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Polarization oscillating beams, namely, polarization standing waves, commonly formed by a pair of coherent
counterpropagating light waves with orthogonal polarizations, oscillate their states of polarization periodically
within a wavelength interval, offering conceptual and practical interests in light-matter interactions such as the
nonreciprocal magnetoelectric effect, and impressive applications in optical imaging, sensing, and chirality de-
tection. Here, we propose a new class of polarization oscillating beams that longitudinally vary states of polari-
zation with spatial intervals within centimeters via the superposition of two copropagating optical frozen waves
with preshaped longitudinal intensity profiles and transverse phase structures. The flexibility and manipulability
are demonstrated by creating several polarization oscillating beams with different polarization structures. This
work paves a new way to manipulate other waves and may be useful for applications of optical standing waves in

optical manipulation, light guiding of atoms, polarization-sensitive sensing, etc.
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1. INTRODUCTION

The standing wave, manifesting itself as a stationary wave that
has static peak location and oscillating energy, has been widely
observed in free space, media, resonators, and so on. As a
canonical physical phenomenon, it can arise in all kinds of
waves, including mechanical waves, sound waves, and light
waves, etc. In the light-wave regime, more particularly, the
standing wave formed by a pair of counterpropagating constitu-
ent waves with orthogonal polarizations, namely, the polariza-
tion standing wave, periodically varies the state of polarization
(SoP) along the propagation direction [1], exhibiting natural
polarization oscillation features. Hence, such beams are also
named as polarization oscillating waves and have exhibited heu-
ristic interests in scientific and application realms [2—-11].
Remarkably, polarization oscillating waves have been employed
to produce nonreciprocal magnetoelectric effects [3], enhanced
light-matter interaction [2,4], nontrivial optical force [5,6],
nonlinear optical phenomena [7,8], and further, have been in-
troduced to facilitate the applications in chirality detection [9],
sensing [10], etc.

As a common feature of the interference of two counterpro-
pagating coherent waves, the polarization oscillating wave
changes the transverse SoP periodically in an interval of a wave-
length; that is, its longitudinal period identically equals the
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wavelength. Recently, a new class of optical waves with variant
SoP along the propagation axis and tunable period has been
explored by steering two copropagating waves [11], exhibiting
physical prospects involving light-matter interaction and appli-
cation potential in optical manipulation and encryption. For
instance, Cardano ¢t a/. generated Poincaré beams that rotate
their transverse SoPs by using spiral wave plates, relying on the
z-dependent Gouy phase difference between Laguerre—Gauss
(LG) modes that compose Poincaré beams [12]. Moreno
and Fu separately reported vector Bessel beams that periodically
change transverse SoPs upon beam propagation [13-15].
Further, we constructed high-order vector Bessel beams with
hybrid SoPs by engineering the Pancharatnam—Berry phases
of constituent Bessel beams and demonstrated the self-healing
feature of their three-dimensionally structured SoPs [16]. It
should be noted, however, these vector Bessel beams possessing
z-dependent SoPs also present quasi-Gauss intensity profiles
along the z axis. Such unadjustable intensity profiles may well
be a restrictive factor in practical applications.

In this paper, by quoting the stationary property of frozen
waves [17—19], we propose a general principle for constructing
polarization oscillating beams based on the axial superposition
of two copropagating optical frozen waves with preshaped
longitudinal intensity profiles and transverse phase structures.
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Such fields have uniform intensities, but periodically oscillating
SoPs in centimeter intervals along the propagating direction.
Experimentally, we construct several polarization oscillating
beams with zeroth- and higher-order SoPs by employing a
4 f polarization conversion system, indicating that this method
is flexible and accurate for manipulation of the longitudinal
oscillation of an SoP.

2. EXPERIMENTAL SETUP

Figure 1 schematically shows our construction principle of a
polarization oscillating beam. It is well known that the SoP
of a light wave can be intuitively depicted with a point on
the Poincaré sphere, of which the location is dependent on
the amplitude ratio and phase difference of two orthogonal
states constructing the Poincaré sphere. This means that steer-
ing the complex amplitudes of two constituent waves enables
the control of an SoP for an arbitrary optical field. With this
principle, we consider the frozen waves that have arbitrarily
controlled longitudinal intensity profiles as constituent beams.

A frozen wave, originally used to describe the beam keeping
its shape in an absorbing medium, has been introduced to
characterize the nondiffractive beam with a static intensity
envelope, that is, the beam with intensity envelope velocity
of » =0 [17], exhibiting a static property similar to a tradi-
tional standing wave. Generally, such beams are created from
the superposition of copropagating Bessel beams with equal fre-
quency but different transverse and longitudinal wavenumbers,
exhibiting arbitrary z-dependent intensity profiles in defined
propagation distances [17—-19]. Moreover, as a new nondiffrac-
tive solution of a wave equation, the stable phase structure of a
frozen wave also manifests itself as a desired candidate for steer-
ing the z-dependent SoP.

Supposing that a frozen wave is composed by 2V + 1 equal
frequency Bessel beams of order /, its electric field thus can be

defined by [17]

@=n/2 |L)—> D) —> |R) —> |A) —>|L) —> D) —>IR) —> |A) —> |L)

Fig. 1. [Illustration of constructing polarization oscillating beams.
(a) Zeroth- and first-order frozen waves that have rectangular and
sinusoidal intensity profiles, respectively. The dashed lines denote
where the intensity lines come from. (b) Evolution of transverse
SoP of a polarization oscillating beam constructed from two sinusoidal
frozen waves with opposite spin states and initial phase difference
@o = -r/2. The red and blue lines schematically depict the real parts
of two electric fields. (c) Hybrid Poincaré sphere and the SoP conver-
sion trajectory corresponding to the evolution in (b).

Y O O Vol. 6, No. 7 / July 2018 / Photonics Research 757

N
F(pogzl) = e Y AJ (kyp)e™ 7™, (1)
=N
where /elz)j =w?/c? - kﬁj with k; = Q + 27zj/L and Q =
(w?/c* —2.42pt)!/? is the initial parameter determining
the spot radius p, of the Bessel beam, L is the finite distance
maintaining a predefined longitudinal intensity profile, Aj is
the weighting factor for the Bessel beam, and ; is an integer.

In Fig. 1(a), we schematically present a zeroth-order frozen
wave with a rectangular profile and a first-order frozen wave
with a sinusoidal profile, respectively. Here, the intensity dis-
tribution is denoted as |F(p, z,/)|*>. The dashed lines denote
where the intensity lines come from. These frozen waves both
obviously present the desired longitudinal intensity profiles. It
is noteworthy that, as a special solution of resonance, the sinus-
oidal function provides stability and smoothness for the longi-
tudinal modulation. On the other hand, it is notable that the
longitudinal intensity of a standing wave also presents a sinus-
oidal profile. Accordingly, we take the scenario that frozen
waves have sinusoidal profiles as an example in the following
content.

Figure 1(b) illustrates the construction of a polarization
oscillating beam based on two sinusoidal frozen waves with
opposite spin states and complementary intensity profiles.
The red and blue lines depict the real parts [denoted as
Re(F;) and Re(F,)] of two frozen waves, respectively. As
shown, two sinusoidal profiles have a /2 phase shift, that
is, the longitudinal intensity profiles of two frozen waves
can be, respectively, denoted by sinusoidal and cosine
functions, which ensures the constructed polarization
oscillating beam keeps a uniform intensity profile, namely,
|Fy(p 2. D1 + |Fa(p.pz, D) < 1(p, )|, where [i(p, ¢)
is an /th order Bessel function independent of z. Supposing
that these two constituent frozen waves have a constant phase
difference of ¢y = -7/2, and expanding this issue into a more
general case, these two frozen waves separately carry orbital
angular momenta (OAMs) of mh and nh. Consequently,
the SoP of the resultant polarization oscillating beam will peri-
odically change along the meridian |R,,) = |A,,,) = |L,) —
ID,,,.) = |R,,) on the hybrid Poincaré sphere [20], as the red
curve shows in Fig. 1(c), where |R,,) and |L,) depict the right-
and left-handed circular polarizations with 7th and nth order
vortex phases, and |A,,,) and |D,,,) depict the diagonal and
antidiagonal hybrid states, respectively. Note that the hybrid
Poincaré spheres degenerate into a high-order Poincaré sphere
when m = -n [21], but a canonical Poincaré sphere
when m = n = 0.

3. EXPERIMENTAL RESULTS AND DISCUSSION

According to this principle, we experimentally construct polari-
zation oscillating beams by using the setup schematically shown
in Fig. 2 [22-24]. The collimated and expanded laser beam
(from an Ar’" laser with a wavelength of 1 = 514.5 nm
and waist radius about @y = 5 mm) inputs into a beam splitter
(BS). The transmitted part from the BS is absorbed by a beam
terminal, and the other part is reflected onto the spatial light
modulator (SLM) (Holoeye, Pluto) and encoded with pupil
phases, and then passes through the BS and a lens. A filter
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Fig. 2. Experiment setup for constructing polarization oscillating
beams. SLM, spatial light modulator; BS, beam splitter; BT, beam
terminal; L, lens; F, filter; QWP, quarter-wave plate; G, grating; CCD,
charge-coupled device. Insets: (a) computer-generated hologram
encoded on SLM; (b) intensity pattern of a first-order frozen wave
at a certain location.

is used to choose the first-order diffractive beams. Two first
orders then occur in opposite polarization conversion after
two orthogonal quarter-wave plates and become circularly po-
larized beams. Two constituent beams passing through another
lens then are axially synthesized by a Ronchi grating. Here the
Ronchi grating and SLM are conjunctive in the 4/ system
composed by lenses L; and L, with a focal length of
40 cm. This means that the output plane with grating is
actually a spectrum plane of Bessel beams, so another focusing
lens (L3) is employed to implement the Fourier transform.
The resultant fields are observed by a CCD camera in linear
motion.

The pupil phase encoded on the SLM actually is a
computer-generated hologram for predefining the longitudinal
intensity profiles of orthogonally polarized frozen waves. In
practice, we define the sinusoidal profile in a finite distance
of L = 44 cm. The predefined amplitude profiles of two frozen
waves are Fp(z,m = 0) = sin(nz/A) and Fi(z,n =0) =
cos(mz/A), respectively. Here, A is the constant longitudinal
period of intensity profile. The initial parameters are
Q = 0.999992k, with % the wavenumber, N = 6, and
A = 9.6 cm. For such a case, the coefficients Aj are calculated
according to [18]

L
A; = % / F(z, [)e 2%/ dz. 2)
0

It is well known that Bessel beams can be created from the
Fourier transform of concentric rings [25]. This means that the
pupil phase encoded on the SLM actually is employed to
modulate the spectrum of each Bessel beam, namely, the
concentric rings. Therefore, the pupil phase is a superposition
of concentric rings modulated by coefficients A4; and spiral
phases exp(i/¢p). The insets in Fig. 2 display the computer-
generated hologram and the corresponding intensity pattern
of one frozen wave in a certain plane.

In compliance with this method, we first construct a fun-
damental polarization oscillating beam, namely, the zeroth-
order Bessel field. For such a case, two orthogonal basic states
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Fig. 3. Intensities of constituent zeroth-order frozen waves and
transverse SoP distributions of the resultant field at different propaga-
tion distances, respectively. The red and cyan ellipses in the bottom
diagrams denote the local polarization ellipticity calculated from the
measured Stokes parameters [11].

are |Ry) and |Ly), respectively. In experiment, we set the initial
phase difference, ¢y = -7/2. Figure 3 shows the intensity
patterns of two frozen waves as well as transverse SoP distribu-
tions of the resultant fields in equally spaced planes. The red
and cyan ellipses in the bottom diagrams denote the local
polarization ellipticity, which are calculated by measuring
the Stokes parameters [11,26]. As expected, the resultant field
changes its SoP along the red trajectory shown on a canonical
Poincaré sphere upon propagation. These results indicate that
the preshaped intensity profiles of frozen waves give rise to the
longitudinal variation of the SoP.

Next, we engineer several polarization oscillating beams
with inhomogeneously transverse SoPs. Figure 4(a) displays
the measured intensity profiles of two first-order frozen waves
possessing |R;) and |L_;) states with @, = -7/2 at a fixed
point in the central ring in the transverse plane. The dots
and curves correspond to the measured and analyzed results,
respectively. It is well known, in the nondiffractive region,
Bessel beams actually present Gauss-like intensity profiles
[27], while these two first-order frozen waves present preshaped
intensity profiles as sinusoidal curves. Clearly, the elaborated
intensity profiles are complementary to each other, indicating
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Fig. 4. (a) Longitudinal intensity distributions of two first-order
frozen waves (denoted as red dots and black squares) with sinusoidal
profiles. Dots, experiment result; curves, analyzed results. (b) Lateral
intensity patterns of the synthesized field in equally spaced planes.
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that the resultant field has a uniform intensity profile.
Figure 4(b) sectionally displays transverse intensity distribu-
tions of the synthesized field in equally spaced planes.
Obviously, the synthesized field presents a first-order Bessel
functional intensity pattern. It should be noted that, experi-
mentally, incomplete elimination of intensity that is inevitably
induced by the extinction ratio of polarization analyzer debases
the resultant quality.

To demonstrate the longitudinal variation of SoP, we mea-
sure the local SoP by utilizing the Stokes method [26]. Figure 5
displays the SoP and S5 distributions at different propagation
distances. As shown in Fig. 4(b), the energy of the first-order
Bessel beam almost concentrates in the central bright ring,
which is the backbone of a Bessel beam. Hence, we just present
the SoP distributions within the central region of Bessel beams.
Besides, we note that, for a standing wave, a characteristic
parameter is the node where the amplitude is minimal.
Likewise, here we introduce node and antinode concepts to de-
fine the location where two frozen waves have minimal and
maximum intensity differences. Obviously, the synthesized
field has two important nodes and antinodes that correspond
to typical SoP distributions. Here the nodes correspond to the
diagonal and antidiagonal points on the equator of a higher-
order Poincaré sphere, while the antinodes correspond to
the poles where the synthesized field has homogeneous circular
polarization. For such a special case, the SoPs of two nodes are
denoted by |A;_;) and |D;_;) states, namely, the z-vector
fields [21]. The characterized SoP distributions are shown in
Figs. 5(a) and 5(b), respectively, where the black line and
colored background depict the local SoP, i.e., polarization ellip-
ticity y and orientation i, which are calculated according to the
relationships sin(2y) = S5 and tany) = S,/S;.

Figures 5(c)-5(f) orderly display the SoP (left column) and
S5 (right column) distributions at two adjacent nodes and
antinodes in an SoP conversion period. Remarkably, at
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Fig. 5. (a), (b) SoP distributions of the |[D_; ;) and |A_; ;) states.
(c)—(f) Experimentally measured SoP distributions at two adjacent
nodes and antinodes. Left, polarization orientation (background)
and polarization ellipticity distributions; right, S3 distributions.
Black line and ellipse depict the linear and ellipse polarizations,
respectively.
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(a) Intensity pattern of the second-order field at the z = 0
plane. (b)—(e) Polarization orientation (upper) and intensity (bottom)
distributions in four adjacent nodal planes. Arrows, the orientation of
linear polarizer; dashed square, bound of selected areas corresponding

to (b)—(e).

Fig. 6.

antinodes, the synthesized field alternately presents the homo-
geneous left- and right-handed circular polarizations, i.e.,
S3 = =£1, as shown in Figs. 5(c) and 5(e), while at nodes,
it is transformed into z-vector SoPs with S35 = 0, as shown
in Figs. 5(d) and 5(f). As a whole, the transverse SoP structure
also varies along the red trajectory, as shown in Fig. 1(c), but on
a first-order Poincaré sphere.

We further construct a polarization oscillating beam with a
second-order SoP, and the experimental results are shown in
Fig. 6. Figure 6(a) shows the transverse intensity pattern at
the z = 0 plane, and Figs. 6(b)—6(e) display the polarization
orientation and intensity patterns after a horizontal or vertical
polarizer in four adjacent nodal planes, respectively. The dashed
square depicts the boundary of Figs. 6(b)-6(e). The arrows de-
note the orientation of the linear polarizer. From these results, it
can be seen that the synthesized field has the characteristics of a
second-order vector Bessel beam, of which the polarization ori-
entation rotates 47 in a circle along the azimuthal direction.
Moreover, these presentations demonstrate that the transverse
SoP of the synthesized field oscillates periodically along the
propagating direction.

In addition, we expand this method to the Bessel beam with
a larger order. Figure 7(a) presents the resultant intensity dis-
tributions of a fifth-order polarization oscillating beam.
Figures 7(b)-7(d) correspond to the intensity patterns of the
vertical component in three adjacent nodal planes. Likewise,
central ten-petal patterns demonstrate the successful generation
of a fifth-order vector Bessel beam. The rotation of intensity
pattern indicates the SoP conversion. Meanwhile, the identical
patterns in Figs. 7(b) and 7(d) further demonstrate the periodic
oscillation feature of the SoP.

As a whole, the above results demonstrate that the resultant
field constructed from two copropagating frozen waves periodi-
cally oscillates its SoP along the propagating axis, maintaining a
uniform intensity profile at a defined propagation distance. So,
we name such a field as a polarization oscillating beam. It is

Fig. 7. (a) Intensity distribution of fifth-order field at the z = 0
plane; (b)—(d) zoom-in vertical component distributions at three
adjacent nodal planes.
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apparent from the above analysis that our achievement ap-
proach can be extended to such attractive and efficient flatness
optical elements as liquid crystal plates [28—30], metasurfaces
[31-33], and subwavelength gratings [34-36]. In addition, the
longitudinal SoP conversion process, that is, the transformation
trajectory on all kinds of Poincaré spheres, is controllable by
steering orthogonal basic states and initial phase differences
[16]. Importantly, the preshaped feature of frozen waves in turn
enriches the transformation speed of SoP, and other conversion
such as nonlinear conversion is possible, giving rise to many
intriguing byproducts such as inhomogeneous optical force

[37] and spin-orbital coupling [38—40].

4. CONCLUSION

In conclusion, we presented a class of polarization oscillating
beams composed of two copropagating frozen waves with sta-
tionary fields and orthogonal SoPs. Four kinds of polarization
oscillating beams with fundamental and higher-order SoPs were
created to demonstrate the feasibility of our approach. These
polarization oscillating beams with long periods have potential
scientific and applied interests in optical manipulation, light
guiding of atoms, polarization-sensitive sensing, and so on.
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