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Fig. 1 Schematic diagram of stress birefringence principle
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Fig. 8 Stress birefringence measurement experiment. (a) Retardation and birefringence; (b) azimuth angle of fast axis

H P 8 B S 6 24 2R T R B N s D (A A R
B b v 8 15 T A BRI 3 8 7 S R e RO A
s ) RSN A T LD S APV DY E 1T SRV YA

f IR 245 T 0T CJLF- 9 o b, 28 0Tt im0z 7 4
L DI CA VL b ) DA RISEO R B3y S b ) VAP R
TREMNLRBEICAL 2T,

2 IR I S

Table 2 Experimental data of stress birefringence measurement

Applied pressure
PP b Stress retardation R /nm

Standard deviation of

Stress birefringence Standard deviation of stress

value /N retardation /nm An /(nm-cm™') birefringence /(nm+cm™")

0 0.558 0.023 1.86 0.08

3.9 2.108 0.030 7.03 0.10
12.0 6.677 0.036 22.26 0.12
20.0 11.291 0.034 37. 64 0.11
34.5 18.803 0.039 62.68 0.13
39.5 21. 360 0.038 71.20 0.13
50.0 26.262 0.050 87.54 0.17
54.2 29.275 0.037 97.58 0.12

S 8 SR R, N 77 FE R R AR S XU S S it
TR 3B A KN BIE B o SR, AN R g SRR A A
N 7 8 3R S N 7 ST G 5 EE 0, HA B/ i ZE IR
AR ) BT A, 33 5 BT RE A AR 7 R R AR ) R
T3R5, 33X 2 A S bR 27 J0 R A 7= v b 2500 3R T A
M BB . SEIR A — e % T AN R IR, N IR
S U ST G ) B o O 25, 6 B 2 R T R B
RE NS H G N 7 77 J5 A 4iE 3R R s v e 22 38 K T B S R
st 8 T D 25, 3 32 8 2 e Bl in 7 g 2o A b N T 4%
S AR A RE B o 24 iR 3 R 50 N B W ) ST
SR HER 22 4 0. 17 nm/em. PR, B4R R 1 U 5 0
ORI OB 5 E R MR T
0.17 nm/cm. BEAN, b 52560 b B 40 W & A s 1] 1) B
¥ B 7E 200 ms, Fr & H B9 FPGA %07 8i0R £l b 2

JEL 91 AT AR 5 552 B 1 0 BB, 7 % F A2 PN T A R
8 152 P F S 0 e Y R A R T 3K A 10 ms — 5K
¥ mi e

4 4k 1w

& T — o TP A AN [ 551 98 ] g K Y
28 AR ] 28R g XA S0 T 58 o I 0 U S S AR
SRR T 7 A A T 2 R A 5 R S g R o ) 22
WU 5 PS5 b, IR E FPGA g A0 1 550 14 i1
Tor 9% By A 1) K KR B R g% e S T S R LA i 9
PR [RIE, SRAR T R 7 BT 3 4 3R A ARl L
i A5 R i JRE B AR B R — 2B T AR AR A i Y 1 T X
Pripfo R MIZH T RIEIEE TR ARG, M T R
GEW) i i B9 6L B0 5E B S 56, AT RCHI A BR T A 2 0 i

0412001-7



435 E4H/2023 F£ 2 B/REEIR

I VT 1 2 B N R A BT S R . SR Soleil-
Babinet #2485 5 WL 1 BT 4 75 58 1 I & K§ 18 A 8 521k
RS T 1 A 9 | DA K 2 el O DAV DS 2 R S B 4
KRR %R G SE IR B I R EEAL T 2,300, SRR 4
) e H AP 0. 032 nm, W AU S I A M
0.17 nm/cm. BEAh, I $2 75 58 S K00H0 o 00 4 i () 76 22
PR R, Bt I7 SRS T O MUARIE Y, | ek
e o ) A 3R ek R PRl 5 2 A ] e O

(1]

(2]

(3]

[4]

(5]

(6]

(7]

(8]

(9]

2 £ x #t

Ramesh K, Ramakrishnan V. Digital photoelasticity of glass: a
comprehensive review[J]. Optics and Lasers in Engineering,
2016, 87: 59-74.

RO T, Bt RSP, 4w D AR OG B RS I R W £ 30
kAR I WEFELT]. RO, 2021, 48(9): 0903003.

Chen H Y, Qian M, Tang J P, et al. Investigation on residual
Nd-doped
phosphate laser glass for high-peak power solid-state laser[J].
Chinese Journal of Lasers, 2021, 48(9): 0903003.

XML, SRR, A ds, &5 T BROT AT O vk TR Ah ik
B gy A1 e 3 WU B e A D00, Ol A o i, 2021, 41(12):
1226001.

LiuZF, CaiY M, BuY, etal. Stress birefringence analysis in

stress in  monolithic edge-cladding of elliptical

fused silica at deep ultraviolet waveband based on finite element
simulation method[J]. 2021, 41(12):
1226001.

Su F, Li T H. Development of an infrared polarized microscope

Acta Optica Sinica,

for evaluation of high gradient stress with a small distribution
area on a silicon chip[J]. Review of Scientific Instruments,
2019, 90(6): 063108.

ISO. Optics and optical instruments-preparation of drawings for
optical elements and systems-part 2: material imperfections-
stress birefringence: 1SO10110-2[S]. Switzerland: International
Organization for Atandardization, 1996.

Freak, ERU, FAOR, S OGO i B S 0
AR P EHOL, 2016, 43(5): 0508003.

LiKW, Wang L M, Wang Z B, et al. Measurement of residual
birefringence combined photo-elastic modulation with electro-
optic modulation[J]. Chinese Journal of Lasers, 2016, 43(5):
0508003.

Ramesh K, Digital
developments and diverse applications[J]. Optics and Lasers in
Engineering, 2020, 135: 106186.

Hoédemann S, Valdmann A, Anton J, et al. Gradient scattered

Sasikumar S. photoelasticity: recent

light method for non-destructive stress profile determination in
chemically strengthened glass[J]. Journal of Materials Science,
2016, 51(12): 5962-5978.

Chen W X, Zhang S L., Long X W. Internal stress measurement
by laser feedback method[J]. Optics Letters, 2012, 37(13): 2433-

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

0412001-8

2435.

Lane C, Rode D, Rosgen T. Two-dimensional birefringence
measurement technique using a polarization camera[J]. Applied
Optics, 2021, 60(27): 8435-8444.

Wang B L, List J. Basic optical properties of the photoelastic
modulator part I: useful aperture and acceptance angle[J].
Proceedings of SPIE, 2005, 5888: 588811.

Wang S, Han X, Wang Y N, et al. Dispersion of the retardation
of a photoelastic modulator[J]. 2019, 9
(2): 341.

ZEARHE . BRI R RS B R B R (5T (D] P4 h R
2E VLGRS B LA ST i, 2014.

Li C Y. Study of high-precision glass stress testing technology

Applied Sciences,

[D]. Xi’an: Xi’an Institute of Optics and Precision Mechanics,
Chinese Academy of Sciences, 2014.

Wang B L, Oakberg T C. A new instrument for measuring both
the magnitude and angle of low level linear birefringence[J].
Review of Scientific Instruments, 1999, 70(10): 3847-3854.
Scafidi M, Pitarresi G, Toscano A,
photoelastic image analysis applied to structural birefringent

et al. Review of
materials: glass and polymers[J]. Optical Engineering, 2015, 54
(8): 081206.

FAE, WAL, ARE, AF SO0 I R R 2 0% BT B Bdie
ALER(T]. e KGR, 2018, 26(6): 1314-1321.

Wang S, Han X, Li X, et al. Digital phase-locked data
processing for ellipsometric parameter measurements based on
photoelastic modulation[J]. Optics and Precision Engineering,
2018, 26(6): 1314-1321.

Li K W, Zhang R, Jing N,
measurements of ellipsometric parameters using a 45° dual-drive

et al. Fast and full range

symmetric photoelastic modulator[J]. Optics Express, 2017, 25
(5): 5725-5733.

Yang K, Zeng A J, Wang X Z, et al. Method for rapid
measuring based on

retardation of a quarter-wave plate

simultaneous phase shifting technique[J]. Chinese Optics
Letters, 2008, 6(9): 673-675.

BEAE I . ARt AE (M. Jb st B2 AL, 2003: 51-62.

Liao Y B. Polarized light science[M]. Beijing: Science Press,
2003: 51-62.

Zeng AJ, LiF Y, Zhu LL L, et al. Simultaneous measurement
of retardance and fast axis angle of a quarter-wave plate using
one photoelastic modulator[J]. Applied Optics, 2011, 50(22):
4347-4352.

PR, AEbe, Eout, 4 BT IR Sh B A & 0 Y 5o
FAWILT). M EHOE, 2021, 48(11): 1104001.

Liang Z K, Li X, Wang Z B, et al. Photo-elastic modulation
based on adaptive regulation of driving voltage[J]. Chinese
Journal of Lasers, 2021, 48(11): 1104001.

SBC-VIS and SBC-IR soleil-Babinet compensator user guide
[EB/OL]. (2018-09-14). https://emin. com. mm/web/content/
1172075%unique=408{1a689cce10862{2¢725591ec6db9fch3ecd.

download=true.


https://emin.com.mm/web/content/1172075?unique=408f1a6f89cce10862f2e725591ec6fdb9fcb3ec&download=true
https://emin.com.mm/web/content/1172075?unique=408f1a6f89cce10862f2e725591ec6fdb9fcb3ec&download=true
https://emin.com.mm/web/content/1172075?unique=408f1a6f89cce10862f2e725591ec6fdb9fcb3ec&download=true

& 43 % 2 4 H1/2023 4 2 B /KR

Stress Birefringence Measurement Based on Double Cascaded Photoelastic
Modulation with Differential Frequencies

Li Kewu"”, Wang Shuang’, Liu Ziliang’, Wang Zhibin”"
'School of Electrical and Control Engineering, North University of China, Taiyuan 030051, Shanxi, China;
‘Engineering and Technology Research Center of Shanxi Province for Opto-Electric Information and Instrument,
Taiyuan 030051, Shanxi, China

Abstract

Objective The stress parameters of optical materials and optical components are important parameters to evaluate the
mechanical strength, thermal stability, imaging quality and beam transmission quality of optical systems. During the
growth of optical materials such as glass and optical crystal, structural stress will occur due to defects or physical and
chemical changes. In the process of annealing and cooling, the uneven plastic deformation and uneven volume change
caused by temperature change will produce residual stress. Cutting, grinding and polishing during the processing of
components, as well as external forces during loading and clamping, will generate mechanical stress. When the stress is
large, it is easy to cause the materials and components to explode. Even a small stress can cause poor refractive index and
birefringence consistency, resulting in imaging distortion and astigmatism. Therefore, it is necessary for the development
and production of high-performance optical system to measure the stress of optical materials and optical elements, and the
stress should be controlled within the allowable range. Stress induced birefringence become the main index of stress defect
evaluation in optical materials and components. Now, methods are applied to research the measurement of stress
birefringence, such as polarization interference, polarization compensation, laser feedback, polarization modulation and
polarization imaging. Nevertheless, measurement speed and accuracy still need to be further improved. For the needs of
rapid and high-precision stress testing and evaluation of optical materials and optical components, a stress birefringence
measurement scheme based on double cascaded photoelastic modulation with differential frequencies is proposed in this

paper.

Methods Considering the application advantages of photoelastic modulation, such as high modulation frequency, large
optical aperture, high modulation purity and stable operation, a novel measurement method using photoelastic modulation
is proposed. A simple polarimetry is constructed based on two photoelastic modulators with differential modulation
frequencies. The stress birefringence retardation and fast axis azimuth angle are loaded into the differential frequency
photoelastic modulation signals, and the digital phase-locked technology is used to extract the differential frequency signals
and fundamental frequency signals of photoelastic modulation at the same time, so as to further solve the stress
birefringence retardation and fast axis azimuth angle. The principle of the new scheme is analyzed, and an experimental
system is built. The initial offset value of the system is calibrated experimentally without any sample. After that, the
measurement accuracy and repeatability are measured by using a Soleil-Babinet compensator as standard sample. Finally,

a BK7 glass specimen is loaded different stresses, and the measurement of stress birefringence is completed.

Results and Discussions  After the system is built, and the initial calibration is completed, Soleil-Babinet compensator is
regarded as a standard sample to be determined. Adjust the displacement of the optical wedge of the compensator from 0
with an interval of about 0. 02 mm, the signal amplitude is obtained by digital phase-locked technique, and the retardation
and fast axis azimuth angle of the compensator are further solved. The calibration values of retardation are in good
agreement with the measured values (Fig. 7), and there is a maximum relative error of 2. 3% between the measured value
and the calibrated value, which indicates that the measurement accuracy of retardation in this scheme. When the
compensator displacement is at 0.500 mm, and the retardation is 151.118 nm, the maximum standard deviation is
0.032 nm, which indicates that the measurement repeatability and sensitivity of this scheme (Table 1). Stress
birefringence experiment is carried out by using the BK7 glass specimen. The experimental results show that the stress
retardation and birefringence are increased with the increase of the applied pressure (Fig. 8). When the applied pressure is
50. 0 N, the standard deviation of stress birefringence is 0. 17 nm/cm, which indicates that the measurement repeatability
and sensitivity of the stress birefringence (Table 2). We also find that the stress retardation and birefringence of BK7 glass
are not zero, when no pressure is applied at the beginning. The small retardation and birefringence values are 0. 558 nm
and 1.86 nm/cm respectively, which is induced during the production process. This is a defect that must be tested and
evaluated in the optical element production. Moreover, the time interval of data measurement in the above experiments is

set at 200 ms. The time can be set according to the actual situation via the FPGA digital phase-locked data processing
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cycle. In the application with no strict requirements on repeatability, the fastest data measurement rate can reach one data

point each 10 ms.

Conclusions In present study, a novel stress birefringence measurement method based on differential frequency
modulation with double photoelastic modulators is demonstrated. The principle of the new scheme is analyzed, and an
experimental system is built. The initial offset value of the system is calibrated experimentally, and the measurement
accuracy and repeatability are measured by using a Soleil-Babinet compensator, and the stress birefringence measurement
for a BK7 glass specimen is carried out. The experimental results show that the accuracy of retardation measurement is
2.3%, the repeatability of retardation measurement is 0. 032 nm, and the repeatability of birefringence measurement is
0.17 nm/cm. In addition, the measurement time of single data does not exceed 200 ms. Our study realizes simultaneous
measurement of retardation and fast axis azimuth angle without any mechanical adjustment. This method has the

application advantages of high measurement accuracy, high measurement repetition and fast measurement speed.

Key words measurement; applied optics; photoelastic modulation; stress birefringence; retardation
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