|

Check for
updates

Research Article Vol. 30, No. 12/6 Jun 2022/ Optics Express 21468 |
Optics EXPRESS A N \

Controllable high-speed rotated femtosecond
cylindrical vector beam based on optical
heterodyne interference

YUWEI ZHAO,! JINTAO FAN,'2 YOUJIAN SONG,’
AND MINGLIE Hu':3

! Ultrafast Laser Laboratory, Key Laboratory of Opto-electronic Information Science and Technology of
Ministry of Education, School of Precision Instruments and Opto-electronics Engineering, Tianjin
University, 300072 Tianjin, China

2 fanjintao @tju.edu.cn

3 huminglie @ tju.edu.cn

Abstract: Structured light beams that possess unique polarization distribution could offer a new
degree of freedom for a variety of applications, and hence its flexible polarization manipulation is
necessary. Here we experimentally report a heterodyne interference-based method for generating
femtosecond cylindrical vector beam (CVB) with high-speed controllable rotated polarization
states. The femtosecond CVBs are created through the superposition of two optical vortices
with opposite handedness. The use of two acoustic-optical modulators (AOMs) with frequency
differences allows to achieve polarization rotation in a hopping-free scheme at on demand speed.
Up to 1 MHz of the rotation frequency is demonstrated by visualizing the fast rotation events
through a fast-frame-rate CCD camera. Moreover, we show our method can be readily extended
to produce higher order CVBs with more complex rotated polarization distributions. Such a
simple yet versatile femtosecond polarization-controlled laser system has the capability to act as
a nonlinear trapping platform, thus opening tremendous potential opportunities in the fields of
micromachining, nanofabrication, and so force.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Like amplitude, wavelength and phase, the polarization is one of the fundamental properties of
light. Recently, there has been a growing interest in light beams with spatially variant polarization
structures. Among them, cylindrical vector beam (CVB), acting as vector beam solution of the
Maxwell’s equation, features a cylindrically symmetry in polarization with a doughnut-shaped
spatial intensity [1]. In general, radially and azimuthally polarized beams are the two most
relevant examples of CVBs. Under tight focusing conditions, radial polarization yields a sharper
focal spot, while azimuthal polarization can be focused into a hollow spot. Taking advantages of
these unique properties, CVBs have exhibited potential applications in optical tweezers [2—4],
electron acceleration [5], super-resolution microscopic imaging [6], optical communications
[7-9] and to name a few. These exponentially growing application demands have triggered the
development of various CVB sources. A typical method is to convert spatial homogeneous
polarized Gaussian beam into CVB utilizing phase elements, including g-plates, space-variant
subwavelength gratings, spatial light modulators (SLM), and others [10—12]. Alternatively,
the methods for obtaining the CVBs directly at source have also been carried out, i.e., the
annular beam as pump, the use of vortex retarder or mode-selective coupler (MSC) inside cavity
[13-15]. In addition, nonlinear conversion techniques based on second harmonic generation
[16] and optical parametric oscillators [17] have also been demonstrated to expand the available
wavelength range of the CVBs. However, these techniques mainly focus on the generation of
CVBs.
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Indeed, to fully exploit the additional degree of freedom offered by CVBs for applications
like optical trapping, it’s essential to further develop novel systems that can rapidly control
the polarization states of such beams. Within the field of optical trapping, one particularly
important example is the rotation manipulation of small objects, which has been widely used in
applications such as photo-mechanics, micro-machinery, micro-chemistry [18]. Using CVBs
for rotation needs to make use of the change in polarization state of light upon propagation
[19]. Among the possible strategies, the simplest way is to rotate half wave plate mechanically
to adjust the polarization plane of the beam, so that the torque induced by the misalignment
between the linearly polarized laser field and optical axis of the trapped particle is changed.
This scheme, however, has two disadvantages: the rotation speed is limited and also hard to
control. In principle, CVBs can be created by superposition of two circular polarized vortices
with opposite OAM charges. Changing the phase difference is proven to be a valid approach
to generate rotational polarized CVBs. By means of electro-optic modulators (EOMs) or
photo-elastic modulators (PEMs), quasi-continuous rotation is realized limited by its wrapped
phase modulation [20-22]. Very recently, applying a linear polarization synthesis scheme, Wei
et. al presented a continuously rotation control system based on optical heterodyne interference
in the continuous wave (CW) time scale [23]. Despite the CW trappings have already shown
tremendously successful, femtosecond laser with high peak power and short pulse duration could
stimulate nonlinear optical effects within the process of trapping particles, which is termed as
nonlinear trapping, could satisfy more widespread applications [24]. Therefore, it is significant
to create a compact device to create CVBs with a controllable hopping-free rotation rate in
femtosecond time scale.

In this paper, we demonstrate a straightforward scheme to generate femtosecond CVBs, of
which spatial phase and polarization distributions are in a controllable rotation fashion. The
rotation is enabled by optical heterodyne interference between two optical vortices with opposite
handedness. Two acoustic-optical modulators (AOMs) have been inserted into the interferometer
to electronically adjust the rotation rate at arbitrary value. Femtosecond CVBs with rotation speed
ranging from 1 kHz to 1 MHz are obtained. The rotation process can be witnessed by using a
fast-frame-rate CCD camera. We further show that our scheme can be straightforwardly expanded
to produce high order rotated CVBs by simply increasing the orders of vortex wave plates (VWP).
The obtained results show the successful realization of high speed rotated femtosecond CVBs,
which will extend the potential of nonlinear optical trapping.

2. Experimental setup

The experimental setup to generate and characterize high speed rotated femtosecond CVBs is
schematically shown in Fig. 1. A home-built mode-locked Yb-doped fiber laser with a central
wavelength around 1040 nm, repetition frequency of 53 MHz, and pulse duration of 105 fs is used
as emitting source. The laser could deliver as much as 2 W average power in a linearly polarized
beam with a Gaussian spatial profile. A telescope system composed of the lens1 (L1) and lens 2
(L2) with different focal lengths is used to determine the spot size of the incident beam, which
should match aperture diameter of the AOMs. Herein, the focal lengths of lens L1 and L2 are
chosen as 150 mm and 75 mm respectively, which ensures that the spot size is reduced to be a half
of the original spot size (1.8 mm). Next, the beam is sent to the Mach—Zehnder interferometer
(MZI) scheme, where the laser intensity is firstly divided by combination of a half-wave plate
(HWP1) and a polarizing beam splitter (PBS1). Such a combination controls intensity distribution
of each arm. Then, two copies of laser beams with orthogonally polarization states pass through
different optical path and recombine at another polarizing beam splitter (PBS2). A pair of gold
coated reflection mirrors is placed on a motorized translation stage serving as the time delay to
finely tune the optical path differences, so that two copies of laser pulses could overlap well.
Using the PBSs to split and combine the beam could improve the total output laser power [25].
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After passing through a quarter waveplate (QWP) and a VWP, two orthogonal polarization
beams would be converted into two optical vortices with opposite topological charges (1; =1 and
l,=—1) respectively. The superposition of these two optical vortices will lead to a CVB, which
could be identified by a point-symmetric interference pattern after PBS3. Taking into account
of the diffraction loss of the AOMs and the mode conversion loss of VWP, the created rotated
CVBs has an average output power of about 1.73 W. A commercially available Charge Coupled
Device (CCD) (Bobcat-320, Xenics) is employed to record a sequence of images for tracking the

high-speed rotation events.

Fig. 1. Experimental setup. L, Lens; HWP, half-wave plate; PBS, polarization beam splitter;
AOM, acoustic-optical modulator; QWP, quarter-wave plate; VWP, vortex wave-plate; PD,
photodiode.

To obtain CVBs whose polarization states continuously change, it is required to have a time
varying relative phase between two orthogonal polarized vortices. A valid method to realize a
continuous phase shift in the time domain is to modulate the field in the frequency domain [26].
To this end, we introduce two AOMs in each MZI arm. The central operation frequency of the two
acousto-optic crystals is 70 MHz with frequency stability of + 1 Hz. Two RF (radio frequency)
drive circuits with working frequency ranging from 70 MHz to 71 MHz with resolution of 50 Hz
are used to drive the acousto-optic crystals. The two copies were frequency shifted to fo+Af | and
fo+Af2, respectively. fo is the central frequency of input beam, Af| and Af, are frequency shifts
caused by the AOMs. Actually, we concentrate more on the heterodyne frequency Af| - Af,
which will be directly translated into a linear phase shift in the time domain, thus determining
the wanted rotation speed of CVBs. A photodiode (PD) is used to monitor the rotation frequency
of the generated CVBs.

3. Working principle

The operation mechanism of the designed system is determined by the operation of the QWP,
VWP, together with AOMs. The Jones matrix calculation is a well-known method for analyzing
mode and polarization evolutions of light beams with complex polarization features [27-29].
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Here, we provide a detailed discussion of the operation of proposed scheme, in terms of Jones
matrices.

Considering the fact that the MZI is used to introduce time varying phase differences, to
simplify the calculation, we firstly focus the polarization evolution after the two copies of pulses
recombined after PBS2. Taking the Jones matrix of PBS into account, two orthogonally polarized
beams are obtained for the right arm and left arm of the MZI, whose polarization states can be

N 1 - 0
written as E R=\/% and £ Lz\/% , respectively. After these two beams passing through
0 1

1
a QWP with a=45°, the Jones vectors of the desired output beams are expressed as % [ ] and
—i

1
% . Clearly, right hand circularly polarized (RCP) and left hand circularly polarized (LCP)

i
Gaussian beam are obtained here. In what follows, mode conversion process is realized by a
VWP, which is a half-wave plate with an optic axis that varies as a function of the azimuthal angle.

When operating on the orthogonally circular polarization states, the VWP produces %ei‘p

1
and %e"*" , respectively. These two Jones vectors reveal the fact that optical vortices with
i

left and right circular polarizations are generated in two different arms.

We then illustrate the influence of the AOMs inserted in MZI. In the proposed system, the
laser frequencies in each arm are shifted to possess a slight difference, leading to a heterodyne
interference arrangement. When a frequency shift Af is applied to the frequency domain, a
linear phase shift 2wAf| will exists in the carrier phase of the light field while no effect on
the polarization plane is occurred. Thus, by take the AOMs into account and at time t, the

. 1 .
Jones vectors of the vortices can be expressed as: e/ Ai1+¢1) I ‘ and 1e-iCmAhree2)
—i i
respectively. The two vortices are recombined together. The resulting Jones Matrix can be
depicted as:

l ei(27rAf1t+</>1) 1 + e*i(ZﬂAleﬂPz) 1 — cos(mAft + ¢) 1)

2 —i i sin(zwAft + ¢)

where Af = Af, — Afi, and @ = ¢y — ¢1. Afi and Af, represent the shifted frequency of the
light field, respectively. Af is the heterodyne frequency between two copies of light in MZI.
@ is the initial phase difference of two copies introduced by the MZI. It should be notice that
Eq. (1) indicates the CVB has a linear phase shift of 7Aft resulting in a rotating polarization
evolution over time, as illustrated in Fig. 2. In this way, arbitrary control of the rotational motion
is achieved by the frequency difference between two AOMs [30]. In Fig. 2, we only show
dynamic CVBs (including the radial, clockwise, azimuthal, anticlockwise polarization CVBs)
and the corresponding interference pattern, at a time interval of 1/4Af. The modulated rotation is
periodical at the angle of 7, however, the accumulated phase is monotonously increasing, so that
a hopping-free rotation is realized [23].
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4. Experimental results

Given that CVBs generation process is sensitive to the phase difference between two optical
vortices in each MZI arm, we need to carefully preset the optical length of the MZI. Assisted
by an autocorrelator, a delicate overlap of two copies is realized. Then, to confirm the utility
of the proposed method, we analyze the projected lobe structures after PBS3. Here, thanks to
high resolution of the CCD, a two-fold symmetric lobe is clearly observed. This spatial structure
further denotes the topological charge difference is 2, which is in good agreement with the optical
vortex’s order decided by the VWP.

JorAf1 JorAf2

@GEE@

t Vertically polarization

EENEB

=0 1=1/(4Af) t=1/(2Af) t=3/(4Af) t=1/Af

Fig. 2. Working principle of the generation of CVBs with a rotating polarization angle
based on optical heterodyne interference. The CVBs are obtained by superposition of two
optical vortices with topological charges /; = 1 and /, = —1, AfI and Af2 are the frequency
shifts caused by two AOMs respectively. Af represents the heterodyne frequency of two
laser beams.

Firstly, the working frequencies of AOM1 and AOM?2 are set at 70 MHz and 70.001 MHz,
respectively. To filter out the fundamental repetition rate of the laser, a low pass filter is used
before we collected the rotated frequency of the lobes. Figure 3(a) presents the temporal signals
of the generated lobes recorded by an oscilloscope. The period of signals shown in Fig. 3(a) is
about 1 ms, which exactly corresponds to the heterodyne frequency between two arms. We also
perform Fourier transform analysis on the recorded results of Fig. 3(a) to obtain its frequency
distribution, as depicted in Fig. 3(b). The strongest frequency component is 1 kHz, which is
the target rotation frequency we applied. Some harmonic signals are also found, this can be
ascribed to the fact that the measured lobes have a two-fold rotational symmetry and the PD is
positioned at only one lobe. Indeed, the linewidth of the frequency component can be effectively
reduced by increasing the sampling points. A series of observation images of the created lobes
at time interval of 0.25 ms (1/4 of the beating period) are shown in Fig. 3(c). The nonuniform
occurring in the lobe patterns can be attributed to incomplete collimation of optical elements
in our experiment and also a slight amount of astigmatism of the initial Gaussian beam. As
expected, at 1 ms, 360 degrees of rotation of the first image is observed, reflecting the periodic
rotation of the optical lobes, which indicates the validity of our method to generate high speed
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rotated CVBs without mechanically moving parts. The continuously rotating dynamics of lobe
patterns within 10 s can be found in supplementary Visualization 1.
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Fig. 3. The rotation dynamics of CVBs when the heterodyne frequency is set to 1 kHz. (a)
The temporal signals of the rotated CVBs. (b) The frequency spectra obtained by Fourier
transform to the signals in (a). (c) The interference patterns of the rotated CVBs captured by
CCD.

Taking advantage of high controllability of the proposed method, it is possible to control
the rotation movement at arbitrary speed. The heterodyne frequency can be easily tuned by
means of setting the driving frequency of the AOM2, which will result in the angular velocity
of the rotated lobes. As shown in Fig. 4(a) and Fig. 4(c), several rapid rotation movements are
realized by setting the Af between 2 kHz and 1 MHz. Notably, these rotations occur without
any additional adjustments of any other components in our system, so that a simple rotation
method is demonstrated. Fourier transforms are also performed, as displayed in Fig. 4(b) and
Fig. 4(d). As can be seen from Fig. 4, the rotation frequencies agree well with the heterodyne
frequencies. All the rotated motions of the lobe structure can be witnessed by CCD camera, as
can be seen in supplementary Visualization 2, Visualization 3, Visualization 4, Visualization 5
and Visualization 6. Obviously, when the heterodyne frequency increases, the rotation of the
movements becomes faster. It should be pointed out that our CCD is only able to distinguish the
rotated lobes when the heterodyne frequency is below 70 kHz. However, we can still perceive
the energy flows of the lobes by carefully watch the video. In principle, rotation control can be
obtained in a wide frequency range from microhertz to megahertz, which is limited only by the
working frequency of the AOMs. In addition, by changing the modulated frequency in AOMs,
the sense of the rotation of the lobe structure can be readily controlled [19].

Figure 5 shows the recorded autocorrelation traces and pulse duration at the full width of
half maximum (FWHM) from a second-harmonic intensity autocorrelator in dependence of
heterodyne frequency. As can be seen from Fig. 5(a), the autocorrelation traces show a quite
clean pulse, no further state pulses are observed over the scanning range of the autocorrelator
from —25 to 25 ps. The pulse duration roughly stays constant to be 171 to 179 fs over the whole
frequency tuning range. Assuming a hyperbolic secant pulse shape, the corresponding pulse
duration is only around 110 fs. The quiet constant pulse width over the heterodyne frequency
tuning range suggests the high stability of the system.

By changing the topological charge of the interfered vortices, it’s possible to create more
complex vector fields with controllable rotated polarization distribution. In the following, the
heterodyne frequency is set to be 1 kHz again. Here, we show examples of generating CVBs
with polarization orders 2 and 3, as shown in Fig. 6. The number of the symmetric optical
lobes is determined by the topological charges of vortices. These lobes are rotated around the
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Fig. 4. (a), (c) Temporal signals of the rotated lobes at different heterodyne frequencies
between 2 kHz and 1 MHz. (b), (d) The corresponding frequency spectra obtained by Fourier
transform to the signals in (a), (c).
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Fig. 5. (a) Autocorrelation traces when heterodyne frequency is set to be 1 kHz, 2 kHz, 5kHz,
10 kHz, 100 kHz and 1 MHz, respectively. (b) The calculated FWHM of autocorrelation
traces in (a).
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beam axis, here we present five images of the rotated lobes at time interval of 0.25 ms, which is
equal to 1/4 of beat period. The corresponding video is recorded in the supplement materials
(Visualization 7 and Visualization 8). Obviously, the polarization states are reproduced after
one beat period, agreeing well with the designed heterodyne frequency. The time varying lobe
shape remains nearly the same, indicating the highly polarized quality of the generated CVBs.
In principle, the 1*t and 2" order CVB could serve as the basic unit to access the higher order
CVBs, a (j +k)"-order CVB can be readily generated after accumulating k groups of HWP
and st order VWP after the jth-order CVB [31]. As a simple example, a 3rd order CVB is
generated by inserting a HWP and a 1st order VWP after the 2nd order VWP. Notice that the
rotation movement of the CVBs is freely controlled by the heterodyne frequency differences of
two AOMs. Therefore, our technique can be readily extended to produce an arbitrary order CVBs
with high speed rotated polarization structures, thus offering the ability of trapping and rotating
different shaped objects and groups of objects.

(a) 2nd order

(b) 3“’ order

FEEEE

I—O ms (=0.25ms £=0.5ms 1=0.75ms 7=1ms

Fig. 6. (a) and (b) show polarization rotation of 2" and 3" CVBs at every 0.25 ms when
the heterodyne frequency is set to 1 kHz.

5. Conclusion

In summary, we experimentally demonstrated a versatile method to generate femtosecond CVBs
with controllable rotated polarization structures. By modulating the frequency domain of two
optical vortices with opposite topological charges, time varying polarization of CVBs can be
obtained. The results reveal that the high-speed polarization rotation ranging from 1 kHz to
1 MHz can be successfully controlled via changing heterodyne frequency. What’s more, the
presented approach enables the rotation of higher order CVBs with more complex polarization
patterns. The generated CVBs is a type of ultrashort pulse laser, thus offering the opportunity
for more classical and quantum applications based on nonlinear effects. Going forward, we
anticipate that such a simple yet extremely flexible and powerful way of generating femtosecond
CVBs with controllable polarization rotation will stimulate further research into the complex
structuring of light, harnessing the polarization degree of freedom of light.
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