Chinese Physical Society
Mﬂ#ﬁ Acta Physica Sinica :

€D Institute of Physics, CAS

SHRIER £ StokesFIRH iR AL IR RGUB FBGEER R E 5347

RER FEE KRR L ¥

Phase delay error analysis of wave plate of division—of—amplitude full Stokes simultaneous polarization imaging
system

Yin Yu-Long  Sun Xiao-Bing  Song Mao-Xin  Chen Wei  Chen Fei-Nan

51 Fi{% B Citation: Acta Physica Sinica, 68, 024203 (2019) DOI: 10.7498/aps.68.20181553
TEZL AT View online: https:/doi.org/10.7498/aps.68.20181553
MHANZE View table of contents: http://wulixb.iphy.ac.cn

LT RO AR

Articles you may be interested in

232 A0 P i A5 S i 1 4 T D e 50w i 15 2 93 A
Full field of view polarization effect measurement and error analysis of non—polarized channels of spaceborne directional polarimetric

camera

YIBR2E4. 2017, 66(10): 100701 https://doi.org/10.7498/aps.66.100701

D PR A1) TE DX G B 15 2R G AT 14 R T B3 e 7 A
Analysis of the influence of diattenuation on optical imaging system by using the theory of vector plane wave spectrum

YIBR2EA. 2017, 66(8): 084202  hitps://doi.org/10.7498/aps.66.084202

TR RGE 1 225 e T R R 5t
Novel dual channel polarization interference imaging system

PB4 2018, 67(10): 100701 hitps://doi.org/10.7498/aps.67.20172691

BT AL AT B S UDE AR R F AR AL
Sheared—beam imaging target reconstruction based on all-phase spectrum analysis

YrH2EA. 2017, 66(2): 024203 https:/doi.org/10.7498/aps.66.024203

FTOLR A T AR A SESAR T RO E e hn 2 BIUH B =il
Nonresonant background suppression in wide—field Coherent anti—Stokes Raman scattering microscopy with transport of intensity

equation based phase imaging

WIFIEH. 2017, 66(11): 114206  https://doi.org/10.7498/aps.66.114206


http://wlxb.xml-journal.net
https://doi.org/10.7498/aps.68.20181553
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.66.100701
https://doi.org/10.7498/aps.66.084202
https://doi.org/10.7498/aps.67.20172691
https://doi.org/10.7498/aps.66.024203
https://doi.org/10.7498/aps.66.114206

) 32 % 3R Acta Phys. Sin. Vol. 68, No. 2 (2019) 024203

THRIEE 2 Stokes EIFMRIREUIGR R4t
R TAAEIRIRE T

B E AU 7 s 09

R D)

R LDDY K & A DY

1) (hER2E R LA R EIURATILR, &8 230031)
2) (FEPBEFEHARRS:, A 230026)
3) (thEBFERE DG bR SRR TR 0%, A0 230031)

(2018 4£ 8 H 18 HUk#; 2018 4 10 A 20 H U2 & k)

34 W 8 4 Stokes [a] i R AR OB AT S PEGF | 23 8] 70 B3 v O BE i SO0, A AR v N AN (L
IR MR B 42 Stokes [A) I i IR A5 2 G0 R IR 20 R4 L 1/2 2R A 1/4 3R K A S Stokes 2% 2t 3 il 75 4 17
BIG o, Al BT A SO Stokes et 1/2 37 1 1/4 I 7 Y AR A8 38 % 22 %) Stokes K I 545 B2 A5 A 7l 2
W BRI ST T A R PR IR 22 Y Stokes Sk BN SR ER2ETT R, 0T 1 1/2 P AN 1 /4 R AR SE IR AR A
WRZEXN H ARG 0°/45° LMot | 2o ke R i o't 55 S L BE 25 AR Y Stokes % o I % 22 W 52 ), 45 1 A 28
PR HY Stokes J% I e DR 22 B RAE 7 vk . TR0 BRBR T F1ER A 28 A [+ i 9% B B9 Stokes 2% B AF S A
T B S5 R K W], Stokes JR w0 I 8 15 22 01 4 22 00 5k 5 22 3 B A SRS O M I B2 19 196 T 39 . 18 A B
i 4 B b 1 I A i B 00 RS B TR R e il 2% B IR HORS BE, 1/2 R AR SE R 15 22 IV TE 4+1.6°
P, 1/4 I AL S AR TR 2 W AE £0.5° P9 . 30 12 i 28 48 9 Ji 31 00 e 3 AT B2 S, O R G BT AN A 4R

7 A e T

KR IMIRAUE, PR, FANLEER IR 2, Stokes K i

PACS: 42.30.-d, 42.25.Ja, 42.25.Hz

il

1 g

T dR e CH — M SR M, k(s B AL S
SR JBE A 5 3 ) 15 (i AR B i AR A R I3 2 A S5
B O SRR E HARAR B AR I 2SR R RS
P, JERI IR A AL A T LR Rl H AR A4
BB, PRGN 2 T 05 A=, KT A
PRI RSO R 25 8] B Ak 3D H i
FIAE B 2 A -0, O 7 S F Bl 4k £ R R
TR, 5 ZERT ] R R A IR IR SR R G, DIk A5
RG] 3 P 3R AR 2R GERTTR] S fi 9k 5

DOI: 10.7498/aps.68.20181553

BRG. 43I dR G 3 G 8 A7 7 5 3R Bk
SIS, B R B AR R G T AR
P AR B B AR, SZEBh A B AR B AR, [F
A i 41 A% 2R 8 I 2 B T R 3RS 1982 4
AzzamM i SEHE Y — B TR 4350 0% [T S O 4i 1i
1B RG, %R G HYE 5648l Wollaston #4243
BG4 G, 4 D ERIMEZRSZER T X ALY
It Stokes Z B LR A P 43 1 1) [7) B 0 . 2008 4F,
Pezzaniti 55 BTG 7539 1E 4> Stokes [F] i
WA RS, M HIWIR 2 WAR (polarization beam

*E R AT (S 2016 YFE0201400) . 1AW LM AR E (HEHES: 30-Y20A010-9007-17/18), 43 K LI
TWiH (S GFZX04011805) A AR ERe A REHFFT BB S0 H (S Y7T3HIP1801) ¥ B A L.

t iBfE1E#E . E-mail: yinyulong _yyl@163.com
1 WfEVEH . E-mail: xbsun@aiofm.ac.cn
©2019 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

024203-1


http://doi.org/10.7498/aps.68.20181553
mailto:yinyulong_yyl@163.com
mailto:xbsun@aiofm.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 68, No. 2 (2019) 024203
splitter, PBS). 1/2 % i (half wave plate, HWP) 2 \%}f{ 11% A Stokes G E]Lfﬁ}%)f? ﬁkf?i
1 1/4 W H (quarter wave plate, QWP) $ AFHE Z }:?: fi&lﬁi 3%7@%
IR A HO, B4 DRSS S A4 Stokes
SR R . 2003 4 Oka il Kanekol” & ¥k 2.1 RIRBG RS TIERE
P T AT SR AT A i 1 3 3 ) 2 Ol i A3 ¥RiRE AL 4 Stokes [A] ik il 15 2 e IR L 4

BAGAN, B ] PN A 35 0 3 AT S R e 4 1
300 9 ) R A GG A T T ek -2 B T
FEF NPT SRR e ) 308 9180 ) 78 0 e A5 A 1
PRI PERE. 2016 47, AU ARSEER H —Fh 3T
LA 5 F1 5 5 53 F 038 8 B S AGOGIE R R B
F AT BT IR 1% R AT AT . 2018 4F,
TR ARG T 53 f P T R iR B AGAS, F-45
THEREVEARIRL. T 4R S PRI R B, B N4
TN DA X A [ 308 ] it 2R g ] Bl 41 A% 2R 8
AT T RESHORZE T TR T AR 19

SrPRIEAL 4 Stokes [A]IHi IR MR R LA I
(] A2 (0] g O 8, B SR Gr | 23 8] 2 B
K R = AL, TRl iR BB S 4 Stokes 2
i, HA RN AR B R R o iR i R A
Stokes [A] i iR BUIR RGE R Lo, B A
67 9 3R 152 22 568 22 ¢ i 41 T 4 J32 A 36 AN A 220 1Y)
SN, SRy SR SRR ORI SRS 1Y S PR R A
4= Stokes [F A 4k IR R G, 437 R G ik A7 A0
A7 I 33 15 2 X i e 00 495 1140 5 ) 2 0K 5
TR 1) S B ] A

AR T PR a4 Stokes [R) Bk BiA%
RGN AR, @7 7S HWP A QWP AL
HE R 1% 2 1) Stokes <t il iR 22 R i E T
HWP 1 QWP AHAZSER 15 22 %5 H 480, 0°/45°4
PR, Zeme R oA 7 R AR ASERY Stokes
R EIRZE N, S TAEEASOE Stokes
A B IR 22 () FAE T R FRINER (Poincaré
sphere) SRFEIEAG B T A [ 3R BE 1Y Stokes 2K &
YR ASERE, HWP Fl QWP A FiE 3R 15 2 %63 1
P K B ) SE ], SRy PRI 2R 6 1)l 41 0 R 2
TE 2% W, 25 T U R AR SE IR N TORS BE K
XX RGESHTT . RN EAT 204

|

0
cos? (26) + sin® (26) cos ¢
sin (26) cos (20) — sin (26) cos (26) cos ¢
— sin p sin (26)

Ret (0,p)=

oSO O+

sin (20) cos (20) — sin (2
?(2

E 1 i, AdHailsd e sk n, ga o ik sy
W A% (partial polarization beam splitter, PPBS)
Oy WG %, — B% & ML PPBS i3 B A % i,
HWP )5 i PBS1 7085k P w6 A1 S {}ﬁﬁﬂ%
Jt, I\ PBS1 5 P idik i CCD1 #20k, St
1 S PR CCD2 #:; 7 — & M PPBS X
S, # QWP 5 B PBS2 73 258 P i
POEH SIm ARG, M PBS2 % 5t Ay P I 4% Ot
CCD3 4220, AR S iflR i CCD4 #2Ik.

s CCD3

X, horizontal

PBS2
Z

Y, vertical

|
CCD4
| 0

Y, vertical X, horizontal Z

QWP 0 = 45°

i
Ul

Lens”
Filter

—T
PBS1

I
I

HWP
§ = —29.5° === CCD2

CCD1
|

PPBS

Bl 1 Sy dRIETL 4> Stokes [A] B i R B4 % 4t Ji 24 ]
Fig. 1. Scheme of the division-of-amplitude full Stokes

simultaneous polarization imaging system.
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Fig. 3. (a) 3D distribution and (b) stokes parameters values of 1000 Stokes vectors different degrees of polarization selected on the

Poincaré sphere.
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Fig. 4. The measurement errors of Stokes parameters of 1000 incident light sampling points selected on the Poincaré sphere is

simulated: (a) There is only 1° phase delay error of HWP; (b) there is only 1° phase delay error of QWP in the system.
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Fig. 5. When the sampling points with different degrees of polarization are used as incident light, the effect of measurement
accuracy: (a) The phase delay error of the HWP; (b) the phase delay error of the QWP; (c) the phase delay errors of the HWP

and the QWP on polarization.

024203-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 68, No. 2 (2019) 024203

Error of DOP
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Fig. 6. The measurement errors of DOP of 1000 incident light sampling points selected on the Poincaré sphere is simulated:

(a) There is only 1° phase delay error of HWP; (b) there is only 1° phase delay error of QWP in the system.
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Fig. 7. Variation accuracy
acc_P(c, 6, P) of DOP with the phase delay error of HWP
and the phase delay error of QWP under the condition of
P =1.0,0.8,0.5,0.2 and 0.1.
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Table 2.

error 6 of QWP.

#2

Variation relation of measure accuracy acc_P(o,d, P=1) of DOP with the phase delay error o of HWP and the phase delay

A GUAREE M R ace_P (o, 6, P=1) B HWP FI{ER 13222 o Ml QWP MO IEIR IR 25 6 BZE L R

0
o
—1.0° —0.9° —0.6° —0.5° 0° 0.5° 0.6° 0.9° 1.0°
—3.2° 3.22% 3.07% 2.65% 2.53% 2.03% 2.54% 2.68% 3.11% 3.26%
—3.1° 3.17% 3.02% 2.59% 2.47% 1.97% 2.48% 2.62% 3.05% 3.20%
—1.7° 2.50% 2.32% 1.82% 1.66% 1.06% 1.67% 1.83% 2.33% 2.50%
—1.6° 2.46% 2.28% 1.77% 1.61% 1.00% 1.62% 1.78% 2.28% 2.46%
—0.5° 2.13% 1.92% 1.31% 1.12% 0.31% 1.12% 1.31% 1.92% 2.13%
0° 2.09% 1.88% 1.25% 1.04% 0 1.04% 1.25% 1.88% 2.09%
0.5° 2.13% 1.92% 1.32% 1.12% 0.31% 1.12% 1.32% 1.92% 2.13%
1.6° 2.45% 2.27% 1.77% 1.62% 1.00% 1.61% 1.77% 2.27% 2.45%
1.7° 2.49% 2.31% 1.82% 1.67% 1.06% 1.66% 1.82% 2.31% 2.49%
3.1° 3.20% 3.05% 2.64% 2.50% 1.95% 2.46% 2.59% 3.02% 3.17%
3.2° 3.25% 3.11% 2.70% 2.57% 2.02% 2.52% 2.65% 3.07% 3.22%
3 RGP ace_S(9) i HWP MR 225 o Al QWP RO EIR 2% 6 AR L &R
Table 3.  Variation relation of system polarization measurement accuracy acc_S(?:9) with the phase delay error o of HWP and the
phase delay error § of QWP.
0
o
—1.0° —0.9° —0.6° —0.5° 0° 0.5° 0.6° 0.9° 1.0°
-3.2° 4.01% 4.01% 4.01% 4.01% 4.01% 4.01% 4.01% 4.01% 4.01%
—3.1° 3.88% 3.88% 3.88% 3.88% 3.88% 3.88% 3.88% 3.88% 3.88%
—1.7° 3.48% 3.14% 2.11% 2.11% 2.11% 2.11% 2.11% 3.14% 3.48%
—1.6° 3.48% 3.14% 2.09% 1.99% 1.99% 1.99% 2.09% 3.14% 3.48%
—0.5° 3.48% 3.14% 2.09% 1.74% 0.62% 1.74% 2.09% 3.14% 3.48%
0° 3.48% 3.14% 2.09% 1.74% 0 1.74% 2.09% 3.14% 3.48%
0.5° 3.48% 3.14% 2.09% 1.74% 0.62% 1.74% 2.09% 3.14% 3.48%
1.6° 3.48% 3.14% 2.09% 1.99% 1.99% 1.99% 2.09% 3.14% 3.48%
1.7° 3.48% 3.14% 2.11% 2.11% 2.11% 2.11% 2.11% 3.14% 3.48%
3.1° 3.88% 3.88% 3.88% 3.88% 3.88% 3.88% 3.88% 3.88% 3.88%
3.2° 4.01% 4.01% 4.01% 4.01% 4.01% 4.01% 4.01% 4.01% 4.01%
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Fig. 8. Experimental optical path of wave plate phase delay error analysis.
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Table 4. Parameters of PSG in the experimental optical path.

SRR ZHUE
He-Nel#otak i i 1< 632.99 nm
He-Nelfot#'tis s e +0.1%
LBl A A L 0.005°
LR IAREDIE Y i = 10000:1
TR QWP IEIR 5 89.87°@632.99 nm

RO LROEE P I R IR AT B EES R
Table 5.  Parameters of the four-paths polarization analyzer in
the experimental optical path.

SRR SRl
PPBS4y st T PPBS) /7 (PPES) 0.788/0.191
FHHWPAHA FER 1 179.74°@632.99 nm
FHQWPAHIAEIR & 89.87°@632.99 nm
TR WP —22.5°
QWP 5 (3L i 45°

PBS14pst I Tp(PBSl)/TS(PBSl)
PBS243st Tp(PBSZ) /TS(PBSZ)

0.981/0.0007
0.988/0.0008

¥ 4% 5 th PPBS, PBS1 il PBS2 (143 W AL
A (18) R, Lo = —0.26°H16 = —0.13°, 155
DO 43 S Qi 31 43 AT 40 1) S B 0 2 R B M T K36 5
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Fig. 9. Measurement results: (a) So component; (b) Si component; (¢) Sz component; (d) Sz component; (e) DOP of the
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Abstract

The division-of-amplitude full Stokes simultaneous polarization imaging system has prominent merits, such
as real time, high spatial resolution, high precision, etc. The development of the division-of-amplitude full
Stokes simultaneous polarization imaging system has a high application value. The division-of-amplitude full
Stokes simultaneous polarization imaging system uses polarization beam splitters, a half wave plate (HWP) and
a quarter wave plate (QWP) to modulate the incident Stokes vector into four intensity images. Using the four
intensity images, the incident Stokes vector can be analyzed. In the system, the phase delay errors of the HWP
and the QWP have a direct influence on the measurement accuracy of the incident Stokes vector. A Stokes
vector measurement error equation containing the phase delay errors of the HWP and the QWP is established.
When there are the phase delay errors of the HWP and the QWP in the system, the Stokes vector measurement
errors of the unpolarized light, 0° liner polarized light, 90° liner polarized light, 45° liner polarized light, 135°
liner polarized light, right circularly polarized light and left circularly polarized light are analyzed. A method of
solving the Stokes vector measurement error of incident light with any polarization state is given. When the
Stokes vectors with different degrees of polarization (DOPs) are used as the incident light, the simulation
results show that both the Stokes vector measurement error and the DOP measurement error increase with the
DOP of incident light increasing. Therefore, we select the polarization measurement accuracy to evaluate the
system when the DOP of incident light equals 1. To ensure that the polarization measurement accuracy of the
system is within 2%, the phase delay error of the HWP should be within +1.6° and the phase delay error of the
QWP should be within +0.5°. The analysis results of the phase delay errors of the HWP and the QWP are of
great significance for improving the polarization measurement accuracy of the division-of-amplitude full Stokes
simultaneous polarization imaging system, and also provide important theoretical guidance in designing and

developing the system.
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