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中 文 摘 要 ： 我們提出一種精簡方便的方法來產生光學渦旋陣列。結合渦旋相位
片、柱透鏡組、空間光調制器等光學系統來產生控制光學旋渦的大
小和數量。

中文關鍵詞： 光學旋渦、雷射、空間光調制

英 文 摘 要 ： In this work, we propose a convenient method of generating
an optical vortex (OV) array, in which size and quantity
can be controlled by employing vortex phase plates, a mode
converter, and a spatial light modulator into a simple
optical system. Different sizes of OV arrays are generated
from the superposition of crossed Hermite-Gaussian (HG)
modes possessing equal or unequal orders and mutually
orthogonal circular polarizations. We experimentally and
theoretically demonstrate a series of vector superposed
optical fields. Here, the sizes of the OV arrays as well as
the quantities of OVs are defined in terms of specific sets
of HG bases. Our results indicate that a simple setup can
be used to effectively generate and control OVs and OV
arrays.

英文關鍵詞： optical vortex, Lasers, vortex phase, spatial light
modulation



 1

 

前言 

In this work, we propose a convenient method of generating an optical vortex (OV) array, in 

which the size and quantity can be controlled by employing vortex phase plates, a mode converter, 

and a spatial light modulator into a simple optical system. Different sizes of OV arrays are 

generated from the superposition of crossed Hermite– Gaussian (HG) modes possessing equal or 

unequal orders and mutually orthogonal circular polarizations. We experimentally and 

theoretically demonstrate a series of vector superposed optical fields. Here the sizes of the OV 

arrays, as well as the quantities of OVs, are defined in terms of specific sets of HG bases. Our 

results indicate that a simple setup can be used to effectively generate and control OVs and OV 

arrays. 

 

研究目的與文獻探討 

First introduced in 1992 by L. Allen et al. [1], light with orbital angular momentum (OAM), 

also called the Laguerre-Gaussian (LG) mode, possesses an OAM of   per photon. Its twisted 

phase wavefront is a manifestation of the azimuthal phase term in its wavefunction, while the 

phase singularities along the beam axis are defined as the optical vortices (OVs). Thus, OAM 

light is attractive to numerous studies such as optical cryptography [2–3], optical tweezers [4–5] 

and optical testing [6]. In general, there are several direct approaches to generate the OAM light, 

these include the use of spatial light modulators (SLMs) [7–9], laser resonators [10-11], and spiral 

phase plates [12–13]. Mode converters [14], on the other hand, provides a passive way to generate 

OAM light by transforming Hermite-Gaussian (HG) modes into LG modes. In recent years, the 

vector OAM beam has also attracted much attention in the fields of optical communication 

[15–17] and optical entanglement [18–19] due to an extra degree of freedom provided by its 

space-inhomogeneous polarization. Common methods of generating vector beams include a 

Sagnac or a Mach-Zehnder interferometric configuration among others [20]; however, recently, 

more convenient and highly efficient generation processes have already been used [21]. Moreover, 

a metasurface, called the q-plate [22–23] or vortex phase plate (VPP), provides an extra 

convenient way of generating and realizing vector OAM beams [24]. 

 

研究方法 

We propose a convenient and powerful method to produce and control the OV array of the 

vector superposed optical field, which is composed of different orders of crossed HG bases with 

opposite helicity of circular polarization. The VPP, which does not require a voltage, is used to 

produce the vector LG beam from an incident linearly polarized light. This vector beam is 
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composed of two opposite orders of LG beam with orthogonal circular polarization. Meanwhile, 

the bases can be transformed from LG beams into crossed HG beams with orthogonal circular 

polarization by using a mode converter. The SLM provides an extra degree of freedom to increase 

and control the order of the bases in the vector superposed optical field, which can induce OVs of 

different sizes and quantities. The position of each OV has been calculated, and the variable size 

of the OV array has also been discussed in calculations. All experimental results are well 

consistent to the theoretical analysis.  

VPPs are made up of a layer of liquid crystal film which is sandwiched by two glasses. The 

fast-axis orientation distribution of the liquid crystal can be described by the relation: 

0( , )r m       where r  is the radial coordinate,   is the azimuthal coordinate, and 0 is a 

constant angle specifying the initial orientation of the liquid crystal along the x-axis. The 

parameter m  determines the order of the VPP and is also related to the topological charge of the 

LG beam as well as the distribution of its space-inhomogeneous polarization. The LG mode of 

topological charge m  ( m ) with right (left) circular polarization can be generated when a left 

(right) circularly polarized light is impinged into the VPP. The transformational relation of the 

above system can be written as 
im im

out in inE e R L E e L R E                  (1) 

 

Furthermore, when the incident light is horizontally (linear) polarized 

(
( ) ( )
0,0 0,01 2( )LG LGH R L   , equation (1) can be rewritten as 

 
( ) ( )
0, 0,1 2 ( )LG LG

out m mE L R                                    (2) 

 

where 
( )

,
LG

p  represents the LG mode with radial index p  and topological charge  , and 

the parameter m  corresponds to the order of the VPP. Thus, vector LG beams can be 

decomposed into two bases, 
( )
0,

LG
m L  and 

( )
0,

LG
m R . In this experiment, VPPs with 1m   and 2 are 

used. Consequently, the results have clearly demonstrated that the vector superposed optical 

beams are superpositions of two LG modes with opposite topological charges and circular 

polarizations. To visually distinguish the bases of the LG modes generated from the VPP of 

different orders, a mode converter is applied to transform the transverse laser mode from LG 

modes into HG modes. A mode converter is composed of two identical cylindrical lenses with 

focal length f , separated by 2 f . The transformational relation between 
( )

,
HG

m n  and 
( )

,
LG

p   is 

stated by the equations: min( , )p m n and n m  . Therefore, mode converter can provide a more 

constructive way of exploring optical fields with different polarized distributions in terms of HG 

bases. Allen et al. [25] reported a matrix formulation for light beams possessing spin and orbital 
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angular momentum. According to the concept, an LG mode can be transformed into a single HG 

mode if the axis of the mode converter is rotated at angle of 45

 or 45 

. On the other hand, Lin 

et al. [26] declared that crossed HG modes possess various extra relative phase shifts  when the 

mode converter is rotated at different angles. Figure 1(a)–(b) is an experimental setup, which 

shows a diode-pumped solid-state laser, with a wavelength of 532 nm and an output power of 20 

mW, incident to VPPs of 1m   and 2. The setup also includes a mode converter rotated at 45 

. 

According to Eq. (2), the vector superposed optical field is described by two LG bases with 

opposite topological charges and circular polarizations, and is transformed into two crossed HG 

modes with opposite circular polarization when the mode converter is utilized. By considering the 

mode transformation, and using equations, ˆ ˆ1 2( )L x iy   and ˆ ˆ1 2( )R x iy  , Eq. (2) can be 

written as 

 
   ( ) ( ) ( ) ( )

out ,0 0, 0, ,0ˆ ˆ1 2 HG i HG HG i HG
m m m mE e x i e y                          (3) 

 

where 
( )

,
HG

m n  represents the HG mode with order m  in the x-direction and order n  in the 

y-direction, and   represents the extra relative phase shift generated from the mode converter. 

Thus, each combination of HG modes in the x and y-direction can easily be comprehended when 

the circularly polarized bases are transformed into linearly polarized bases. Figure 2 (a) shows the 

intensity profile of an incident linearly polarized light impinged onto a VPP with 1m   and 

passed through a mode converter. The results demonstrate that the superposed LG bases with 

circular symmetry is transformed into a superposed HG bases with rectangular symmetry. Figure 

2 (a1)–(a4) indicate the polarization-resolved spatial intensities of the optical field in Figure 2(a) 

via the polarizer (P2), and the results clearly show that the superposed optical modes possess 

space-inhomogeneous polarization distribution. Fig. 2 (a5)–(a6), meanwhile, denote the optical 

field that has passed through a combination of a quarter-wave plate (QWP) at 45 

orientation and 

a polarizer at 0

 and 90

 orientations. The results, taken after varying the horizontal and vertical 

polarizer orientations, can be described by the beam’s left and right circular polarization bases, 

represented as
( )

1,0
HG L and 

( )
0,1

HG R , respectively. Figure 2(b) shows the intensity profile of an 

incident linearly polarized light impinged onto a VPP with 2m   and passed through a mode 

converter. Figure 2 (b1)–(b4), which displays the polarization-resolved spatial intensities of the 

optical field in Figure 2(b), indicates that the optical field possesses a more complicated 

space-inhomogeneous polarization distribution. The two orthogonal circularly polarized bases 
( )
0,2

HG R  and 
( )
2,0

HG L  are analyzed in Fig 2 (b5)–(b6) by using a combination of a QWP and a 

polarizer.  The mode converter induces relative phase shifts 2   and   in the 

experimental results shown and 
( )
2,0

HG L , 
( )
0,2

HG R , respectively, analyzed by a combination of a 
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QWP with fast axis set at 45 

and vertically- and horizontally-oriented P2. The white arrows 

represent the angles of P2.  The theoretical results, shown in the third and fourth row, 

corresponds well to the experimental results.  

 

 

 

 

 

 

 

    

 
Figure 1. (a) Experimental setup composed of a polarizer P1 and a VPP which are applied to generate a vector superposed LG 

beam. Different VPPs have different fast-axis orientation distributions. (b) A mode converter combined with a QWP and a polarizer 

P2 used to either transform LG modes into HG modes or to analyze mode bases and polarization distributions. (c) A combination of 

a VPP and a higher order LG mode generated by a computer-generated hologram on the SLM; P1 is utilized to manipulate the 

incident polarization state. All experimental results are recorded by the CCD. 

 

Fig. 2 (a) and (b). The numerical results, calculated using Eq. (3) and are shown in the third 

and fourth row of Fig. 2, have good agreements with the experimental results. 

On the other hand, the SLM was employed to generate different linearly polarized 
( )
0,

LG  modes of higher topological charge (  ), and passed them through the VPP and the mode 

converter in order to increase and control the order of the bases of the vector superposed HG 

modes. Figure 1. (c) depicts the experimental setup of an incident diode-pumped green laser 

directed onto a reflective phase-only 1920 1080 pixel SLM with a pixel pitch of 8 μm. The 

grating phase pattern of the desired mode is displayed onto the SLM, and the iris is then used to 

select the desired order of the LG mode for the diffracted optical field. The selected LG mode is 

impinged into a polarizer and a VPP of order m, and the vector superposed optical field is 

afterwards transformed by the mode converter. Following Eq. (2) and (3), the vector superposed 

optical field can be represented as 

 
( ) ( )

,0 0,
HG i HG

out m mE L e R   
                      (4) 

 

The two orthogonal HG bases can be achieved by satisfying the condition m . When an 

incident 
( )
0,

LG  is applied onto the VPP of order m  and onto the mode converter, the order of the 

two HG bases are transformed, specifically, from two orthogonal HG modes with the same order  
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Figure 2. (a)–(b) The experimental intensities of an incident linearly polarized light that has passed through a VPP with 1m  and 

2, respectively, and a mode converter. (a1)–(a4) and (b1)–(b4) Corresponding spatial intensities of the optical fields in Fig 2(a) and 

(b) at different angles of P2, respectively. (a5)–(a6) and (b5)–(b6) The HG bases 
( )
1,0

HG L
,

( )
0,1

HG R
 and 

( )
2,0

HG L
, 

( )
0,2

HG R
, 

respectively, analyzed by a combination of a QWP with fast axis set at 45 

and vertically- and horizontally-oriented P2. The 

white arrows represent the angles of P2.  The theoretical results, shown in the third and fourth row, corresponds well to the 

experimental results. 

 

m (Eq. 3) into two orthogonal HG modes with orders m and m . Figure 3 (a) shows a 

linearly polarized 
( )
0,1

LG mode applied onto a VPP of 2m   and passed through the mode 

converter. The intensity profile clearly reveals that the superposed optical field is composed of 

two HG bases with unequal orders. Figure. 3 (a1)–(a4) presented the polarization-resolved spatial 

intensities of the optical beam in Figure 3 (a) via P2. The vector superposed beam generated from 

the optical system with a higher order of LG mode demonstrates the diversity of the 

polarization-resolved patterns. Figure. 3 (a5)–(a6) show that the two orthogonal bases are 
( )
0,3
HG R and 

( )
1,0

HG L ; the superposed HG modes passed through the combination of a QWP with 

45 

 orientation and a polarizer with vertical and horizontal orientations. Consequently, the SLM 

provides an extra degree of freedom to control the order of the bases of the two HG modes in the 

vector superposed optical field. All experimental results have good agreements with the numerical 

results as shown in the second row of Fig. 3.  It is worthy to mention that the OV of the m n 

array exists in the vector superposed optical field. The OV is defined as the phase singularity 

where the real and imaginary part of the wavefunction are both equal to zero. Moreover, the phase 

singularity usually generates a null intensity in the intensity profile. Chu et al. [27] demonstrated 

an OV array that was generated from an end-pumped solid-state laser using an unbalanced  
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Figure 3. (a) The experimental intensity profile of the 
( )
0,1

LG H
 mode that has passed through a VPP of 2m   and a mode 

converter. (a1)–(a4) Corresponding spatial intensities of the optical field in Fig. 3 (a) at different angles of P2. (a5)–(a6) The HG 

bases,  
( )
1,0

HG L
and 

( )
0,3
HG R

, respectively, analyzed by a combination of a QWP with fast axis set at 45 

 and vertically and 

horizontally-oriented P2. The white arrows represent the different angles of P2.  The theoretical results, shown in the second row, 

are consistent to the experimental results. 

 

Mach-Zehnder interferometer and a rotated Dove Prism. A π/2 phase difference was provided 

between the two sub-beams, contributing an extra  coefficient to the superposed beam. 

Furthermore, Lin et al. [26] generated a square OV array from an end-pumped solid-state laser 

using a mode converter, which also provides extra phase shifts. Thus, extra phase shifts are 

necessary for generating a laser with an m n  OV array. According to Eq. (3), the coefficient i  

is provided by the imaginary components of the left and right circular polarization. Following the 

experimental intensities, the positions of the OVs do not change even after varying the polarizer 

angles. Figure 4 (a)–(b) and Figure 4 (c) demonstrate the phase distributions corresponding to the 

experimental intensity results of Fig. 2 (a)–(b) and Fig. 3 (a), which are shown in the insets. The 

phase diagram is drawn in the Cartesian coordinate with the origin defined at the center of the 

diagram. The size of the OV array and the quantity of OV depends on the bases of the HG modes. 

Moreover, by solving the positions of the OVs using their respective wavefunctions, it was found 

that an OV is located at ( , ) (0,0)x y  in Fig. 2 (a), four OVs are located at 

0 0( , ) ( / 2, / 2)x y   , 0 0( / 2, / 2)  , 0 0( / 2, / 2)  and 0 0( / 2, / 2)    in Fig. 2 (b), and three OVs are 

located at ( , ) (0,0)x y  , 0(0, 3 / 2)  and 0(0, 3 / 2)  in Fig. 3 (a). The size of the OV arrays in Fig. 

4 (a)-(c) are1 1 , 2 2 , and 3 1 , respectively. All solutions are described in terms of 0  which is 

the beam waist of the laser. Furthermore, the size of the OV array and the quantity of OV can 

further be controlled by utilizing different categories of incident transverse laser modes 

interacting with a VPP of 2m   and a mode converter. 

Firstly, the simulated linearly polarized standing-wave LG modes,  
( ) ( )
0,4 0, 4
LG LG   and

( ) ( )
0,10 0, 10
LG LG   , are treated as the transverse modes as shown in Fig. 5 (a)–(b). 

Following Eq. (3) and (4), the calculated intensities of the vector superposed optical field in terms 

of the HG bases and the calculated phase distributions are shown in Fig 5. (a′)–(b′) and (a′′)–(b′′),  
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Figure 4. (a) The phase distribution corresponds to the inset and Fig. 2(a), there is an OV located at (0,0) . The size of the OV 

array is 1 1 . (b) The phase diagram corresponds to the inset and Fig. 2(b), there are four OV which located 

0 0( / 2, / 2) 
, 0 0( / 2, / 2) 

, 0 0( / 2, / 2) 
, and 0 0( / 2, / 2)  

.The size of the OV array is 2 2  (c) The phase diagram 

corresponds to the inset and Fig. 3(a), there are three OV which located at (0,0) , 0(0, 3 / 2) , and 0(0, 3 / 2) . The size of the 

OV array is 3 1 . 

 

respectively. The calculated intensities of the superposed optical field can be described by the   
( ) ( ) ( ) ( )
0,6 0, 2 0,2 0, 6ˆ ˆ1 2[( ) ( )]LG LG LG LGx iy       and 

( ) ( ) ( ) ( )
0,12 8,0 0,8 12,0ˆ ˆ1 2[( ) ( )]LG LG LG LGx iy      , respectively. In the 

case of the incident standing-wave LG modes, the quantity of LG bases has increased from one 

LG basis to two LG bases of unequal orders, in each x- or y-direction, expanding the diversity of 

OV array. The phase distributions presented in Fig. 5 (a′′) and (b′′) show that the OV array is 

composed of many sets of 2 2 OV square arrays (quantity of OV). Specifically, there are 2 sets 

of 2 2 arrays (8 OVs) in Fig. 5 (a′′), and 5 sets of 2 2  arrays (20 OVs) in Fig. 5 (b′′). The N 

sets of 2 2  arrays and the 4N OVs are related to the standing-wave LG modes 
( ) ( )
0, 2 0, 2
LG LG
N N    . 

Furthermore, the alignment of the OV array and the quantity of OV with respect to the 

odd-ordered standing-wave LG mode, 
( ) ( )
0,2 +3 0, 2 3
LG LG

N N    , are described by 5 1 (2 2)N     and 

4 5N  , respectively. Secondly, higher p  order 
( )

,
LG

p  mode was used as an incident light to the 

VPP with 2m   and to the mode converter, which provides an extra degree of freedom to 

generate two-dimensional (2D) HG modes. The 
( )
1,1

LG and
( )
3,1
LG  modes are treated as incident 

transverse modes and are shown in Fig.5 (c)–(d). The calculated intensities of the vector 

superposed optical field in terms of HG bases are presented in Fig. 5 (c′)–(d′), which are 

described by
( ) ( )

1,4 2,1
HG HGR L   and 

( ) ( )
3,6 4,3
HG HGR L  , respectively. The results have clearly 

demonstrated that the vector superposed field is composed of two 2D HG bases with orthogonal 

circular polarization. Figure 5 (c′′)–(d′′) displays the calculated phase distributions of the vector 

superposed fields showing the presence of 9 vortices and 33 vortices, respectively. Moreover, the 

alignment of the OV array is analyzed as 4 2 1 1   and 6 4 3 3   , respectively. Notably, the 

general expression for the alignment of OV array and quantity of OV is 1 2 2 1n m n m   for 

1 1 2 2

( ) ( )
, ,

HG HG
m n m nR L 

.  
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Figure 5. (a)–(d) Simulated transverse mode of 
( ) ( )
0,4 0, 4
LG LG  

, 
( ) ( )
0,10 0, 10
LG LG  

, 
( )
1,1

LG
 and 

( )
3,1
LG

, respectively. All modes interact 

with the VPP of 2m  and with the mode converter. (a′)–(d′) Calculated superposed optical fields in terms of HG bases 

corresponding to Fig. 5 (a)–(d). (a′′)–(d′′) Calculated phase distributions for (a′)–(d′), indicating the quantity of OV to be 8, 20, 9, 

and 33, respectively; the alignment of OV array is analyzed as 2 2 , 5 (2 2)  , 4 2 1 1    and 6 4 3 3   , accordingly. 

 

結果與討論 

In conclusion, we proposed a convenient and powerful method to control the size of the OV 

array and the quantity of OV. VPPs of 1m   and 2 have been utilized to generate the vector LG 

beam using an incident linearly polarized light, which is composed of two LG bases with 

orthogonal order and helicity of circular polarization. To visually distinguish the superposed 

optical field of LG bases, a mode converter is applied to transform the two bases of LG modes 

into two crossed HG modes. Moreover, each basis is analyzed by a combination of QWP and 

polarizer. The SLM provides an extra degree of freedom to control the HG bases of vector 

superposed field. Furthermore, simulations show that the quantity of OV and the size of OV array 

can be further controlled by utilizing the standing-wave and higher p  order LG modes, 

respectively. Finally, general expressions of the OV array have been provided to conveniently 

control the OV array and the quantity of OV. All the experimental results are in good agreement 

with the theoretical results. This approach is expected to create various sizes of OV arrays and 

paves the way for quantum entanglement and quantum communications. 
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一、 執行國際合作與移地研究過程 

此行前往美國加州理工學院拜訪葉乃裳教授討論可能合作的研究主題，並向葉教授

做一個正式的研究口頭報告。雙方對於以光學軌道角動量探究新穎二維材料的合作

主題已達成初步共識，參訪期間主要行程如下: 

8/6(一)- 坐飛機前往美國加州理工學院 

8/7(二)- 與葉教授實驗室同學討論 

8/8(三)- 與葉教授進行國際合作研究討論 

8/9(四)- 在葉教授實驗室進行實驗室參訪 

8/10(五)- 進實驗室進行移地研究與學生討論 

8/11(六)- 進實驗室進行移地研究與學生討論 

8/12(日)- 進實驗室進行移地研究與學生討論 

8/13(一)- 坐飛機回台灣 

8/14(二)- 坐飛機抵達台灣 

 

二、 研究成果 

此行是本人第一次與葉教授進行正式的研究討論，葉教授在二維材料成長和材料分

析已有豐厚成果與經驗。本人提出可能的方向是以具有軌道角動量的雷射光做為光
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源，結合光源不同的偏振特性，量測新穎二維材料的拉曼光譜，研究光與電子、聲

子之間的交互作用機制，這個研究方向也得到葉老師的肯定。相信依這個物理基礎

深入研究，我們可以找出更有效率的方法來操控、調制材料中的電子行為，提供未

來以新穎材料作為電子元件設計的方向及應用。目前本人正在撰寫國際合作計畫，

預計向校內及科技部申請相關經費來支持這項研究。同時，已經開始準備進行各項

實驗量測。 

 

三、 建議 

此行是我個人第一次利用移地研究的方式進行國際合作，從這個難得的經驗讓我看

到國外頂尖大學不論是老師或是學生，都擁有非常的積極認真的研究態度和實事求

是的精神。更深刻的理解為何研究人員需要跨出去與國外學者進行合作，有機會開

拓在研究上不同的視野，還有欣賞不同文化間看待研究的態度與精神。將這些收穫

逐漸內化成自己成長所需的點滴，再將這些經驗傳承給學生，這是教育的意義。建

議科技部可鼓勵計畫主持人大膽嘗試以移地研究的方式進行一開始的合作參訪洽

談，若對象單位願意開放給計畫主持人前往參訪，我認為不論最後是否有談成國際

合作計畫，對於計畫主持人的收穫及影響甚至會遠大於參加國際會議得到的收穫。

以上是我個人的淺見，也很感謝科技部的經費支持，使我在此行獲益良多。 
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一、 參加會議經過 

受邀至第十一屆 ODF 國際會議中發表會議演講，此會議舉辦地點為廣島，2020年將

舉辦於台灣的中央大學。 

二、 與會心得 

會議期間認識許多國外學者，聽了許多不同領域的演講，增廣了我對於光電領域的

最新的應用端的眼界，受益良多。 

三、 發表論文全文或摘要 

計畫編號 MOST  －107－2112－M－003－012 

計畫名稱 光學角動量之光通訊研究與應用 

出國人員

姓名 陸亭樺 服務機構

及職稱 
台師大物理系副教授 

會議時間 
 107 年 11 月 28 
日至 
107 年 11 月 30 日 

會議地點 
日本廣島 

會議名稱 

(中文)第十一屆國際光電設計及製程會議 

(英文)11th International Conference on Optics-photonics Design and 

Fabrication 

發表題目 

(中文)利用旋渦相位片及空間光調制器產生結構光 

(英文) Structured Light Generated by Vortex Phase Plates and the Spatial 

Light Modulator 
 



 
 
 

2 

如附件 

四、 建議 

無 

五、 攜回資料名稱及內容 

攜回會議資料一本及大會贈與的手提包 

六、其他 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 

3 

Structured Light Generated by Vortex Phase Plates and the Spatial Light Modulator 

Ting-Hua Lu and Teng-De Huang 

 Department of Physics, National Taiwan Normal University, Taipei, Taiwan 

Abstract: The structured light with space-variant polarization can be generated from wavelength-mismatched vortex phase plates and the spatial 

light modulator. The structured light possessing orbital angular momentum may provide potential applications in various fields. 

1. Introduction 
The structured light or Laguerre-Gaussian mode (LG), the laser light with orbital angular momentum (OAM), 
has attracted a number of research, such as optical tweezer [1], quantum cryptography [2], and optical testing 
[3].  The significant properties of OAM beam are the azimuthal phase term which indicates that the twisted 
phase front can be generated even in single photon level, and the optical vortices which are defined as the 
phase singularity within the OAM beam. 

In general, several approaches have been utilized to generate the scalar structured light, namely laser 
resonator, holograms, spiral phase plate and spatial light modulators (SLMs). On the other hand, the vector 
beam, the OAM light with space-variant polarization,  has extended its applications to optical 
communication and quantum entanglement. Recently, the q-plate and vortex phase plate (VPP) have been 
widely used to generate the vector beam. Otherwise, the more complicated setup, such as interferometer can 
be used to transform the scalar OAM beam into vector beam. In recent work,we developed two setups to 
generate the vector beams. Firstly, the wavelength-mismatched VPP was used to generate the new type of 
vector beam. Secondly, the complex flower laser mode, the superposition of multiple LG modes, was 
generated from the SLM and can be transfomed into vector beam with the Mach-Zehnder interferometer. The 
results may provide useful light source for applications in the future. 

2. Experimental setups and results 
2-1.  Wavelength-mismatched vortex phase plate 
The Jones vector and Jones matrix are used to represent the polarized beam and the transformation process of 
the optical element. The represents the transformation matrix of the vortex phase plate, and it 

consists of two rotation matrices by angle  and phase retardation . It can be represented as [4]  

 

where  is the orientation of the fast axis at specific azimuthal angle and is the orientation 

of fast-axis at   are the transmission coefficients for light polarized parallel and perpendicular to 

the fast axes. Typically, the vortex phase plates were designed as vortex half-wave plates, and the 
retardation . In the case of phase-matched vortex half-wave plate, the transformation matrix can 
be written as  
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                    (2) 

Furthermore, the phase retardation can be described as ( where d is the depth of the vortex 

phase plate and  is the wavelength of incident beam. When the wavelength of the incident beam was twice 
the originally designed wavelength for the vortex half-wave plate, the retardation of the vortex plate was 
approximately . Thus, the VPP can be treated as vortex quarter-wave plate, and the transformation matrix 
can be written as 

      (3) 

where  and . Figure 1 shows the experimental setup for generating and analyzing the 

vector beam. The parameter of q is related to the order of LG mode, and it also determines the fast-axis 
orientation. Light of a 1064 nm wavelength emitted from a diode-pumped solid state laser was sent to a 
polarizer and a quarter-wave plate (QWP) to manipulate the polarization state of input fundamental Gaussian 
beams ( ) passing through the vortex phase plate. The fast-axis orientation of the vortex plate  is shown 
in Fig. 1. The VPP caused the incident Gaussian beam with spatially homogeneous polarization to be 
converted into a vortex beam with spatially inhomogeneous polarization. The second QWP and polarizer are 
utilized to analyze the polarized distribution of vector beam. All experimental results are recorded by the CCD 
camera. Figure 2(a)  depicts the intensity profile and the polarization-resolved results of the vector beam 
when the linear polarization is incident into VPP of q=1. The white arrow indicates the transmission axis of 
the polarizer. From the experimental results, the polarization distribution of the vector beam can be analyzed 
as shown in Fig. 2(b). 
 

2-2. Generation of vector Laguerre-Gaussian and flower mode 

The convenient approach to generate vector beam is to create two LG modes with the opposite order and 
orthogonal circular polarization [5]. The LG modes and flower modes are generated by sending grating phase 
to the reflective phase-only liquid crystal on silicon SLM 

 

Fig.1. Experimental setup for generating and analyzing a vector beam, and the distribution of the fast-axis 
orientation of the VPP. 
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Fig.2. (a): The vector beam generated from the vortex plate (q=1) with the input linear polarized 
Gaussian beam. The polarization-resolved patterns depict the vector beam passing through an orientated 
polarizer. (b): The polarization distribution of (a).  
 

(1920 × 1080 pixels with pixel pitch of 8 μm). The experimental setup shown in Fig 3 indicates that the 
Mach-Zehnder interferometer with a dove prism and  quarter-wave plates (QWPs) is used to generate the 
laser beams with space-variant polarized distribution. The laser beam is divided into two paths. One arm has a 
QWP with the fast axis of 45˚ in order to generate laser beam with right circular polarization, another arm has 
a QWP the fast axis of -45˚ to generate left circular polarization. The dove prism provides the extra reflection 
which transform the topological charge of the LG mode from  into . Consquently, the interference of 
two opposite order of LG modes with orthogonal circular polarization can be analyzed. A linear polarizer 
(analyzer) is put in front of the CCD camera to analyze the laser beam with space-variant polarization. The 
flower mode is the superposition of LG modes. The wave function of LG mode, , has a radial index p 
and a azimuthal index . It defines the basis of the superposed LG mode which can be presented as      

                              (4) 

where the  is the weighting coefficient,   is initial index of radial index , is initial index of 
azimuthal index. The characteristic number of the flower petal of the optical modes depends on the interval of 
azimuthal index  of the superposed LG mode. The interval of the radial index u of the superposed LG mode 
determines the complexity of the radial symmetry. Figure 4 (a)–(e) depict the experimental intensity 
distributions generated from the arrangement shown in Fig. 3. To generate the complex flower beams, the 
grating phase patterns were used to display on the SLM for coding the phase information onto the incident 
plane wave. Figure 4 (a′)–(e′) illustrate the grating phase patterns corresponding to the intensity distribution 
presented in Fig. 4 (a)–(e). 
Figure 5 (a)–(d) depict the experimental polarization-resolved patterns corresponding to the flower mode 
shown in Fig. 4 (c). The complex and high-order vector optical modes based on the superposition of the LG 
modes are experimentally ceated.  

 

 

Fig.3.  Experimental setup for generating LG and flower mode with grating phase and SLM. The 
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Mach-Zehnder interferometer, a dove prism and two QWP for generating inhomogeneous spatially polarized 
distribtuion.  

 

 
Fig.4. (a)–(e) Numerical results of the superposed LG modes represented by Eq. (4). (a) LG(1, 3, 0, − 4, 1), (b) 
LG(1, 4, 0, − 5, 2), (c) LG(2, 1, 0, 6, 1), (d) LG(0, 10, 9, − 11, 1), (e) LG(3, 16, 0, − 18, 2). (a′)–(e′) Grating 
phase corresponding to (a)–(e). 

 
Fig.5. (a)–(d) Polarization-resolved patterns according to the pattern in Fig. 4(c) for different angles of the 
analyzer shown in Fig. 3. (a′)–(d′) Numerical results for (a)–(d). 
3. Conclusion 

The vector structured beams were generated from either the wavelength-mismatched VPP or the SLM with 
the Mach-Zehnder interferometer.  
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