajectory
of the beam. The gradient force is proportional to the intensity gradient and points in the
direction of the intensity gradient (toward the head of the spoon-like beam) [31]. Thus, the
gradient force can drive microparticles move toward the head of the beam.
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Figure 3. (a—c) The transverse energy flow of the spoon-like beams with [ = —5, n = 0.4, 0.5, and 0.6 at
the focal plane, respectively.
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The proposed spoon-like beams can be customized with the tailored exponential phase.
The tailored exponential phase can be written as:

b(r,0) =3 (1 <0) @

) {w,e) p - min[i(r,0)] < (r,0) <0
else
P(r,0) 0 <YP(r,0) <p- -max[Pp(r,0)]

0 else (1>0) ©)

Y(r,0) = {
We take the exponential phase shown in Figure 1c as an example. The bored phase
profiles with [ = —5 and n = 0.6 can be calculated with Equation (4). Figure 4a—d show the
calculated phases with the parameters p = 1, 0.05, 0.1 and 0.15, respectively. The simulated
focal fields of the customized spoon-like beams generated with the tailored phases in
Figure 4a—d are shown in Figure 4e-h, respectively. The results demonstrate that the
intensity trajectory of the spoon-like beam can be customized by adjusting the exponential
phase with Equation (4) or (5).
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Figure 4. (a—d) The tailored exponential phases with [ = —5, n = 0.6, and p = 1, 0.05, 0.1 and 0.15,
respectively. (e-h) Simulated intensity patterns of the customized spoon-like beams generated with
the tailored phases in (a—d), respectively.

3. Experiments and Results

In this paper, we experimentally verify the two-dimensional intensity patterns of the
spoon-like beams at the focal plane of a Fourier transforming lens. Furthermore, we also
demonstrate the optical guiding of microparticles with the spoon-like beam. The optical
tweezers system shown in Figure 5 consists of an optically pumped semiconductor laser
(Coherent Genesis, 1 W, with a wavelength of 532 nm and adjustable laser power, Santa
Clara, CA, USA), a beam expanding system with the focal lengths of the lens (L and Ly:
f1=30mm and f, = 300 mm), a spatial light modulator (SLM, Holoeye, Pluto-VIS-096,
1920 x 1080 pixels, 8 pm x 8 pum/pixel, reflective type, Berlin, Germany), an inverted
telescope system (L3 and Ly4: f3 = 300 mm and f,4 = 100 mm), and an inverted microscope
with a 100x Olympus (Tokyo, Japan) oil-immersion objective (N.A. 1.3).

In the experimental setup shown in Figure 5, a CCD camera (Beijing, China) can be
inserted in the focal plane of the lens L3 to capture the intensity patterns of the desired
beams generated with the exponential phases shown in Figures 1a—c and 4a-d. Figure 6a—c
present the CCD-captured intensity patterns of the spoon-like beams with n = 0.4, 0.5
and 0.6 in Figure 1d—f, respectively. It can be seen in Figure 6a—c that the CCD-captured
intensity patterns agree with the spot diagram of the local spatial frequencies demonstrated
in Figure 2a—c, respectively. Figure 7a-d show the CCD-captured intensity patterns of
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the customized spoon-like beams shown in Figure 4e-h. The experimental results were
consistent with the simulated ones.
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Figure 5. Schematic of the experimental setup.
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Figure 6. (a—c) CCD-captured intensity patterns of the spoon-like beams with [ = —5, n = 0.4, 0.5 and
0.6, respectively.

Figure 7. (a—d) CCD-captured intensity patterns of the customized spoon-like beams generated with
the phase profiles in Figure 4a—d, respectively.

As an example, the spoon-like beam with [ = —5 and n = 0.4 was used to manipulate
microparticles in the tweezers system. Silica beads with a diameter of about 4 um were sus-
pended in the deionized water of with refractive index of 1.33 and used as the manipulated
objects. The corresponding phase profile is shown in Figure 8a. When the phase profile
was loaded on the SLM, the corresponding spoon-like beam was reconstructed at the focal
plane of the objective, which is shown in Figure 8b. As we known, the intensity-gradient
force exerted on microparticles is attributed to the intensity gradient of an optical beam [31].
When the output power was set as 0.6 W, we can observe that microparticles were attracted
to the trap by the intensity-gradient force, and then driven along the spoon-like route.
Figure 8c—f show the optical guiding of microparticles automatically along the spoon-like
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trajectory. The white-dashed lines in Figure 8c—f annotate the approximate regions of the
generated spoon-like beams, the red arrow shown in Figure 8c shows the direction of the
optical guiding (the direction of intensity gradient), and the microparticle is marked with
a black arrow. Such spoon-like beams can realize the optical guiding of microparticles
automatically along the intensity trajectory. The experimental results agreed with the ones
shown in Figure 3a—c.

References

Figure 8. (a) The phase profiles used to generate the spoon-like beams with [ = —5, n = 0.4. (b) The
reconstructed spoon-like beam at the focal plane of the objective. (c—f) The trapped microspheres
moving automatically along the spoon-like trajectory of the generated beam with [ = —5, n = 0.4.

4. Conclusions

A spoon-like beam was generated with an exponential phase in this paper. The
intensity distributions of the beams at the focal plane were analyzed theoretically and
experimentally. The result demonstrates that the intensity trajectory of the spoon-like
beam can be customized by the tailored exponential phases with different parameters,
p- It was also proven that the proposed spoon-like beam can manipulate microparticles
automatically. The beam has potential application in the field of optical trapping.
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