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We observe the rotational Doppler shift of an orbital
angular momentum (OAM)-carrying white-light beam
after it is backscattered from a rotating object. Unlike
the well known linear shift, this rotational shift is inde-
pendent of the optical frequency, and hence each spec-
tral component of the scattered light is shifted by the
same value. Consequently, even a white-light source
can give rise to a single-valued frequency shift. We show
that the size of this shift is proportional to the OAM
of the light and that superpositions of different OAM
states give rise to multiple frequency sidebands. The ob-
servability of this rotational shift for white-light illumi-
nation highlights the potential for the rotational
Doppler effect to form the basis of a rotational sensor
for the remote detection of spinning objects. © 2014

Optical Society of America
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The linear Doppler effect is the well-known frequency shift of
a light beam that arises as a result of the relative motion be-
tween a source and an observer. This frequency shift scales
with both the unshifted frequency and the linear velocity,
an effect extensively used in Doppler velocimetry to detect
the translational motion of surfaces and fluids [1,2]. Less well
known than this linear effect is the rotational equivalent, where
the frequency shift is proportional to the product of the rota-
tional velocity between the source and the observer and the

orbital angular momentum (OAM) of the light [3–8], such
that Δω � lΩ. Here, Ω is the angular rotational frequency
and the illuminating field has an OAM of lℏ per photon.
We reported recently that this rotational Doppler effect is
manifest in monochromatic laser light backscattered from a
spinning object, even in cases where the linear velocity between
the source and observer is zero [9]. The effect has also been
observed for a single point scatterer rotating about the optical
axis of an illuminating beam [10]. In this last guise, the effect is
similar to that predicted for the frequency shifts of atomic tran-
sitions when moving atoms are interrogated with light beams
containing OAM [11]. The dependence of the rotational
Doppler shift upon the angular momentum carried by the light
means that in order to observe a single-valued shift, one needs
to be selective in the angular momentummodes used either for
illumination of the surface or in the detection of light scattered
from it.

One striking feature of the rotational effect is that while the
linear shift scales with the unshifted frequency, the rotational
effect does not. Hence, for the rotational effect, all the frequen-
cies within the same spatial mode of a white-light beam should
be frequency shifted by the same amount. This ability to use
white light suggests that the natural emission of light from a
spinning object may result in a sufficiently large signal to allow
the remote detection of spinning objects without the need for
dedicated illumination.

In this present work we observe the rotational Doppler shift
from a white-light source after it is backscattered by a spinning
object. We show that the magnitude of this shift is dependent
upon the OAM of the light, and that superpositions of differ-
ent OAM states give rise to multiple sidebands on the shifted
frequency. The observability of the frequency shift for white-
light illumination highlights the potential of this rotational
Doppler effect as the basis of a rotational sensor using back-
scattered light.
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The linear Doppler shift is usually associated with the line-
of-sight component of velocity between the source and
observer. However, the Doppler effect can also be observed
from transverse motion. If a moving rough surface is illumi-
nated at an oblique angle, the light of frequency ω0 scattered
at normal incidence is subject to a reduced Doppler shift given
by Δω � �ω0 sin α�v∕c, where α is the angle between the il-
lumination and the surface normal and v is the transverse
velocity of the surface. Oblique illumination can take many
forms; light is normally represented as a plane wave, but other
phase structures are also possible. In particular, light beams
with helical phasefronts, i.e., with a phase structure described
by Ψ�ϕ� � exp�ilϕ�, carry an OAM of lℏ per photon
[12,13]. These helical phasefronts correspond to a local skew
angle of the Poynting vector (or local ray direction) of β �
l∕k0r, where k0 is the wave number and r is the radius vector
[14] (see Fig. 1). Consequently, for a surface spinning with an
angular velocity Ω, and illuminated by a light beam with hel-
ical phasefronts, the on-axis scattered light is subject to a fre-
quency shift of Δω � Ωl. We note that, unlike the linear
Doppler shift, this angular Doppler shift is independent of
the frequency of the incident light and hence should be observ-
able as a single shift for a scattered white-light beam. Rather
than measure this frequency shift directly, it is convenient to
create an illumination beam comprising two different values of
OAM, l1 & l2, such that the scattered light comprises two
different frequency components that interfere to produce a
modulation in the detected intensity, f mod � Ωjl1 − l2j∕2π.

Figure 2 shows the experimental arrangement for observa-
tion of the white-light rotational Doppler shift. A supercontin-
uum white-light source (Fianium SC400-6) is coupled to a
single-mode fiber to define the light’s spatial coherence. The
output from this fiber is allowed to diverge and then collimated
to illuminate a spatial light modulator (SLM). If the SLM is

programmed with a simple diffraction grating containing an
on-axis fork singularity, the resulting first-order diffracted
beam possesses helical phasefronts [15]. The approach can
readily be extended to create superpositions of helically phased
beams [16], in our case with indices l1 and l2. The combi-
nation of a diffractive approach and a broad spectral source
means that this first-order light is subject to angular dispersion.
This angular dispersion is compensated by an appropriate
prism placed in the image plane of the SLM, resulting in a
collimated white-light beam with the chosen modal structure
[17]. This phase-structured white-light beam is reimaged to
the rotation axis of the scattering surface. The details of the
scattering surface are not critical to the observation of the rota-
tional Doppler effect. In this case the surface was plastic, of
rough texture on the scale of a millimeter, and sprayed with a
silver paint. The scattered light is then collected by a large-
aperture lens and relayed to a large-area photodiode. Note that
in this configuration the modal selectivity comes from the
illumination light and the detection system is multimodal.
However, as demonstrated in our earlier work, the modal se-
lectivity can instead be incorporated into the detection system
[9]. The output of this photodiode is acquired by computer,
digitized, and Fourier transformed such that the frequencies
of the resulting intensity fluctuations can be observed and
recorded. The rotational speed of the surface could also be re-
corded and logged using a simple optical pulse counter meas-
uring the periodic signal from a reflective mark on the
rotation axle.

Figure 3 shows a typical power spectrum of the intensity
fluctuations recorded in the white light that is backscattered
from the spinning surface. Figure 4 is a graph showing the

Fig. 1. For a helically phased beam (i.e., one carrying orbital angular
momentum), the local ray direction is inclined by an angle β � l∕k0r
with respect to the propagation direction. When used to illuminate a
spinning object, this incline results in a frequency shift of the scattered
light similar to that obtained in Doppler velocimetry.
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Fig. 2. A supercontinuum laser source is coupled into a single-mode
fiber (SMF) to produce a spatially coherent beam of white light, which is
then collimated by a lens, L1, and illuminates a spatial light modulator
(SLM). The SLM is encoded with a combination of fork diffraction pat-
terns, such that the first-order diffracted beam is of the desired OAM
superposition l. A spatial filter, AP, is placed in the focal plane of a lens,
L2, and used to select the first-order diffracted beam of all the wavelength
components. To compensate for chromatic dispersion resulting from the
diffraction grating, the first-order beam is then reimaged onto a prism,
yielding a white-light OAM-carrying beam within which all the wave-
length components are coaxial. This white OAM is reimaged onto
the spinning rough surface, and the backscattered light is collected by
a photodetector, PD, to measure the intensity modulation frequency.
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measured frequency of the largest peak in the power spectrum
as a function of both the spin rate of the surface and the modal
superposition of the illumination (insets show the intensity
structure of the illumination beam). In each case, the intensity
cross section of the illuminating beams corresponds to a petal
pattern with jl1 − l2j rotational symmetry. As anticipated, the
power spectrum reveals a peak in the intensity modulation at
an angular frequency f mod � Ωjl1 − l2j∕2π. This peak is ap-
proximately 20 dB above various other peaks at frequencies
corresponding to integer differences jl1 − l2j. The origin of
these additional peaks is consistent with modal impurities that
are inherent in either lateral or angular misalignment of the
illumination beam and/or slight aberrations in the optical sys-
tem [18]. The main source of uncertainty in our results is not
the identification of the peak in the power spectrum; rather, it
is the uncertainty in the stability and measurement of the ro-
tation speed of the motor to which the scattering surface is
attached. This uncertainty in rotation speed is ≈� 1 Hz,
equivalent to ≈� 7 rads−1.

To explore the influence of modal composition on the mea-
sured power spectrum, we deliberately created an illumination
beam comprising multiple OAMmodes. Figure 5 shows a spe-
cific example of the power spectrum obtained when the illu-
minating beam is an OAM superposition of l1 � 14 & 15
and l2 � −14 & −15. As anticipated, we observe significant
peaks at modulation frequencies corresponding to 28 and
30 Ω, but we also observe a peak at 29 Ω. This latter peak
corresponds to the interference between l � �14 and
l � ∓15. The presence of this latter peak emphasizes that
for modal superpositions, rather than obtaining a single-valued
frequency shift that scales with the average OAM values, the
spectrum comprises individual peaks that correspond to the
pure OAM modes contained within the modal superposition.
It is this last result that demonstrates that the OAM is the natu-
ral basis in which to both describe and calculate this rotational
Doppler effect.

In this work we have observed the rotational Doppler shift
within white light backscattered from a rotating object. We
have shown that unlike the linear Doppler effect, the rotational
Doppler effect is achromatic, in that all spectral components
are shifted by the same frequency. We have also shown that
OAM is the natural choice of basis set where, within a modal
superposition, it is the individual pure OAM modes that give
rise to an independently observable frequency shift. The ob-
servability of the rotational Doppler shift even for white-light
sources suggests its applicability for the remote sensing of
rotating objects. Applications for remote sensing based on this
rotational Doppler shift have been suggested in various astro-
nomical situations [19] but should also be applicable to terres-
trial applications.
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Fig. 3. The recorded time sequence of the intensity backscattered from
the spinning surface is Fourier transformed to give a power spectrum
from which the peak modulation frequency in this backscattered light
can be measured. The power normalization is with respect to the noise
floor of the detector (0 dB). The inset shows the intensity cross section of
the OAM superposition l � �12.
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Fig. 4. Observed modulation frequency plotted as a function of rota-
tion rate for four different superpositions of illuminating OAM,
l � �8;�10;�12;�14. The predicted frequency of the intensity
modulation is f mod � Ωjl1 − l2j∕2π, shown as a solid line. The insets
show the intensity cross section of the various OAM superpositions.
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Fig. 5. The observed power spectrum in the intensity modulation of
the scattered light obtained spinning surface is illuminated with a super-
position of l � �14 &�15. This superposition results in a cluster of
peaks, corresponding to the integer differences between the various OAM
components of the illuminating light. The power normalization is with
respect to the noise floor of the detector (0 dB). The inset shows the
intensity cross section of the OAM superposition l � �14 &�15.
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