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Annotation

The generation, propagation, and application of optical vortex have been major researched topics in recent
years. In this study, a parallel measurement approach is presented to analyze the topological charge of single
and composite optical vortices with the help of the spatial light modulator. The topological charges of single and
composite optical vortices are measured by observing the Gaussian point position of the diffracted field, which
solves the difficult problem of measuring the composite optical vortex and the optical vortex with large topologi-
cal charge. The presented method is feasible and has strong expansibility. More composite optical vortex can be
measured easily by using different computer-generated holography. When the optical vortex is measured cor-
rectly, it can present a Gaussian point, which retains the characteristics of optical vortex. Therefore, this point
will be important in the optical vortex communication.
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HoBbi MeTo4 NapannenbHOro n3aMmepeHus
TOMOJIOrMYEeCKOro 3apsiga B onTU4eCKuxX BUXpSX
Ha OCHOBE KOMMbIOTEpPHON ronorpadpun

XianNpPeNG Liu, SusuaN Huang, Wancal XIE, ZHONGHUA PEI

Annoramusa

FeHepaHI/Iﬂ, pacinpoCcTpaHeHne 1 IIPMMeHeHIe OIITHNYEeCKNX BUXPEBBIX IIYUYKOB ABJIIAITCA IIOIIYJAPHBIMHA IIPDEO-
MeTaMun I/ICCJIeI[OBaHI/Iﬁ B IIOCJIegHMEe I'OObI. B ,E[aHHOﬁ pa60Te paccMOTpeHa BOSMOKHOCTH aHaJIn3a TOIIOJIOTUYEeCKOI'0
3apdaga OTMHOYHBIX M COCTABHBIX OIITUYECKUX BHXpeﬁ C UCIIOJIb3OBaHUEM IIapaJijieJIbHbIX I/IBMepeHI/Iﬁ C IIOMOIIIBIO
KOMHLIOTepHOﬁ roJjorpamMMmesI, peaJIHSyeMOﬁ IIPOCTPAHCTBEHHBIMM MOAYJATOPaAMM CBeTa. Tomosiornueckue 3a-
PAABI OMTMHOYHBIX M COCTABHBIX OIITHYECKHX BI/IXpeﬁ HN3MEepAITCA HyTéM Ha6JIIO,D;eHI/IH IIOJIOJKEeHU A I‘ayCCOBCROﬁ
TOYKM, BOSHUKAIOIEH Ipyu AUPPaKINy N3MePAeMOro IIyUYKa Ha COOTBETCTBYIOIIEell KOMIILIOTEPHON IroJilorpaMMe.
ITO IO3BOJIAET PEeIInTh CJIOKHYIO 3agaudy U3MEePeHUuA TAaKUX BI/IXpeﬁ, 0611a11a10n11x1x 0OJIBLIIIIM TOIIOJIOTUUYECKUM 3a-
pAagoM. Hpe,[[CTaBJIeHHLIﬁ MeTOoJ JOCTATOYHO IIPOCT B peajsr3alii 1M NOIIyCKaeT Z[aJIBHeﬁIHI/Ie pacIimpeHud HyTéM
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TeHEePUPOBAHUA 00JI€€e CIOKHBIX M3MEPUTEIbHBIX I'OJIOTPAMM, COOTBETCTBYIOIINX 00JI€e CIOKHBIM KOH(MUTYypaI-

M BUXPEBBIX moJieli. PacmpeeseHue mojs B TayCCOBCKOM TOUKE, COOTBETCTBYIOIIEH JaHHOMY OIITUYECKOMY BUX-

PO, COXPaHAET ero XapaKTePUCTUKU, YTO MOKET OKa3aThCA IIOJIE3BHBIM B KOMMYHUKAIITMUOHHBIX 3aladyax, UCIIOJIb-

3YIOIUX BUXPEBBIE CBOMCTBA ONITUUYECKOT0 U3JIYUEHU .

KiroueBrlie coBa: ONTUUECKUH BUXPH, IapaJLIebHOE N3MepeHe, KOMIbIOTePHAS IojJiorpaMMa

1. INTRODUCTION
The optical vortex has a helical wavefront phase
structure, and its phase factor is described as
exp(ilep), where [ is the number of the topological
charges and a theoretically desirable arbitrary in-
teger, and ¢ is the azimuth angle. The optical vor-
tex intensity shows a dark hollow envelope struc-
ture due to the presence of its phase singularity
[1-3]. In recent years, the optical vortex has re-
ceived wide attention due to the unique character
of its orbital angular momentum. Optical vortex
has made important achievements in the fields
of optical communication, microparticle con-
trol, quantum communication, and quantum en-
tanglement [4—-7]. However, the wide application
of optical vortex is inseparable from the correct
measurement of its orbital angular momentum.
Many common methods, including the inter-
ference, diffraction, and computer-generated
hologram (CGH) methods, can be used to mea-
sure the topological charge of optical vortex
[8-10]. The common interferometry is Mach—
Zehnder interferometry, Sagnac interferometry,
and lateral shearing interferometry [11-13]; the
diffraction method includes single-slit interfer-
ence, double-slit interference, and triangular
hole interference [14, 15]; the CGH method in-
cludes gradient and ring gratings [16, 17]. The
optical vortex is measured in these methods by
counting the number of fringes in the light field.
Therefore, the measurement method above is not
ideal for the multi-composite optical vortex and
the optical vortex with large topological charge.
In this study, the object-oriented CGH by con-
jugate-symmetric extension of Fourier trans-
form is proposed to measure single optical and
composite optical vortices [18, 19]. Compared
with other CGHs, the proposed method not on-
ly can measure the topological charge of single
and composite optical vortices but also shows a
good measurement effect on the optical vortex
with large topological charge. The proposed
measurement method of optical vortex depends
on the position of the light field rather than the

number of the light field. In addition, the pre-
sented experiment is feasible and has strong ex-
pansibility. More composite optical vortex can
be measured by switching the CGH. The correct
measurement result of the light field appears as
a Gaussian point, which can be used in the opti-
cal vortex communication.

2. THEORETICAL ANALYSIS

2.1. Composite optical vortex

In this study, the vortex beam of Laguerre—
Gaussian (LG) is used in the laboratory because
of its circular symmetry and ready availability.
A typical LG vortex beam commonly has p ra-
dial nodes. We take p = 0 in the experiment for
simplicity. Therefore, the optical vortex shows
a dark hollow structure, and its complex ampli-
tude can be expressed as

l
gl 1 (rv2 4 —r?
0 =—— exp 5 ¥
w(z)|w(z) w(2)
(1)
xexp|i|kz kr2+ exp(—ilb)
p 9R (Y p ’

where r, 0, and z are the cylindrical coordi-

nates,
w(2) = wo1+(2/ 2g)? P)

denotes the transverse beam size at the propaga-
tion distance z, w is the waist radius, [ is the
number of topological charges, k is the wave
number, 2y represents the Rayleigh range of the
Gaussian envelope, and R is the curvature radi-
us of the wavefront, the Gouy phase ¢ is given by

0= (|l|+1) arctan(z/zg). (3)

Therefore, the complex amplitude expression
of the composite optical vortex, which is the su-
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Fig. 1. Conjugate symmetric extension of Fourier computer-generated holography. Plane distribution dia-
gram of optical vortex array (a), theoretical intensity distribution of optical vortex array (b), CGH of optical
vortex array (c).

perposition of two collinear LG vortex beams of nine parts: A (0, 0), B (a, 0), C (2a, 0), DO (a, —a),
topological charge [; and [, is as follows: F (2a, —a), G (0, —2a), H (a, —2a), and I (2a, —2a).
The nine parts are different optical vortices with

!}

E.=E" +E ’ ) different topological charges. Then, the 3x3 op-
where [; and [, are optical vortices with different tical vortex array in Cartesian coordinates is
topological charges. expressed as follows:

2.2. Optical vortex array Egrray = E'a +E' (x—a,y)+ El (x—2a,y)+
The following Formula (5) can be obtained by ! I (7)
changing the cylindrical coordinate system of +E?(x,y+a)+...+ ET(x—2a,y + 2a).

Formula (1) to Cartesian coordinates.

I 2.3. Conjugate symmetric extension
Ja2 +22 X2 y2 of Fourier computer-generated holography
0 w(z) w(2) w(z) Optical vortex array complex amplitude distri-
(5) bution fy(m, n) can be simply expressed as
k(x2 + y2) — ;
xexp|ilkz— +0||-exp(—il0), fo (m.n)= A(m,n)exp[ltp(m,n)] (8)
2R m=12,-M/2-1;n=1,2,---, N—1,
where ris given by where A(m, n) and ¢@(m, n) represent the am-
_ /xz i 2 ©6) plitude and the phase of the optical vortex ar-
o v ray, respectively. In this method, a complex ob-
As shown in Fig. la, the plane distribution ject light f(m, n) is conjugate-symmetrically ex-
diagram of 3x3 optical vortex array consists of tended into the form expressed as below with the
assumption that M and N are both even.
fo(m,n) m=1,2,---M/2-1;n=1,2,---,N—1
fm,n)={ fo(M-m,N-n) m=M/2+1,-,M-1;n=1,2,--,N—1. (9)
0 m=0orn=0or m=M/2

The superscript “*” indicates complex conjugate. Let the f(0, n) = f(m, 0) = f(M/2, 0) = 0, and the
center of symmetry is (M/2, N/2).
Two-dimensional discrete Fourier transform of f(m, n)

M-1 N-1

Fuv)=—— > Y fimnexp

mOnO

myu  nv uw=0,1,...,M-1
+ == , 10

—i2n
N v=0,1,..,N-1
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where p and v are the frequency domain sample numbers in horizontal and vertical directions, respec-
tively. By expressing the optical vortex array in the form f,(m, n), we can obtain the hologram of the

original light wave as follows:
(M/2)-1 N-1

F(M’V)ZMLN Z Z{A(m,n)cos

m=1 n=1

Formula (11) contains the amplitude informa-
tion A(m, n) of the object light wave and the phase
information @(m, n) of the object light wave and
is a real value function. This real-valued func-
tion F(u, v) is then linearly mapped to a range of
[0, 255] and coded into a gray scale hologram, as
the CGH shown in Fig. 1lc.

2.4. Measurement theory

The incident light field contains several topolog-
ical charges, such as composite optical vortex.
Thus, the CGH of 3x3 optical vortex arrays can
be used to measure the incident light. The ex-
pression is given below:

E=Eypgy*E, = (E% +EB(x—a,y)+
+E" (x—2a,y)+ EP (x,y + @)+
ot ET (x—2a,y+2a))* (E" + E2)=Elath 4
FEUTE (Bl 4 gty g,y)+
+(E'th L Eletly(x—2a,p) +...
+(ETTh L Eith )(x—2a,y+2a)

(12)

If the 3x3 optical vortex array contains the
same topological charges as the incident light
field, then the Gaussian point will show at the
corresponding position. Therefore, the topologi-
cal charges of incident light field can be mea-
sured by the position of Gaussian point at the
diffraction light field.

In this study, conjugate symmetric exten-
sion of Fourier computer-generated hologra-
phy is used. Its essence is conjugate symmetric
complex function of Fourier transform, which
is a real function. The 3x3 optical vortex array
(1-9 topological charge) as the complex ampli-
tude of the object light wave, as shown in Fig. 1b,
is conjugate-symmetrically extended. Then, the
discrete Fourier transform is taken. The real
value function contains amplitude information
and phase information of the object light wave.
Finally, it is appropriately encoded to a gray
scale hologram. The CGH is loaded onto a spatial
light modulator (SLM) to reproduce the original

2%
M

. 11
v=0,1,...,.N-1 (1)

} n=0,1,...,M—1

object light wave, which is a 3x3 optical vortex
array, as the incident light is a Gaussian spot.
When the incident light is optical or composite op-
tical vortex, the orbital angular momentum con-
tained in the incident light field can be measured
at the corresponding position. Determining the
orbital angular momentum of the incident light
field by using the position of the Gaussian point
rather than the fringes in the light field is more ac-
curate and intuitive. Therefore, the measurement
of optical vortex with large topological charge is
more effective because its fringes are too many to
count. If the incident light field contains a topo-
logical charge greater than 9, then we can switch
the different CGHs, which are loaded on the SLM
to measure the incident light field correctly. The
CGH of 3x3 optical vortex arrays can correctly
measure nine kinds of topological charges.

3. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 2a. The
laser beam emitted by the broadband polariza-
tion maintaining laser (A = 1550 nm) passes
through the polarization controller (Pol) to make

() (b)

J"

¢and

Y
 Pin hole BS <

Fig. 2. Experimental setup diagram (a), phase map
that will be loaded on the SLM1 (b), CGH map that
will be loaded on the SLM2 (c).
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its polarization direction suitable for the reflec-
tion-type phase space optical modulation (SLM1,
Holoeye, PLUTO, pixels number 1920x1080). The
beam expander system is used to obtain the appro-
priate Gaussian light projected on the first SLM
(denoted as SLM1), and the composite optical vor-
tex flare forked phase diagram is loaded on the
SLM1 as shown in Fig. 2b. The generated com-
posite optical vortex is selected via a pinhole and
divided into two parts by the beam splitter. One
beam part is recorded by CCD1 (charge coupled de-
vice) with a resolution of 1280x1024 pixels, and
the other beam is projected onto the second SLM
(SLM2), which is the same as SLM1. When the
CGH as shown in Fig. 2c is loaded on the SLM2,
the incident composite optical vortex can be mea-
sured through the light field recorded by CCD2.

(a) (b)

o 0 C ¢}
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4. EXPERIMENTAL RESULTS
AND DISCUSSION

4.1. Single optical vortex measurement
In this section, the 3x3 optical vortex array
(I = 1-9) CGH is loaded on the SLM2 to measure
nine different optical vortices (I = 1-9). When
flare forked phase diagram of single optical vor-
tex is loaded on the SLMI, the generated sin-
gle optical vortex can be recorded by the CCD1.
When the specific CGH (Fig. 1c) is loaded on the
SLM2, the orbital angular momentum of the in-
cident single optical vortex can be measured.
As shown in Fig. 3, nine light fields are re-
corded on the CCD2 when flare forked phase
diagram (I = 1-9) is loaded on the SLM1. When
the topological charge of incident optical vortex

Fig. 3. Measurement diagram of single optical vortex (a)—(i) l = 1-9.
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is equal to 1, the Gaussian point is generated at
the first position, and the position marked with a
red dashed circle is used as the reference. When
the topological charge of incident optical vortex
is equal to 2, the Gaussian point is generated at
the second position, and so on. Therefore, we can
determine whether the incident light field con-
tains the special optical vortex component of the
status of each position.

4.2. Composite optical

vortex measurement

The experiment above has achieved good results
for the measurement of the single optical vor-
tex. The proposed method based on conjugate-
symmetric extension of Fourier transform ho-
lography not only has a good effect on the mea-
surement of a single light vortex but also has
a good performance for the measurement of
composite optical vortex. The composite opti-
cal vortex is generated by loading the compo-

(a) 2-7

(d) 2-7

(b) 3-8

S

site phase diagram on SLM1. In this study, the
flare forked phase diagram of composite optical
vortex is used to improve the efficiency of ge-
nerating composite optical vortex for achieving
a good generation effect [20—21].

As shown in Fig. 4, three different flare
forked phase diagrams of composite optical vor-
tex are loaded on SLM1, and the corresponding
three composite optical vortices are recorded
by CCD1. The optical field recorded by the CCD
1 can judge whether the composite optical vor-
tex is generated correctly. The 3x3 optical vor-
tex array (I = 1-9) CGH is loaded on the SLM2,
and the light fields recorded by CCD2 are shown
in Fig. 5. When the incident light is a compos-
ite optical vortex composed of 2, 7, the detec-
tion light field at the position of 2 and 7 presents
the Gaussian point, which means the composite
optical vortex has the topological charge of 2
and 7. Similar to the measurement of single
optical vortex, we also can determine wheth-

(c) 2-9

(e) 3-8

Il
.

—

£)2-9

Fig. 4. Generation of composite optical vortex. Hologram that will be loaded on the SLM (a)—(c), intensity
distribution with /; = 2 and I, = 7 (d), (e) intensity distribution with /; = 3 and [/, = 8, intensity distribution

with [; = 2 and Iy, = 9 (f).
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(a) 2-7 (b) 3-8 (c) 2-9

Fig. 5. Measurement diagram of composite optical vortex. Composite optical vortex measurement with /; = 2
and [y = 7 (a), composite optical vortex measurement with {; = 3 and /5 = 8 (b), composite optical vortex mea-

surement with [; = 2 and I, = 9 (c).

(a) (b)

|

| l

Fig. 6. Generation of composite optical vortex. Holo-
gram that will be loaded on the SLM (a), intensity
distribution with [, = 3, I = 11, and I3 = 25 (b).

Fig. 7. Measurement of composite optical vortex and
optical vortex with large topological charge.

er the incident light field contains the spe-
cial optical vortex component of the status of
each position. Experiment result shows that
the proposed method is effective and feasi-
ble for the measurement of composite optical
vortices.

The topological charge (TC) of optical vortex
is measured by the position of the diffracted
light field, which is different from other CGH
measurement methods. Therefore, this strategy
is more effective for the measurement of optical
vortex with large topological charge and multi-
composite optical vortex. As shown in Fig. 6, the
flare forked phase diagrams of composite opti-
cal vortex composed of 3, 11, 25 are loaded on
SLM1 in Fig. 6a, and the corresponding three
composite optical vortices are recorded by CCD1
in Fig. 6b. Then, the CGH of 3x3 optical vortex
array that consists of 3, 6, 9, 11, 14, 17, 20, 22, 25
is loaded on the SLM2. Thus, we can obtain the

diffracted light field as shown in Fig. 7. Three
positions show Gaussian point corresponding
to 3, 11, 25, which shows the incident light field
consisting of the topological charge of 3, 11, 25.
Therefore, the proposed method greatly affects
the measurement of multi-composite optical
vortices.

5. CONCLUSION

In this study, the object-oriented CGH by con-
jugate-symmetric extension of Fourier trans-
form is proposed to measure single and com-
posite optical vortices. This method shows a
good measurement effect. By using the posi-
tion judgment method, the large TC and com-
posite optical vortices can be measured. In addi-
tion, the light field measured by this experiment
shows a Gaussian point, which can be fur-
ther applied to the application of optical vortex
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communication. This point is important for tical vortices to be measured at the same time
the application of the composite optical vor- will be further increased. Our results may be
tex. The further direction of this experiment is useful in some fields of optical vortices, such
to increase the number of arrays to 5x5 or even as quantum information processing and optical
10x10 in one hologram. Thus, the number of op- communication.
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