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SPECIAL TOPIC — Optical field manipulation

Dynamic shaping of vectorial optical fields based on
two-dimensional blazed holographic grating*

Xinyi Wang(FE0>4)!, Yuan Gao(77#)!, Zhaozhong Chen(Ff: 7 )1,
Jianping Ding( ] #°F)123 7, and Hui-Tian Wang(F £ H)!?

lNationaI Laboratory of Solid State Microstructures and School of Physics, Nanjing University, Nanjing 210093, China

2C0Haborative Innovation Center of Advanced Microstructures, Nanjing University, Nanjing 210093, China

3 Collaborative Innovation Center of Solid-State Lighting and Energy-Saving Electronics, Nanjing University, Nanjing 210093, China

(Received 30 August 2019; revised manuscript received 23 October 2019; accepted manuscript online 22 November 2019)

We propose a vectorial optical field generation system based on two-dimensional blazed grating to high-efficiently
generate structured optical fields with prescribed amplitude, phase, and polarization. In this system, an optimized blazed
grating hologram is written on a spatial light modulator (SLM) and can diffract the majority of the incident light into the
first-order diffractions of the x and y directions, which then serve as base vectors for synthesizing desired vector beams.
Compared with the conventional cosine grating used in the previous work, the proposed two-dimensional, blazed grating
has a much higher efficiency. Both computer simulation and optical experiment validate that a conversion efficiency up to
5 times that of the former work is achieved. Our method can facilitate applications of the optical field manipulation.
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1. Introduction

The information of light relies on the distribution of the
elements including amplitude, phase, and polarization, which
are often required to be steerable in a variety of applications.
Therefore, the complete control of light is of great signifi-
cance for optical science and engineering research. In recent
years, beams with inhomogeneous polarization states have at-
tracted much attention due to the unique feature and a wide
range of applications compared with homogeneously polar-
ized beams.!!! These peculiar properties are useful for many
applications such as laser processing, [* plasmon excitation, !
focus shaping,[*>! and optical trapping.!®’! A large num-
ber of schemes to generate vectorial optical fields have been
proposed, among which spatial light modulators (SLMs) are
widely used because of their advantage of enabling pro-
grammable and dynamic modulations.®-'"1 Complete control
of an optical field requires four independent modulation de-
grees of freedom, one for the amplitude, one for the phase
retardation, and two for the polarization, which can be repre-
sented by a point on the surface of the Poincaré sphere (PS).
However, methods which could control all these four parame-
ters independently and simultaneously often result in low ef-
ficiency or make any optical adjustment complicated.[!>~14]
In a 4-f system for generating vectorial optical fields, a de-
signed holographic grating (HG) displayed at the SLM is used
to diffract the incident beam into different orders, but only the
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first-orders are allowed to pass through. '3 This leads to a low
efficiency, especially when using a two-dimensional (2D) HG.

In this work, we propose a high-efficiency method to gen-
erate vectorial optical fields with an optimized 2D HG. The de-
signed high-efficiency HG endowed with a blazed phase struc-
ture is used to diffract the incident light as much as possible
into two first-orders along the x and y directions, which are
subsequently recombined to produce any desired vectorial op-
tical fields.

2. Principle

The general experimental arrangement is shown in
Fig. 1.1'%1 A 532 nm collimated laser beam illuminates a SLM
with 1920 x 1080 pixels (Holoeye PLUTO with 8 um pixel
pitch). A 4-f system composed of a pair of lenses (L; and L;)
is placed behind the SLM locating at the front focal plane of
Li. In order to obtain four independent modulation degrees
of freedom needed for the complete shaping of vectorial op-
tical fields, a specially designed 2D HG is needed. The HG
to be displayed on the SLM diffracts the incoming beam into
different orders, among which the first x- and y-directional
orders (i.e., the (1, 0)-th order and (0, 1)-th order in the x—
y plane) are required to have the highest intensity. Only the
first-orders are allowed to pass through a spatial filter (with
two separate open apertures) placed at the Fourier plane of
the 4-f system, and then are converted by two wave plates
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into two mutually orthogonal polarization components, which
serve as a pair of base vector beams for the subsequent super-
position process. Then the base vector beams are recombined
by a Ronchi grating which is placed in the rear focal plane of

incident fzizs
beam

L,. At the end of this system, the optical field can be observed
by a charge-coupled device (CCD). We measure the efficiency
on the Fourier plane (after filter) and CCD recording plane
with a dynamometer (Ophir PD300-3W).
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Fig. 1. Schematic of experimental setup.

A cosine HG is normally used in this scheme for gen-

[10.15-17) However, the cosine grating

erating vector beams.
diffracts the incident light beam into several orders, resulting
in an energy loss after the filter, and the energy loss becomes
more serious when the grating is in the 2D format. There-
fore, we use a blazed grating instead of the cosine one so that
the majority of light will be blazed to a certain order. The
transmission function of a one-dimensional (1D) blazed HG
is represented by 7z (x,y) = exp [i@¢ (x,y)], where & = xory
and @ (x,y) = 27 fo& + ¢ (x,y). In addition to a linear phase
with spatial frequency fj in the &-direction, the HG also incor-
porates a phase &¢(x,y) to be imposed on the diffracted light
at the first-order of the &-direction, which is needed for syn-
thesizing vector beams. Since we use a phase-only SLM, we
are trying to figure out different generation methods of a 2D
blazed HG that can regulate two independent phase functions
Oc(x, ) and J,(x, y). We assume a 2D phase-only HG grating
expressed by 7 (x,y) = exp[i0 (x,y)] that will diffract an in-
coming beam mainly into the first x- and y-directional orders,
and investigate four types of HG functions, which are denoted
by type-1, type-2, type-3, and type-4 as follows.

The first one (type-1) is formed by multiplying two 1D
blazed grating functions, i.e., by setting 6 (x,y) = @, (x,y) +
Oy (x,y). The second one (type-2) is formed by multiplying
the phase functions of two 1D blazed gratings, i.e., by setting
0 (x,y) = @y (x,y) X @y (x,y). The third one (type-3) is synthe-
sized from the sum of two 1D blazed grating functions in terms

of least square optimization by minimizing the following error
function:

e = [[lexplig(x.)] + expligy (v.y)]
—exp[if (x,y)] |2dxdy. M

It follows by setting de/d6 = 0 that the optimal phase 6 (x, y)
must satisfies the following relation:

exp[igy (x,y)] +exp[igy (x,y)]
exp [—igy (x,y)] +exp[—igy (x,y)]

exp[i26 (x,y)] = @

From Eq. (2), it is easily seen that the optimal phase should be

6 (x,y) = arg {exp[ig. (x,y)] +expligy (x,y)]}.  (3)

Furthermore, if one wants to impose a complex amplitude (de-
noted by Ag (x,y)exp [i8; (x,y)] with & = x or y) instead of
phase-only modulation on the diffracted light in the respective
direction, the above optimal phase turns out to be

6 (x,y) = arg {A (x,y)exp i@ (x,y)]
+Ay (x,y)exp[igy (x,y)] }- )

Finally, we also propose the type-4 HG, which is based on a
complementary chessboard encoding method. In this method,
we consider the pixelated structure nature of SLMs and divide
the modulation region into two complementary parts M; and
M,, either of which is in charge of phase in one direction, as
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shown in Fig. 2, where M| and M, represent two binary masks
whose values at the cell (m, n) are

We carry out numerical simulation to demonstrate the
diffraction efficiency of the above 4 types of 2D HGs. As-
suming a plane light wave normally incident on the HGs, we

[ 1, if (m+n) iseven, . o .
M, (m,n) = { 0, if (m+n) isodd, (5)  calculate the light distribution in .the. Fourn?r plar.le and erdlu—
0, if ( )i ate the energy percentage of the incident light diffracted into
, 1f (m+n) 1seven, . . . .
M, (m,n) = { 1. if (m4n) is odd. (6) the first order in the x and y directions (i.e., the (1, 0)-th and (0,

The phase pattern to be written on the SLM now becomes

0 (x7y) = [277:f0x—|— 5)6 (x7y)]M1 + [27'Cf()y+ 5}’ (x7y)]M2~ @)

m m
1 2 3 4 1 2 3 4
1 (=) .- (b)
2 2
e IS
3 3
4 4 0

Fig. 2. Patterns (a) M| and (b) M, are responsible for blazing the light
into the first order in the x and y directions, respectively.
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1)-th orders). The intensity distribution in the Fourier plane is
shown in Fig. 3. It is found that the type-1 HG has the lowest
efficiency since most of light is blazed to the (1, 1)-th order in
the 45° direction rather than the (1, 0)-th and (0, 1)-th orders
in the x and y directions. The poor efficiency of the type-2
HG is caused by the multiplication of two 1D blazed gratings
that results in a strong zero-order and multiple higher orders.
The type-3 HG achieves the highest efficiency of 73%, while
the type-4 HG results in an efficiency of 46%, both of which
are substantially higher than that of the ideal cosine grating
(0.5 [1+2cos {27 fox+ & (x,y) + 27 foy + 8y (x,¥) }| ) with
an efficiency of 15%. We therefore chose the type-3 method
to create the 2D phase-only HG needed for synthesizing fully
vectorial optical fields in the subsequent section.

Intensity

light energy contributed to the (1, 0)-th and (0, 1)-th orders

100
90
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0

Diffraction efficiency

0.04%
type-1

1.7%
type-2

46%

type-3 type-4

Fig. 3. Simulation results of the diffraction intensity in the Fourier plane of HGs. All intensities are normalized at the incident light intensity.

3. Experimental results demonstrating the capability of manipulating the amplitude,

As a validation of the feasibility of the proposed method phase, and polarization of optical fields. The experimental

to generate fully vectorial optical fields, we present examples

014208-3
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U561 which is shown in

that of previous works in our lab
Fig. 1. The first example is a PS beam, whose polarization
states within the beam cross-section span the surface of the
PS. The polarization states of the beam is designed as being
distributed in a pattern shown in Fig. 4, wherein two regions
marked by A and B correspond to the northern and southern
hemisphere surfaces of the PS, respectively. The measured
Stokes parameters of the generated vectorial beam are shown

in Fig. 5.

cross-section of beam

Poincaré sphere
s

northern
hemisphere
polarization state

southern
hemisphere
polarization state

Fig. 4. A designed PS beam with space-variant polarization states dis-
tributed within its cross-section comprising two regions marked by A
and B. Polarization states in the regions A and B span the northern and
southern hemispheres of the PS, respectively.

1.0

0.5

—0.5

—1.0
Fig. 5. The measured Stokes parameters (So, Si, S2, S3) of the ex-
perimentally generated PS beam field with space-variant polarization
distribution described in Fig. 4.
The second example is a hybrid PS beam.!'®! A polariza-
tion state on the hybrid PS can be expressed by the combina-
tion of a pair of orthogonal basis vectors as follows:

E=A,L +ArR,, (8)

where Ay and Ag are the amplitude factors of orthogonal basis
vectors f/l and Rm, each of which is a handed circular polar-
ization carrying a specific helical phase and is defined by

~ 1 .
=gt 4]

~ 1 . 1
R,=—¢e"m"| |,
7]

with [ and m representing the topological charge of the respec-

€))

tive helical phase. Figure 6 depicts the phase and polariza-
tion states of three typical points (A, B, and C) on a hybrid
PS with I = 1 and m = —3; the points A and C locate at the
north and south poles of the hybrid PS, respectively, and the
point B locates at the equator of the sphere. The generated op-
tical field represented by the point B is shown in Fig. 7. The
first and second rows of Fig. 7 present the theoretical and ex-
perimentally measured distributions of the Stokes parameters
(So, S1, S2, S3) for the hybrid PS beam. Figure 7(m) shows
the experimentally recorded interference pattern produced by
a reference wave with plain phase and the left circular basis
vector L; with helical phase of topological charge [ = 1, and
figure 7(n) shows the theoretical phase distribution of the left
circular basis vector. Likewise, figures 7(0) and 7(p) give the
experimental and theoretical results of the right circular basis
vector with topological charge m = —3.

polarization
SQ‘

Fig. 6. States of phase (left) and polarization (right) on surface of hy-
brid PS. The north and south poles of this hybrid PS represent right and
left circular polarizations with phase vortices of the topological charge
1 and —3, respectively.

phase =1

It should be known that the main energy loss in optical
fields generating lies in splitting and combining processes.
Our method can greatly decrease the energy loss during the
splitting process. In our experimental system, the output suf-
fers from an array of elements, which are outlined here: the
diffraction efficiency of the SLM used in this system is about
70%; the diffraction efficiency of blazed grating on the Fourier

014208-4
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plane is 73% as aforementioned; the transmission efficiency
of the quarter wave plate (QWP) is 90%; the combining effi-
ciency of the Ronchi grating is 40%. By also taking into ac-
count other elements such as the lenses in this system, the con-
version efficiency at the output plane (CCD plane) turns out to

be about 10%, which is validated by the actual measurement

(b)

S1

result shown in Fig. 8 and is 5 times higher than that of previ-
ously reported methods that employed cosine gratings.!!>-17]
It should also be noted that the conversion efficiency can be
further increased if the combining process is improved, for ex-
ample, the Ronchi grating combination is replaced by a polar-

ization beam splitter.!!"]

52 (d) S3

Fig. 7. Theoretical and experimental results of the point B on the hybrid PS depicted in Fig. 6. (a)—(d) Simulated Stokes parameters
(So, S1, S2, S3). (e)—(h) Measured Stokes parameters. (i)—(l) Intensity behind polarization analyzer of four directions indicated by
white double arrows. (m), (n) Experimental and theoretical results of left circular basis vector, (0), (p) experimental and theoretical

results of right circular basis vector.

5010 nW 1816 nW 503 nW
[P
input output
SLM filter grating

Fig. 8. Experimentally measured power of the light at different planes
in our system.

blazed grating

cosine grating

-

r— \

>y

Fig. 9. Intensity map of optical fields generated by the blazed (left) and
cosine (right) gratings.

To show the efficiency of two different gratings clearly,
we present a group of recording pictures for visual compari-
son. Figure 9 shows CCD recording results by two methods
under the same experiment condition. Apparently, the optical
field generated by the blazed grating has a much stronger light
intensity than that by the cosine grating.

4. Conclusions

We propose an efficient and practical method to gener-
ate fully vectorial optical fields with a two-dimensional blazed
holographic grating. A significant advance made in this work
is the 5 times higher efficiency compared with the former
work. The simplicity, higher efficiency, and complete con-
trol of the optical field make this method suitable for a range
of applications involving vector beams, such as focus shaping

and optical tweezers.
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