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Fig. 1. (a) Schematic diagram of an optically levitated particle in vacuum. The trapping beam is focused by lens L1 and used to

capture the particle. Lens L2 collects the trapping beam and the scattered light from the particle. Half wave plate (HW) and polar-

ization beam splitter (PBS) can choose the polarization components, which are detected by detectors D1 and D2. The same polariz-

ation components of the trapping beam and forward-scattered beam are interfered with each other. The center-of-mass motion is

neglected. Thus, the relative phase of the two beams are keep invariant. However, when the particle is rotated, the polarization of

the scattered light is modulated and the amplitude of the interference field will be correspondingly changed. Thus, the motion in-

formation can be detected; (b) scattered field of a particle excited by a linearly polarized laser beam.
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Fig. 2. Distribution of the scattered field for a particle in free space, which is stimulated by a laser with a linear polarization along

x axis: (a) Distribution of the scattered field for a dipole ( x1 = 10 x 10732 F/m and x2 = x3 = 0 F/m ) parallel to the excitation

field; (b), (c) distributions of scattered fields as the orientation of the dipole is rotated by certain angles of a =n/3 and o =7/2,

respectively; (d) distribution of the scattered field for an ellipsoid particle when it is rotated by amounts of v =0.4, 8 =0.9, and

a = 0.3 relative to the zp, yp, and zp axes, respectively. In the calculations: x3 = 10 X 10732 F/m, x2 =8 x 10732 F/m,

X3 =7x 10732 F/m.
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Fig. 3. Distribution of the scattered field for a particle stimulated by a laser with a circular polarization: (a) Distribution of the
scattered field for an ellipsoid when the three principal axes are parallel to the axes of the lab frame; (b), (¢) distributions of
scattered fields when the zp axis is rotated by amounts of o =w/3 and o = w/2, respectively; (d) distribution of the scattered
field when the ellipsoid is rotated with =04, B=0.9, and o =0.3. The other parameters in the calculation:
X1 =10x 10732 F/m, x2 =8 x 10732 F/m, and x3 =7 x 10732 F/m.
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Fig. 4. Contour map of the libration signal amplitude versus the offset distance of the collection lens center from the z axis:
(a) Amplitude of « signal versus the offset distance; (b) amplitude of S signal versus the offset distance. The parameters in the
calculations: x1 = 10 x 10732 F/m, x2 =8 x 10732 F/m, x3 =7 x 10732 F/m, the amplitude of the electric field at the waist
center of the trapping laser Ep = 4.5 x 108 V/m , the horizontal distance from the lens center to the particle z = 0.003 m, the col-
lection radius range of the collection lens in the vertical direction is \/zZTy? = 0.001 m, and the gain coefficient of the detector
n=2x10%.
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Fig. 5. Contour map of the rotation signal amplitude versus the offset distance of the collection lens center from the z axis:

(a) Amplitudes of o, B, v signals versus the offset distance for the x polarization component detection; (b) amplitudes of a, 8,

~ signals versus the offset distance for the y polarization component detection. The parameters in the calculations are same with

Fig. 4.
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Fig. 6. Signal amplitude of the libration versus the projection angle 6 from the z polarization component to the x axis in the de-
tection when the half wave plate is rotated and the collection lens center is fixed: (a) Signal amplitude of « versus the angle 6;

(b) signal amplitude of S8 versus the angle 6. The parameters in the calculations are same with Fig. 4.
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SPECIAL TOPIC—Principles and applications of quantum optics

Polarization characteristics of the scattered field for a
nonspherical particles optically levitated in vacuum”

FENG Jiayu  GAO Chenli  YAN Jiangwei  JIN Yuanbin YU Xudongf

(Collaborative Innovation Center of Extreme Optics, State Key Laboratory of Quantum Optics Technologies and Devices,
Institute of Opto-Electronics, Shanzi University, Taiyuan 030006, China)

( Received 23 January 2026; revised manuscript received 6 February 2026 )

Abstract

Optically levitated systems pioneered by Arthur Ashkin have emerged as a powerful platform for physics
and bioscience research owing to their non-contact and non-invasive nature. In vacuum, such systems offer
exceptional isolation from environmental noise and enable controlled suppression of decoherence from
background gas, making them a focus in fundamental physics and precision measurement. Notable achievements
include ground-state cooling of the center-of-mass motion. Furthermore, compared to cantilever-based
optomechanical systems, these systems exhibit richer physical phenomena, such as observed libration and GHz
rotation of anisotropic levitated particles.

However, the polarization characteristics of the scattered field from an optically levitated anisotropic
particle remain poorly understood—critical for motion manipulation, detection, and cooling. Here, we present a
theoretical study of these characteristics for an intrinsically isotropic ellipsoidal particle driven by linearly or
circularly polarized laser light. We first calculate the far-field distributions of the scattered field and then
numerically evaluate the signal amplitudes for libration and rotation from the interference field, as detected by
a collection lens positioned perpendicularly to the trapping laser axis.

Our analysis reveals several counterintuitive results. The libration signal amplitude is minimal when the
collection lens is centered on the beam axis and increases as the lens is displaced off-axis. Moreover, the signal
can be increased when the half-wave plate rotating by a appropriate angle. Meanwhile, the 8 rotation signal is
detectable. By measuring a specific polarization component of the interference field, we find that the signal
amplitudes for the o and B rotation are not maximal on-axis but instead reach their maxima in the four
quadrants of the transverse plane.

This work establishes an important foundation for the manipulation, detection, and cooling of optically

levitated anisotropic particles in a vacuum.
Keywords: vacuum optical levitation, scattering, libration, rotation
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