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Nondiffracting periodically space-variant polarization beams
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A class of propagation-invariant vector fields with uniform intensity and periodically space-varying
polarization is presented. The beams were formed using computer-generated space-variant
subwavelength gratings. A theoretical analysis as well as experimental results using gratings
designed for CQ laser radiation at a wavelength of 10.6n is discussed. €2002 American
Institute of Physics.[DOI: 10.1063/1.1480477

It is well known that spatially bound electromagnetic CO, laser radiation at a wavelength of 10.Gm.
fields propagating in free space undergo diffractive spreadPropagation-invariant vector fields could be useful for appli-
ing, resulting in changes of their intensity and phase profilescations such as volume holography and metrology and for
If the field is infinite in extent, this is not necessarily the the study of ion diffraction from spatially varying polarized
case, and the beam may be propagation invariant or what fgelds.
commonly referred to as nondiffracting. Two well-known ex- Subwavelength gratings lead to effective birefringence.
amples of such nondiffracting beams are scalar twoTherefore it is convenient to describe them using Jones cal-
dimensional Bessel beamand scalar one-dimensional co- culus. In this representation a space-invariant subwavelength
sine and sine beanidnterest in propagation-invariant beams grating with its grooves oriented in thedirection will be
has not been limited to the scalar regime, and extensions t@presented by the Jones matrix,
nondiffracting vector fields have been extensively studied
theoretically®> However, experimental studies have been lim- ty O
ited. Although approximately radially polarized propagation- “lo tei
invariant fields have been generated by interferometric Y

technique$, general vector fields with space-variant polar- wheret,, t,, and ¢ are the period-dependent transmission
ization are difficult to produce, thereby limiting possibilities coefficients and retardation of the grating, respectively. If the
for experimental studies. grating is space varying, it can be represented by the space-
Previously, we experimentally demonstrated the forma\/arying Jones matrix[(x,y)]=R I 6(x,y) PR 6(x,y)],
tion of beams with space-variant polarization usingyhereR() is a two-dimensional rotation matrix amgx,y)
computer-generated subwavelength gratfhyéhen the pe- s the local orientation of the grating. For convenience we
riod of the grating is much smaller than the incident wave-gyitch to the helicity base in whicl®) and|L) are unit vec-
length only the zeroeth order is a propagating order and thgyrs representing right-hand and left-hand circular polariza-

grating structure results in effective birefringence. Thereforgjon respectively. When represented in this bage,y) has
by controlling the local direction and period of the grating, explicit form of

any desired polarization can be obtained. Furthermore, we
showed that space-variant polarization manipulation is ac- )
companied by a geometrical phase modification closely re- Subwavelength grating

lated to the Pancharatnam—Berry pRamed that this phase ywmm%
modification affects the propagation of the resulting beam. 1‘_)

We recently demonstrated that this phase can be utilized to X
form complex phase operators which we called
Pancharatham—Berry phase optical eleméRBOES.’

In this letter we demonstrate the formation of a class of
nondiffracting beams with periodically space-varying polar-
ization using PBOEs based on computer-generated subwave-
length gratings. By correctly determining the local period
and direction of the grating, we control the polarization and

@

R)

phase of the resulting field to yield propagation-invariant y
beams with uniform intensity and continuous space-varying Tl//'—\\l//—\\l//—\\l
polarization. We present a theoretical analysis and show ex- X Polarization distribution

perimental results using subwavelength gratings designed for

FIG. 1. lllustration of a PBOE for forming propagation-invariant fields. The
insets showtop) the geometry of the PBOE, as well @mottom) the vector
3E|ectronic mail: mehasman@tx.technion.ac.il field formed by it.
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(a)

FIG. 2. (@) Measured intensity of the vertical and hori-
zontal components of the beam as well as the normal-
ized Stokes parameterg¢h) S;/S,, and (¢) S;/Sp,

S, /S, at various planes along the axis of propagation.

I b K- 3 The solid and dashed lines indicate theoretical results
) ) 4 75 9 whereas the dots indicate the experimental measure-
. i i 1 1 } i ments.
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If we assume a space-varying periodic subwavelength X expfikz(1—\?/8d?)]. (5b)

grating with 6(x,y) = mx/d (d is the period, and illuminate
the grating with anR) polarized plane wave at an angle of
incidence of simke=N\/2d (\ is the incident wavelengihthen
based on Eq(2) the resulting field will be

This reveals thaftEy(x,z)) is in fact the sum of two orthogo-
nally polarized one-dimensional scalar nondiffracting beams.
Furthermore we note thd,(x,z) =E,(x—d/2,z). SinceE,
andE, are identical nondiffracting beams shifted relative to
P i(mx/d gt i by i (x/d one another by half a period, their sum is also nondiffracting.
[Eo(x,2=0))=T()& ™ R) = (ty-+ tye'?)el ™% Moreover,E, and E, are orthogonally polarized and there-
X|R)+(ty—t,e'?)e ™D |y (3)  fore their interference does not result in intensity modulation,
but rather in a wave front with uniform intensity and, as we
Figure 1 illustrates the result of E(B). The transmitted  will show, space-varying polarization.
beam comprises two orders, a zero order that maintains the To analyze the polarization ¢Eq(x,z)) we calculate its
original polarization, and does not undergo any phase modiStokes parametetss
fication and a diffracted order whose polarization has
switched helicity, and whose phase is modified at each point.  Si(X,2)= 5(t;—t7)cog 2mx/d) —t,t, sin ¢ sin(27x/d);
The two orders travel in different directions. We will show
that interference of the two orders in the region where they
overlap results in a propagation-invariant beam with constant
intensity and transversely periodically varying polarization.
To prove that the beam is nondiffracting, we propagate it
in the z direction using the Fresnel transfer funcfloH y © measured calculated
=exdikz(1—-\?f?/2)] (f is the spatial frequency aridis the 90+ o % * measured~ - - calculated
wave numberto yield o8 e e

Sy(x,2) = 3(t;—t7)sin(2ax/d) +t,t, sin ¢ cog 2mx/d);

Sa(X,2) =1ty COSe;  Sp(X,2) = 5(t5+17).

[Eo(x,2)) =3[ (t,+tye'¥)e ™ I|R) -0t
90F 52
+(tx_tyei¢)e—i(ﬂ'x/d)||_>] Z=28 cm M
X exqikz(1—\?/8d?)]. (4 o0k J>
. 90F z=37 cm

Consequently we find that up to a constant phdggx,z 0

=0))=|Eq(x,2)) for all z, and that the wave is nondiffract-

ing. The propagation-invariant nature [#y(x,z)) can be -90+

better understood if we decompose the vector field into or-  90[ z=49.em P
thogonal linearly polarized components to achieve of
-90 . L )
1
EX(XlZ) = 7

i mX it T X
cos — | tit,e?sinf —
5" d Y d
FIG. 3. Measured and predicted azimuthal angle and ellipticity of the non-

xexfdikz(1—\?%/8d?%)], (59 diffracting beam at various planes.
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Next we find the local ellipticity,y, and the local azi- Following fabrication we illuminated the grating with
muthal angley, of the beam from the connections, off-axis circularly polarized light, which we focused using a
ot tsi cylindrical lens with ar number of 6.66. This enabled us to
ly sing . . - :
tar[Zzp(x,z)]:Sz/Sl:tar( 27x/d+arctan————|, illuminate only the region of the grating where the subwave-
x4 length period was below the Wood anomaly. We then mea-
(6a) sured the Stokes parameters of the resulting beam at several
_ 2t,t, cos¢ planes along the optical axis.
Slr[ZX(X,Z)]=53/So=—tz+—tz—- (6b) Figure 2a) shows experimental images of the beam
z Ty

when it passed through a polarizer oriented horizontally, and
Based on Eqs(6) we find that the ellipticity of the beam is when it passed through a polarizer oriented vertically at
constant and depends on the transmission and retardation planesz=0 andz=28, z=37, and 49 cm. We note that the
the grating, whereas the local azimuthal angle varies periodiinearly polarized components resemble cosine beams, and
cally along thex direction at the same rate at which the local that the vertically polarized component is shifted by half a
subwavelength grating’s orientation varies, as depicted iperiod relative to the horizontally polarized component as
Fig. 1. We thus conclude that any subwavelength gratingpredicted by Eqs(5). Figure 2b) shows the measured inten-
whose local grooves are oriented at ang(g,y) = 7x/d will sity, Sy, as well as the normalized Stokes param&@r
produce a propagation-invariant field with uniform intensity =S,/S,. There is good agreement between theory and ex-
and a nonuniform polarization structure when illuminatedperiment. We note the constant intensity throughout the im-
with an off-axis circularly polarized beam at an angle ofage space as well as the constant vaIuéSgaf Figure Zc)
sina=\/2d. This is true regardless of the transmission andshows the experimental and predicted resultsSor S, /S,
retardation of the grating, i.e., regardless of the gratingandS,=S,/S,. The sinusoidal shapes &f andS, indicate
groove profile. We therefore turn our attention to a generathe variation of the local azimuthal angle along thaxis as
design procedure for such gratings. discussed above.

We begin by defining a grating vectdt ,=Kq(x,y) Figure 3 shows the experimental and theoretical local
X[ cos@x/d)X+ sin(mx/d)§] oriented perpendicular to the azimuthal angley, and ellipticity, y, calculated from the
grating stripes® X and § are unit vectors in thex andy  data in Figs. #) and Zc). We note the constant ellipticity
directions andK,=2/A(x,y) is the spatial frequency of and the linearly varying azimuthal angle predicted by Egs.
the grating(A is the local subwavelength peripdo ensure  (6). The results displayed in Figs. 2 and 3 clearly demon-
continuity of the grating stripes we requifexK,=0, from  strate the propagation invariance of the vector field.
which A(x,y) is determined. Finally, onc&, has been Finally, to experimentally verify that any space-variant
found, we calculate the grating functiay, (defined so that subwavelength grating described kg (x,y) will yield a
V=K, by integratingK 4 over an arbitrary path yielding propagation-invariant beam, we performed a set of experi-
the solution ments with a GaAs dielectric subwavelength grating charac-

_ ; _ terized byt,=0.8, t,=0.8, and¢=65°. The polarization

$o(x.y) = (2d/Ao)sin(mx/d)exp( —myld), measurements of thye transmitted field revealed a nondiffract-
where A, is the subwavelength period of the gratingyat ing beam with constant intensity and ellipticity of
=0. =12.5°. The azimuthal angle of the field varied linearly in a

We realized a metal stripe grating described by the gratmanner similar to that described for the beam in Fig. 3,
ing function ¢4 for CO, laser radiation at a wavelength of thereby providing additional experimental evidence of the

10.6 um using a Lee-type procedutéThe geometry of the nature of the class of propagation invariance discussed in this
grating is shown in Fig. 1. We chose=2.5 mm and the total |etter.

length of the element was 30 mm so that it encompassed a

total of 12 periods. We fabricated the grating with a width of

1.3 mm so that the subwavelength peridd,varied from 2

to 10.2 um. The grating was realized on a 5Q0n thick ) ' o
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