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Abstract: We propose cosh-Pearcey-Gauss beams with uniform polarization, which are mainly modulated by
a hyperbolic cosine function (n, Q) and the angles related to uniform polarization (a, ). Based on angular
spectrum representation and the stationary phase method, the Poynting vector, Spin Angular Momentums
(SAM) and Orbital Angular Momentums (OAMS) in the far zone are studied. The results show that a larger n
or Q in the hyperbolic cosine function can partition the longitudinal Poynting vectors, SAMs and OAMs into
more multi-lobed parabolic structures. Different polarizations described by (a, 8) can distinguish their Poynt-
ing vectors and angular momentums between the TE and TM terms, though this does not affect the patterns
of the whole beam. Furthermore, the weight of the left and right sides of longitudinal Poynting vectors,
SAMs and OAMs in TE and TM terms can be modulated by left-handed or right-handed elliptical polariza-

tion, respectively. The results in this paper may be useful for information storage and polarization imaging.
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1 Introduction

Pearcey function with non-convergence or in-
finite energy is the second type of catastrophic func-
tion. It can be expressed by the integral formula of
oscillating structure™. In 2012, Ring et al. intro-
duced the Gaussian envelope to confine its energy,
wherein the Pearcey beams were theoretically pro-
posed and experimentally demonstrated®. It was
found that the Pearcey beams also have self-healing
and auto-focusing properties that are analogous to
the Airy beams in real space propagation. Half-Pear-
cey beamst!, Bi-Pearcey beams®, symmetric odd-
Pearcey beamst® and chirped Pearcey beams® have
also been extensively studied. For example, Deng
et al. found that the tunable circular Pearcey beams
with an annular spiral-zone phase possess the dis-
tinctive ability to trap particles!”. Zhao et al. showed
that the properties of autofocusing performance and
the inversion effect could be perfectly inherited
without being affected by spatial coherence!®.

For optical catastrophe beams, their vectorial
structures can be analyzed by using vector angular
spectrum and stationary phase methods. For ex-
ample, the intensity profiles of the Generalized
Humbert-Gaussian beams were obtained by the
above methods and it was noted that the side-lobes
decrease with a decrease in the topological charge of
the helical axicon®™. Jia et al. found that topological
charge, truncation parameters and ellipticity angles
have a great influence on the far-field vectorial
structures of a Laguerre-Gaussian beam diffracted
by a circular aperture®®®. Furthermore, our previous
work also showed that the symmetry and direction
of the far-field vectorial structures of a Pearcey-
Gauss vortex beam can be modulated by topologic-
al charges and noncanonical strength™. On the oth-
er hand, Spin Angular Momentum (SAM) is associ-
ated with polarization. In a scalar field, SAM can be
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described by its Third Stokes parameters and Poin-
caré spheret?. However, for the vector field, the
vectorial SAM and Orbital Angular Momentum
(OAM) should be considered. In addition, the intro-
duction of the cosh function will bring more de-
grees of freedom for the Pearcey beams.

This paper is focused on the influence of the
initial polarization state and cosh function on the
Poynting vector, SAM and OAM of cosh-Pearcey-
Gauss beams (cPeG) in the far zone. Our proposed
beams with different polarizations can have varying
weights of OAM densities in the TE and TM terms.
The results obtained are different from those of
Pearcey-Gauss vortex beams and provide potential
applications in information storage and polarization
imaging®**,

2 Uniformly polarized cosh-Pearcey-
Gauss (cPeG) beams

Assume the uniformly polarized cPeG beam
propagates in free space with an electric permittiv-
ity of € and a magnetic permeability of p. In the
Cartesian coordinate system, the electric field of the
cPeG beams with uniform polarization at the source
plane z=0 is expressed by 1622

Ex(xy;0) " _
E/(xy;0) ~

COSSiiXpG ) PeGQx;y) Y cosH( ) ;A A
xy

where a is the azimuthal angle in polarization, & de-
notes a phase retardation angle between the x- and y-
components of the electric field, and Q and n are the
modulation parameter and the order of the hyperbol-
ic cosine function, respectively. The background
function PeQx;y) of the cPeG beams in Eq. (1) is
given by

PeG(x;y) = exp
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where wy is the beam waist width of the Gaussian
term, and Pe(x/Xo, Y/Yo) is the Pearcey function with
%o and y, of scaling lengths in the x- and y- axes, re-
Adpg) _ 1%
A/(p;9) 2 1
where the wave number k=2m/A is related to the
wavelength A. Substituting Egs. (1)-(2) into Eq. (3),

A(piq) _ cos exp() %
A(p;a) sin o heo
h i
exp Wy *+ % 4 Pe
with
=kp i(2t n) ; =kq i(zh n) ;

n _ n ~n _ n
t “t(n o)’ h " hi(n h

From Egs. (4)-(5), one can find that the angu-

A A

lar spectrum is composed of a Pearcey function and
a Gaussian term with Q and n in the cosh part. Fig.1
(color online) shows the initial intensity and angu-
lar spectrum of cPeG beams for n=1, 2 and 4. From
Fig.1, it can be seen that the central zone in the ini-
tial intensity darkened and the main lobe that origin-
ates from the Pearcey factor and gradually fades
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spectively. The vector angular spectrums of A(p, q)
of cPeG beams are given by!#?1
A A

exp ik(px+qy) dxdy ;

one can obtain the analytical expressions of the vec-
tor angular spectra as

n

) . 1
ho4T@ 1+iwg 4

w3 W Yo 26

zé; A A

with the increasing n. The amplitudes in the angular

iXp 1+iw2 4y2 " 2iyp 1+iw2 4y2 !

spectra exhibit a parabolic structure due to the Pear-
cey factor with a lower-order n=1 in Fig. 1 (d). These
parabolic spectra can be partitioned into more com-
plex structures by increasing the order of the cosh
part’s n as shown in Figs.1 (e)—(f). A higher-order n
(n=4) leads to the appearance of a dark zone of an-
gular spectrum in the center as shown in Fig.1(f),
and the maximal values are located on the side lobe
of the parabola. One can find that the angular spec-
trum can be modified with a higher-order hyperbol-
ic cosine function, i.e. Q and n, and its far-zone vec-

M
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Fig. 1 The initial intensities and angular spectra of the cPeG beams with different initial polarization states for n=1, 2 and 4.
(@), (d): a=mn/4, 6=1/8; (b), (e): 0=0, 6=0; (c), (f): a=m/4, d=—3m/4. The phase distribution and polarization states are de-
scribed in the top form left to right in Figs.1 (a)—(c). Blue: left-handed elliptical polarization; Red: right-handed elliptic-
al polarization; Black: linear polarization. The parameters are X,=y,=100 um and Q=1.4
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torial structures in SAM and OAM is worthy of fur-
ther analysis. The theoretical design of the cPeG
beams by encoding the amplitude and phase of their
Fourier spectrums onto a spatial light modulator, as

shown in Fig. 2 (color online), where the uniformly
linearly, circularly or elliptically polarized light can
be produced by wave plates.

cosh-Pearcey-Gauss
Beams

Laser

Polarizer

Fig. 2 The theoretical design scheme of the cPeG beams with uniform polarization. BS: Beam Splitter; SLM: Spatial Light

Modulator

3 Far-zone vectorial structure of cPeG
beams

An arbitrary vectorial electromagnetic field can
be separated into two orthogonal terms of Trans-
verse Electric (TE) and Transverse Magnetic (TM)
fields, and it can be as the sum of TE and TM terms
and defined as E=Eq¢+E+\, and H=H.g+H\, where
E and H denote the whole electric and magnetic
fields, respectively®® 1829 The far-zone behavior of
the electromagnetic field, i.e. E and H can be fur-
ther analyzed by Eqg, Etm, Hre and Hyy, respect-
ively. These electric and magnetic fields can be ob-
tained by vector angular spectra and the stationary
phase method in the far zone®®?, Qur attention is
directed to the dependence of the Poynting vector,
spin and orbital angular momentum densities of the
cPeG beams in uniform polarization (a, 8). Further-
more, the influences of the parameters and the order
of the hyperbolic cosine function Q and n on the
vectorial structures of E+g, Etym, Hye and Hyy in the
far zone are also investigated in detail. The calcula-
tion parameters are A=633 nm, X=Y,=100 pm (un-
less otherwise stated), wy=1mm and zo=ky,?.

3.1 Poynting vector
The magnitude and direction of energy flow

during electromagnetic wave propagation can be de-
scribed by the Poynting vector. The longitudinal
component of the Poynting vector is proportional to
the light intensity, and its transversal component
shows the magnitude and direction of the complex
power flow in a fixed plane. The transversal and
longitudinal components of the separated TE and
TM terms are given by!?

1 |

n .
S;x=3ReE H | EH, 1 AA
1_n ! )
S;y=3ReE H, EnH, 1 AA
1_n ! )
S;j=5ReEnH, EyH, ;  AA

where 0=TE or TM, Re represents the real part and
the asterisk is complex conjugation.

The effect of uniform polarization (a, 6) on the
Poynting vectors of the cPeG beams, including TE,
TM terms and whole beam, at z=50z, in free space is
shown in Fig. 3, where the magnitude and direction
of the transverse Poynting vectors are shown by ar-
rows. One can see that the patterns in Poynting vec-
tors are parabolic structures due to the Pearcey
factor, and the energy flow moves from the top to
the side of the parabola. Although the parabolic pat-
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terns of a whole beam are unaffected by initial po-
larizations, the symmetry of longitudinal Poynting
vectors in the TE and TM terms can be modulated
by uniform polarization (i. e., a, 8). The parabolic
patterns of the TE and TM terms in cPeG beams are
symmetric about horizontally linear polarization
(0=4=0) as shown in Figs.3 (b) and (e) (color on-
line), and other polarizations regulate parabolic pat-
terns in the TE and TM terms. For example, the left
side of the TE term is more influential in the left-
handed (LH) elliptical polarization (a, 6)=(1/4, 1/8)
in Fig.3 (a) (color online), but the right one domin-
ates the TE term in the right-handed (RH) elliptical
polarization (0,0)=(n/4, —3mn/4) in Fig.3 (g) (color

online). Furthermore, the topological charge in the
TE and TM terms will change if the uniform polar-
izations (0, &) are modulated, and the net topologic-
al charge is always zero under uniform polarization
(a, 0) due to the topological charges of the two
terms being opposite. Fig.4 (color online) shows the
Poynting vectors of cPeG beams in free space for
different n and Q at z=50z,, where the LH elliptical
polarization is given by (a, 8)=(1/4, 1/8). One can
find that the TE, TM and whole terms present mul-
tilobed parabolic structures in longitudinal Poynting
vectors, and the number of partitioned lobes in-
creases with an increase in n or Q. The intensities of
the dark zones on the parabolic patterns are nonzero.

Fig. 3 Normalized longitudinal Poynting vector (backgrounds) and transversal Poynting vector (arrows) of cPeG beams
for different uniform polarizations (o, 6) at z=50z,. (a), (d), (g): TE term; (b), (e), (h): TM term; (c), (f), (i): whole
beam. The parameters are n=2 and Q=1.4. The red point symbolizes topological charge I=+1, and the white point de-

notes I=—-1
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TE term

=3

n=1

=1

n=4

i i 0 2.5 5.0 i i

TM term

Whole beam

25 50 i i 0 2.5 5.0

Fig. 4 Normalized longitudinal Poynting vector (backgrounds) and transverse Poynting vector (arrows) of cPeG beams for

different n and Q at z=50z,, where the uniform polarization is (a, 8)=(n/4,n/8)

3.2 Spin angular momentum

Angular momentum carried by the electromag-
netic field, in tandem with its mechanical properties,
is comprised of spin and orbital components. The
intrinsic spin angular momentum is associated with
left- and right-handed circular polarizations, while
the orbital component originates from the spatially
helical phase of the wavefield. The total angular mo-
mentum of the electromagnetic field can be written
as the sum of the spin and orbital components*? 2421

dr E.,(rr)E +

j=xy; ]

J=L+S=—
2i!

2i!

: A A
where 0=TE or TM, ¢ is the permittivity of the vacu-
um, w is the angular frequency, and the first and
second terms on the right side of Eq. (9) denote
SAM and OAM, respectively.

Figs. 5 and 6 (color online) give the dependen-
cies of the SAM of the TE term, TM term and whole
beam with uniform polarization (a, 3), cosh para-

meters Q and the order number n in free space, re-

spectively. For linear polarization, the transversal
and longitudinal SAMs do not exist. For LH or RH
elliptical polarization, the longitudinal SAMs are
less or larger than zero, respectively. The longitud-
inal SAM in the left side of TE terms has an advant-
age over that on the right side, but for TM terms, the
opposite is true. The superposition of the left side in
the TE term and the right side in the TM term res-
ults in the multilobed parabolic structures of the
whole beam in SAM densities, and the peak values
of their SAM densities are located on two sides
rather than the vertex of their parabolas. From Fig.6,
it is clear that the SAM densities can be partitioned
by larger cosh parameters Q and order numbers n. In
addition, the transverse SAM of a whole beam is de-
termined by the TM term owing to the z-component
of the TE term not existing, and these vectorial ar-
rows present different directions. The arrows in the
right side point to the left in Figs.5 (c), but those in
the left side point to the right as shown in Fig.5 (f).
More details on the evolution of transversal SAM in
whole beams are provided in Supplementary Videos
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1 and 2 (see the article online), wherein one can find ection is opposite for the RH polarization with
that an alternative variation of transverse SAMs is n/2<a<m and 4=n/8 in Video 2, which indicates that
presented. Its direction in the left side varies from the direction of transversal SAMs is closely related
right to left for LH polarization where 0<o<n/2 and to LH or RH polarization.

0=m/8 as shown in Video 1, whereas its change dir-

TE term

y PP i i

TM term Whole beam

i PP  : i
x PP Y bl

Fig.5 Normalized longitudinal SAM (3D and 2D) and transverse SAM (arrows) of cPeG beams at z=50z,. (a)—(c): o=m/4,
6="/8; (d)—(f): a=m/4, d=—3n/4. The other parameters are the same as those in Fig. 3

TE term

n=4

yimm 1 x/mm

TM term Whole beam
®) ©— ]

i i ylmm | i
I x/mm b x/mm

Fig. 6 Normalized longitudinal (3D and 2D) SAM and transverse SAM (arrows) of cPeG beams (n=1, 4) at z=50z,. (a)—(c):
n=1, Q=3; (d)-(f): n=4, Q=1. The other parameters are the same as those in Figs. 5 (a=n/4, 6=11/8)

3.3 Orbital angular momentum

(color online). Although the initial polarization can-

The dependencies of longitudinal and trans- not affect longitudinal and transversal OAM densit-

verse OAMs of TE, TM and whole beams on differ- ies in whole beams, it can vary the distribution of

ent polarization in free space are shown in Fig.7 longitudinal OAM in TE and TM terms. For ex-
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ample, their longitudinal OAMSs with parabolic
structures both appear in the left and right sides for
linear polarization (0=0, 6=0) in Figs.7 (d)-(f),
whereas for other polarizations, the left side of the
TE term or the right side of the TM term can only be
presented. The results indicate that the initial polar-
ization can be used to distinguish the distribution of

TE term

TM term

OAM densities in the TE and TM terms. For whole
beams, their longitudinal OAM densities with multi-
branched structures are equivalent in the positive
and negative directions, which results in a zero
value of the net OAM. However, the sum of OAM
densities in the TE or TM terms is non-zero be-
cause of their asymmetry about x=0.

Whole beam

Fig. 7 Normalized longitudinal OAM (3D and 2D) and transverse OAM (arrows) of cPeG beams (Q=1.4) at z=50z,. (a)—(c):
a=n/4, 6=1/8; (d)-(f): a= 0, 3= 0; (g)—(i): a=m/4, 6=—3n/4; The other parameters are the same as those in Fig. 3. (n=2)

Fig.8 (color online) further describes the influ-
ence of the cosh parameter and order number on
longitudinal and transversal OAMs. In Fig.8, one
can see that the L, with a larger Q or n tends to parti-
tion more branches along parabolic structures,
which is analogous with the multi-lobed structures
in Fig.4. In Fig.8 (a), one can see that the left side of
L, in the TE term is asymmetric with its right side.
The sum of the negative values is larger than that of
the positive values, which leads to a negative L, in

the TE term. The behavior is also verified by the to-
pological charge TC=-1in Fig.4 (a). A similar case
is also found in TM terms with a positive L,.
However, for whole beams, the superimposed OAM
of the left side in the TE term and the right side in
the TM term constitute their parabolic patterns with
a zero-value L, due to the fact that the sum of negat-
ive values in the TE term equal the sum of positive
ones in the TM term, which can be easily explained
by the non-vortex at the input plane.
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TE term

n=

ymm

(.1

T™M term

Whole beam

yimm i 'mm

E

Fig. 8 Normalized longitudinal and transverse (arrows) OAM of cPeG beams (n=1, 4). (a)—(c): n=1, Q=3; (d)—(f): n=4, Q=1
at z=50z,. The other parameters are the same as those in Fig. 4

4 Conclusion

By introducing the hyperbolic cosine function
to Pearcey beams and the Poynting vector, the SAM
and OAM of cPeG beams with uniform polarization
are studied by using angular spectrum representa-
tion and the stationary phase method. Although the
vortex is not embedded at the original plane, the far-
zone TE and TM terms can still carry topological
charge with a spiral phase owing to polarization.
The topological charges in the TE and TM terms are
opposite, which results in the net topological charge
of the whole beams always being zero. A larger n or
Q in the embedded hyperbolic cosine function can
partition the far-zone Pearcey pattern into more
multi-lobed parabolic structures. The longitudinal
SAMs in the left side of TE terms have distinct ad-
vantages over those in the right side, but the oppos-
ite holds true for TM terms. The sums of SAMs in
TE terms, TM terms and whole beams are all less or
larger than zero due to the LH or RH elliptical po-
larization at the original plane, respectively. In addi-
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