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Abstract. The angular velocity of a vaterite microsphere spinning in the optical trap is measured using rotational
Doppler effect. The perfectly spherical vaterite microspheres are synthesized via coprecipitation in the presence
of silk fibroin nanospheres. When trapped by a circularly polarized beam, the vaterite microsphere is uniformly
rotated in the trap center. The probe beams containing two Laguerre–Gaussian beams of opposite topological
charge l ¼ �7, l ¼ �8, and l ¼ �9 are illuminated on the spinning vaterite. By analyzing the backscattered light,
a frequency shift is observed scaling with the rotation rate of the vaterite microsphere. The multiplicative
enhancement of the frequency shift proportion to the topological charge has greatly improved the measurement
precision. The reliability and practicability of this approach are verified through varying the topological charge of
the probe beam and the trapping laser power. In consideration of the excellent measurement precision of
the rotation frequency, this technique might be generally applicable in studying the torsional properties of
micro-objects. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction
of this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.OE.57.3.036103]
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1 Introduction
The linear Doppler effect is a familiar concept, in which
the relative motion between source and receiver causes a
frequency shift. This frequency shift scales with the linear
velocity and is generally applicable in monitoring the
translational motion.1,2 Since first proposed by Yeh and
Cummins3 in 1964, just a few years after the invention of the
laser, the laser linear Doppler technique has become an effi-
cient tool for velocity measurement of surface,4 fluid,5 and
atmospheric turbulence.6 In recent years, a rotational analog
to linear Doppler effect, namely rotational Doppler effect,
has drawn great attention. In this effect, a laser beam carrying
spin or orbital angular momentum (OAM) is illuminated on a
roughness object rotating along the beam axis, and a Doppler
frequency shift will be generated on the scattered light.7

The rotational Doppler effect was first realized by Garetz
and Arnold8 through the circularly polarized light that
carries spin angular momentum (SAM). In their research,
the circularly polarized light that passed through a half-wave
retardation plate rotating with angular velocity ω suffered
a frequency shift of 2ω. In 1992, Allen et al.9 recognized
the laser beams carrying OAM, which is many times greater
than the SAM. As a conclusion, the rotational Doppler fre-
quency shift for OAM can be many times greater than that of
SAM, which was soon theoretically verified by Nienhuis10 in
1996. Since then, this technique has been widely used to
probe the angle velocity of spinning objects.11–15 In 2014,
the rotational Doppler effect was first combined with optical
traps to measure the rotation rate of a microscopic calcite.16,17

This has immensely expanded the application of the rota-
tional Doppler effect in microscopic domain. However,

the irregular calcite crystals might lead to an unstable rota-
tion speed.18 This has greatly disturbed the accurate mea-
surement. In addition, the topological charge of the helically
phase beam still remains to be enhanced to improve the
measurement precision.

In this paper, the rotation frequency of optical trapped
vaterite microsphere was measured by rotational Doppler
effect. The vaterite microsphere was perfectly spherical so
that it could be uniformly rotated by circularly polarized
light. By referring to the previous works,16,17 we chose two
Laguerre–Gaussian (LG) beams of opposite topological
charge l ¼ �7, l ¼ �8, and l ¼ �9 as probe beams. The
multiplicative enhancement of the frequency shift has
greatly improved the measurement precision. This technique
might be applicable in studying the torsional properties of
micro-objects.

2 Fundamentals
The linear Doppler effect is applicable to beams of all types.
As shown in Fig. 1(a), when an arbitrary beam is emitted on
the translating object with a relative velocity v, the scattered
beam will suffer a frequency shift. The Doppler frequency
shift is given as

EQ-TARGET;temp:intralink-;e001;326;191Δf ¼ f0v sin α

c
; (1)

where f0 is the unshifted frequency, α is the incident angle,
and c is the speed of light.

As shown in Fig. 1(b), there will be an analogous fre-
quency shift for a helically phase beam emitted on an object
rotating around the beam axis. This phenomenon is called
rotational Doppler effect. The rotational Doppler frequency
shift
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EQ-TARGET;temp:intralink-;e002;63;579Δf 0 ¼ f0v 0 sin β∕c ¼ f02πrΩ sin β∕c; (2)

where Ω is the rotation frequency, v 0 is the tangential veloc-
ity, r is the radius from the beam axis, and β is the skew angle
between the Poynting vector and the beam axis, which can be
given as

EQ-TARGET;temp:intralink-;e003;63;513β ¼ sin−1ðcl∕2πf0rÞ; (3)

where l denotes the topological charge of the helically phase
beam. If the incident beam contains two helically phased
beams of opposite values of l, the frequency shift will be in
opposite direction, which will give an intensity modulation
of frequency13

EQ-TARGET;temp:intralink-;e004;63;426fmod ¼ 2Δf 0 ¼ 2f0v sin β∕c ¼ 2lΩ: (4)

Hence, the rotation frequency of the object could be mea-
sured by detecting beat frequency fmod, and the measurement
precision is 2l times enhanced.

3 Experimental Setup
The optical layout for the experiment is shown in Fig. 2.
A circularly polarized beam was provided by a single-mode
laser diode (Thorlabs, CLD1015, 975 nm) to trap and
rotate the vaterite microsphere. The trapping beam was
focused into the sample through an oil immersion objective
(Nikon, E Plan ×100, NA ¼ 1.25). A 532-nm solid-state
laser was used to provide the probe beam, which is then
shaped by a spatial light modulator (SLM, HOLOEYE,
PLUTO-NIR-011). The backscattered light containing the
rotational Doppler modulated signal was monitored by a
photodetector (PD, Thorlabs, PDB210A). A single emitter
white-light LED (Thorlabs, LEDWE-10) was used to illumi-
nate the sample. The light coming from the LED passed
through the dichroic mirrors and was ultimately imaged
on a CCD camera (Thorlabs, DCU224).

Measuring with rotational Doppler effect requires the use
of two helically phased beams of opposite values of l. In the
experiment, we displayed the phase profile image as shown
in Fig. 3(a) to the SLM. When the horizontal polarized probe
beam was emitted on the SLM, its phase contrast would be
adjusted according to the phase profile image. As a result, the
reflected beam would contain two LG beams of l ¼ �8. Its
far-field intensity profile is presented in Fig. 3(b). The inter-
ference between two LG beams produced a “petal”-shaped
intensity pattern with the number of petals given by 2l.

Rather than relying on natural calcite crystals, which are
irregular in shape, we choose vaterite microspheres to be
the rotated sample. Silk fibroin nanospheres are used as
a modifier to grow perfectly spherical birefringent particles
of vaterite.19 In the experiment, the aqueous solution of
silk fibroin nanospheres (4 wt. %, 15 g) was injected into
the CaCl2 solution (0.54 mol∕L, 5 mL). Then an aqueous
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Fig. 1 (a) Linear Doppler effect and (b) rotational Doppler effect. CW980 nm
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Fig. 2 The experimental setup used for the rotational Doppler effect.
Labels denote the continuous wave (CW), half-wave plate (λ∕2),
polarizing beam splitter (PBS), quarter-wave plate (l/4), mirror (M),
lenses (L), beam splitter (BS), SLM, bandpass filter (BPF), band-
stop filter (BSF), and photodiodes (PD)

Fig. 3 (a) Phase profile of LG �8 modes and (b) corresponding
far-field intensity profile.

Fig. 4 SEM image of the silk fibroin regulated vaterite microspheres.
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solution of NH4HCO3 (1.08 mol∕L, 5 mL) was added into
the blend solution under vigorous stirring at 700 rpm.
The obtained suspension was centrifuged and eventually
getting the silk fibroin regulated vaterite microspheres.
Figure 4 shows the scanning electron microscopy (SEM)
image of the vaterite microspheres. The obtained vaterite
microspheres are much better sphericity and more uniform
than the natural calcite crystals. As a result, they could be
rotated at a constant speed when trapped by circularly polar-
ized beam,20,21 which contributes to the rotational Doppler
effect. In addition, the crystal structure of the vaterite
microsphere has enough rotational symmetry to enable the
smooth rotation. The diameters of the vaterite microspheres
are ∼3 μm.

4 Results and Discussion
According to Eq. (4), for the probe beam containing two LG
beams of opposite values of l, their scattering light has oppo-
site frequency shifts, which result in an intensity modulation.
The beat frequency is calculated to be 2lΩ. We set up the
experiment optical system as in Fig. 2. When trapped by
the circularly polarized beam, the vaterite microsphere
began to rotate in the trap center at a constant frequency.
The trapping beam power was 100 mW. The probe beam
at 532 nm was shaped by the SLM and contained two
LG beams of l ¼ �7, l ¼ �8, and l ¼ �9, successively.
The laser power is the same for all three measurements.
In each case, the time-varying signal obtained by the PD
was Fourier transformed to produce a power spectrum.
The results are shown in Figs. 5(a)–5(c), respectively. The
frequency resolution is 0.1 Hz. The beat frequencies for
the three cases are measured to be ð221.9� 1.7Þ Hz,
ð252.5� 0.8Þ Hz, and ð284.1� 0.2Þ Hz. The measurement
precision depends on the full width at half maximum
(FWHM) of the spectral peak. According to Eq. (4),
these values correspond to the rotation frequencies of
ð15.85�0.12ÞHz, ð15.78�0.05ÞHz, and ð15.78�0.01ÞHz,
respectively. Precision of the measurement is enhanced by
improving the values of l. The calculated rotation frequen-
cies in each case have excellent agreement, which verifies
the reliability and practicability of the proposed approach.

The shoulder peaks in Fig. 5 are mainly caused by the
poor signal-to-noise ratio (SNR). As the surface of the vater-
ite microsphere is not rough enough, the power of the back-
scattered light may be very weak relative to the noise. As a
result, the beat frequency peak would be relatively low, and

then the shoulder peaks revealed. The SNR varies with the
topological charge l. When l ¼ �8, the SNR is relatively
small in order that the beat frequency peak is relatively
low. The noise is mainly introduced by the Brownian motion
of the vaterite microsphere, the background light, and the PD
noise. It is unrelated to the topological charge l. The signal
depends on the power of the backscattered light, which is
determined by the surface roughness of the incident point.
The ring width of the LG light changes with l, so does
the incident point. Hence, as the topological charge l
changes, the power of the backscattered light changes and
so does the SNR of the detection.

To further test the relationship predicted in Eq. (4), we
varied the rotation frequency of the vaterite microsphere
by changing the trapping beam power. The vaterite micro-
sphere was illuminated with a LG light of l ¼ �8. The mea-
sured beat frequency and the calculated rotation frequency
versus the trapping laser are exhibited in Fig. 6. The error
bars denote the measurement precision. The red solid line
represents the linear fitting result. The data show that
the beat frequency increases linearly with the trapping
beam power. As a result, the rotation frequency calculated
according to Eq. (4) increases linearly with the trapping
beam power.

Fig. 5 Power spectra for probe beams consisting two LG lights of (a) l ¼ �7, (b) l ¼ �8, and (c) l ¼ �9.
The corresponding beat frequencies are 221.9� 1.7 Hz, 252.5� 0.8 Hz, and 284.1� 0.2 Hz (measured
as FWHM).

Fig. 6 Beat frequency and calculated rotation frequency versus the
trapping laser power for probe beam of l ¼ �8. The error bars denote
the FWHMs of the spectral peak. The red solid line represents the
linear fitting result.
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5 Conclusion
It is demonstrated that the rotation frequency of the optical
trapped vaterite microsphere could be measured using rota-
tional Doppler effect. A perfectly spherical vaterite micro-
sphere modified by silk fibroin nanospheres was trapped
by a circularly polarized beam and rotated at a constant
speed. The probe beams containing two LG beams of
l ¼ �7, l ¼ �8, and l ¼ �9 were illuminated on the vaterite
microsphere, respectively. The backscattered light was moni-
tored by a PD to detect the rotation frequency. The rotation
frequencies in the three cases were measured to be
ð15.85�0.12ÞHz, ð15.78�0.05ÞHz, and ð15.78�0.01ÞHz.
The experimental results have got excellent consistency, and
the precision of the measurement is greatly enhanced. In
addition, the rotation frequency of the trapped vaterite micro-
sphere was varied by adjusting the trapping beam power.
The measured beat frequency and the corresponding rotation
frequency both increased linearly with the trapping beam
power, which further demonstrated the reliability of the rota-
tional Doppler effect.

In summary, we have introduced the rotational Doppler
effect to directly measure the rotation frequency of the opti-
cal trapped micro-object. This approach allows accurately
detecting the torques exerted on single biomolecules and
is applicable in studying their torsional properties. This
will contribute to a greater understanding of the biological
systems. Furthermore, this approach might also be efficient
to monitor the viscosity of the surrounding fluid.
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