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Measurement of refractive index and thickness based on the fiber
laser frequency splitting effect
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Abstract : Refractive index is the most widely used optical parameter in the optical system, which has an extremely important influence on
the optical performance. The optical length consists of refractive index and thickness, which directly affects the time delay characteristics
of birefringent devices in the optical system. In this article, a measurement method of refractive index and thickness based on the fiber
laser frequency splitting effect is proposed. By rotating the birefringent device inserted into the laser cavity, the birefringent parameters of
the device at different angles are measured by using the frequency splitting effect. Based on the refractive index ellipsoid of birefringent
device, the relationship among phase delay, refractive index, thickness and rotation angle is established. The refractive index and
thickness parameters of the device are achieved by fitting calculation. Experimental results show that the thickness measurement error of
birefringent elements is 210 nm, and the intrinsic refractive index measurement error is 107, It could be widely used in the measurement
of intrinsic refractive index and thickness of birefringent elements in the infrared band.
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Fig. 1  Optical path diagram after birefringent device rotation

K1 s R BS AR RN o JOLRE, SR BRAEFRIR o
SEIC, PRHORT 7 A Y AH 2 SE 3R A A8 Al fE AT 7R
AS =

27d n n
1T|:( 2 _ ! ) + (tan@, - tanﬂz)sin0:| +9,
A cosf), cos0,

(11)

o 8, i Al A SRR & B O 1E 32 S A D 1) 7

AL ARV IR 1 5 AS R iZ AR JE R H A e o B rp e A

WA 5 d IR 5 0 R D 2 2o A TP A TE G A5 0,

60, 7 XTI o Y6 e SEAEHEARE GBS T 0,

ny, BT N ERL G FE S 0 V65 e YT SR, &R,

YR St o3 T PRk R Al e I LTI R o, AT B
R (12) f(13) F#m,

n,=n,

n’nl + (n2 - n’)sin’0 (12)

n, =

nﬂ

T2l A5 S TOLLFBOLIIR 7 2S00 A7 5 5/ 5 BE WS 1 I B F 5 29
n, = n’o
(13)
n, = n’e

Wi RR AR KR (12) 5 (13) AR (1),
TS B b T AT S 238 40 A v T 22 08Pl RN B i 2 it
G SO AE A7 RE SR 5 RE S IE B M 2 1 OC &R,
(14) F(15) s,

8:2ﬂdm)(ne

A

——1)—21T><N

n()

(14)
6:

2md(/n’ —sin’( 0, + AG) - ./n> —sin’*(6, + AB) )
: -

2@ X N (15)

Horr, 6, XU SR RS OGO Rl B 4R F T A6
NTERE AL . N G, AR IE IR 25 T 2 B 360° 1Y
FRIT R 1 G, N FRas 7 A YRR A o Y B BGHR A TLR .
S (14) F1(15) 3T 5 3 F0E B i 9 B A =0, &1 2
R3S PR 4 Al e I, AR 7 A I AR i S R AR Y
KHER,

-400

—o—d=0 mm
—8—d=0.2 mm

d=0.4 mm
-1200F -*=d=0.6 mm
~4=d=0.8 mm

e 2 i /nm

*=d=1.0 mm

- - L - 3

1600 0 10 20 30 40

W PR i A BE ()
(a) W tRAhe s
(a) Rotation along the fast axis
1600
1200

—8-=0 mm

- —e=d=02mm
d=0.4 mm

—w—d=0.6 mm

|  ~*d=0.8 mm y

—d=10mm o

JefE E B2 B /nm

&~
1=
S

0 20 30 20
W bRah e M BE(0)
(OFA 233

(b) Rotation along the slow axis
K2 Sbre2ehfif A2 f i 5
Fig.2 Simulation of optical path difference changing

with angle



30 U #H £ ¥ W

HH I 2 W1 DL Y v Dl e 5% | Bl 5 e 5% A R 4
TR, AN JE S 55t 20 T 06K /)N 5 24 V1 B B S 1) B £
BER AN IE R BB WG R ,  EAR R ER: f B G K, JLAR
TEARPRZ WA,

M (14) 5 (15) Hra] 1, BRAr N S50 A AR
JERE A n, on, d.6, FIN 5 YRR R, @i ZiK
B R BRSSPSR AR A BRE SR 1 0 O
P E n, e WCHTH R n, JEEE &, WG FAEE 0, FIZEL N
5P,

2 RAHARRFRITF R/ BEEMNERS

Pl 3 BT A G AR O 38 3 24407 I 3/ J8E B I i 3R
ez, Hol 1 m BHDELE ,—4> 980/1550 P53 A%
(wavelength division multiplexing, WDM) , —/GEFGME
(fiber Bragg grating, FBG) ,— /™ YGEF i B #% F1— N
B BT 8% ( high reflection, HR) #H W, & I K & 44
N 2.2 m, OGO R 2T Hh Y 976 nm 12
SSRGS (laser diode, LD) #47ZR I, ArHRBEL
£ ( Nufern 23 @, EDFL—-980-HP) 7£ 976 nm 4t H W i 2
LR 17.5 dB/m, A SCHT HIBOGIE 3 6 R G £ 21 4b
Jis, B OGEF i 5 2 (R P A A, B A R
R 10% G EF SEME, BOG B b S 3EA SR PR
0.02 nm A G343 B AL ( Yokogawa AQ6370D) , ¥t it
A5 OGRS T A ZORE UK 2 22 mm, 3 dB
WL 0. 13 nm, JEEF B 55 — v l O £F o B A% i
A E R, i 1550 nm P K T R % >95% 19 HR
VER LI IRIE o5 — O 0 = BCBE o /o R e T ' O
P¥ 1550 nm P BCG A B, B OE RO R E B, B
SR F bR S 2 K U O U o AR AR SO UE
i, 2k AR PR AE B OE 28 RO AE D A 0 il Oy
UGS 5 1 InGaAs G HL AR %% (380 MHz) %
FEA AR S 0, 3 A RS R R K
B GO A A E R AR AT RS BT e RS
0.002°, fFEH 360°, >R FHAH [FIHE B (9 e &% 98 15 42 ok
W BT 55 T A PRl 5 e 7 15 e ot v . 1 4
I SRR I 1 R S A

2 R B KT
Kﬁ R Q P
waumE  BERA \ nE
s

&3 SGEFROEHE S 2T i 2 B T 1 R G 45 1
Fig. 3 Structure of the measurement system of
refractive index and thickness based on fiber laser

frequency splitting effect

o

T .‘
/Wé;ﬂﬂiﬁz}##uﬁ': 1

Bl 4 SELFEOEHER I 2R P AR R G K
Fig.4 The measurement system of refractive index and

thickness based on fiber laser frequency splitting effect

3 R/ EEMNEIRERRSH

HOE, A I RO AR AT BT
SNV AU G, R0 8 P 45 il %, B AR
BT RAGE O A IO TR 100 mW, 3
St K 1 556. 12 nm, 3 dB #7954 0. 039 nm. ¥
Az OGS EANEL 5 (a) iR, MR R AR F s, 8
SRR S A 15 B R o 2 KL S (b) iR, 4
B s SR & B, WO RS AL BE Sl 47. 20 MHz, JLAA JiE
KH2.19 m,

=55 J L

1554 1555 1556 1557 1558 .
P/nm
(a) HT 5 28/ J B 9 B 4 R 4 RO 28 6 i PR

(a) Optical spectrogram of frequency split laser
for refractive index and thickness measurement

BRFF/dBm

-90

5 15 25 35 45
HE /MHz

(b) 5 e 5 BE Pl B A3 28 3 WO 38 28 I s IR
(b) Frequency spectrum of cavity frequency splitting
laser for refractive index and thickness measurement

K5 oG = i R

Fig. 5 Output characteristics of laser cavity



55113 PR te 45 L TOREFROEIER S 280N AT 5 3/ JE B S i 4 F 5 31

FH 25 RT3 AT A O R 25 it A R I s T Y
FAERATS S, I S (b) 1 9. 60 MHz 5 37. 64 MHz
HIAR RSB A Av, FT A-Aw, , (H 23 i b (0 BT 5
J5 5L £ 08 7 )48 1) PR R s PR A A 1Y T A 3T S 7
53 AT 51 5 00 f A ST SE S LR, & b AE 4k
=3I

ARSI B F AR S THORLABS 23 A ) 2 4%
HZ— @1 550 nm (B 5 WPMQ10 M-1550) , fEE
I8 25%C , 255 R J1 0 101. 84 kPa T WHRE S il F beighim
T TR JR T A SRS i A R R T X v, B
EORERE A 4 ABOCER G B, T DUl B G A
WG RRUCIERE 10, LR 7 U, 43RBT ARy
4 570 AL (A A AR HH RE S OS5 6
FOME L5 MO f B B A XU S O A, S
TR ARSI AR S B AR B S ROGAS B A TR, HXL
P& BEAE LA T S A

cosd’ = cosdpcosd” — sindsind”cos[ 2(¢f — ") ]

(16)
tanyy’ =
sin(p/2)sin(p"/2)sin[ 2(f—f") ]
cos(p/2) cos(d"/2) —sin(p/2)sin(dp"/2) cos[ 2(p—p") ]
(17)

Horr SIG2F i o4 1A RT3 S5 R — A BT Sl
Tl V(d, ) Hi ¢ FRORICEF RO TR | FoR L
SR, R A A BT SRR S V(T g
HAREREIR Sy " TTLF R ", 2 DGk A i 0 A
B O i T LSRR — A A < AR OB 5 1Y
Jones JHFEA V(' '), ' FAFROBIT S LA L 4 38
i RO S ST LA

SR HTLL F ST 35 28 AR A Xof 12 D0 £ 45 SR AT 53 it
S BOGRR 22 507 0 f AR AR AN AL 6 FTR

—= YT T AL A
~— XU G A AL SER

=
£-187 036572
= =
2 20 0.360
= R

22 0355

-24 ' : ' : : 0.350

1 2 3 4 5 6 7
jid= i) 1)

K6 i ATTILTEZE 577 L e f AL Ak
Fig. 6  Optical path difference and azimuth

change with the rotation angle

T PRI B 5 R v, R L 22 B A R ORI,
(14) FraR B S AN [, iR Db b 7 T 07 1) A 4
TR IR ZAE | ST S 1 7 L AR e R A E
EIPRE R 22 55 e 5% A B2l A X (14) P A3 LR O
FEH .

2md./n,” —sin’(6, + AO,) (n,

0, = (——1)—21T><N
A' nU
2mwd./n,” —sin’(6, +Ab,) (n

5, = ! 2(;'—1)—2wa
A n,
2md./n,’ —sin’(6, +A0,) (n

5, = : 7(—°—1)—2’n><N
/\ n(}

(18)

TP I 5 ARIEI BN 0, 0, d 0, N,
Mf/h St Ll b 7 AR X Rt AT 5 IS 40
BHIRME T (a) B, RSB 1 PR ila S5,

®1 NEESSEEILE

Table 1 Comparison of measurement and reference value

S8 JEL R /mm h, n, N
2%l 0.959 83 1.527 614 1.536 085 5
) & B 0. 960 04 1.527 573 1. 536 090 5

iy 2 0. 000 21 4.1x107° 0.5%x107° 0

H 1 AL L 0 65 e SR HT T 34 51
1.527 573 5 1.536 090, T H 47 4 % 2 % i1 43 31 0y .
1.527 614 15 1.536 085, %% % fH i W F @ L2 0
KA

n? = 1.286 041 41 + —-070 440834

+
A? - 1.005 859 97 x10°*

1. 102 022 42\
A2 - 100
1. 095 099 24A°

n; =1.288 518 04 + — — +
A* = 1.021 018 64 x10

1. 156 624 75\*
A% - 100
(19)

Prof R & LW T 2 % HZ H R E N,
4.1x107 50.5x107°, HEE RN 210 nm, EHESH
8 B FOET WS

TOE 27t 1 ORS00 e X (R A o R HL A
B PR, 3 A i 2 D BT R A A R N A 15 2 T 5 |
AL I 158 25 A T 40T



32 U #H £ ¥ W

F42 8k

T ST R n, 50, BXRFER(14) R
PRIRZE A .

on,
An, = - A6
00 (20)
on,
An, = - A6
a0

Horb A6 MR An, 5 An, N A6 §20H
BT R 0, 50, 30222, KB (14) AR,

2n,(n, = n,)sinfcosé
n, = .

2 3
n,sin“0 — n,

(21)

2(n, — n,)sinfcosf

n, 2 _ .2
n, —sin"0

B MR A0=0.02° 545 A L3, i 15
An,=-4.637 2x107° 5 An, =1.522 8x107, YT Irid
BT A n, 5 n, W —DBCR G, P, eSS R W
SRR,

& 7 (a) 17 B R i e i 52 e S A 25 1 S8 #6406 i
4, BB 7 (a) ATRL, TR FESLURE A O° I A L RO
PR A R 25 K 387.6 nm, UL, % 1 550 nm fY
V95r 2 — R, 76 1 556 nm AbYFE T & 89. 68°, Kl
AR E T HOCEIE IR IE Y, IR A B T 2

-350
-400
E-450
&
2 -500
=550
80010 20 30 40 50
‘ BT SRARAN) . . )
000 42 43 44 45 46
W 5aRAMA/()
(a) MALZEBERE AR AL A it 2%
(a) Fitting curve of phase difference with rotation angle
15 I
10 I
5
: 3
w0
oK
N {
10
t 3
1 1 2 3 4 5 6
TR ()
(b) WEETRAHEIRE

(b) Error between measured value and fitting value
Bl 7 M2 RS

Fig.7 Phase difference measurement fitting

UCRAE, BEFE BB BN, LA 1 min Ay [A] B& X5 450 % £
ST, SR 25 WK, SEREM, AR RGE A E
S5 A A 22 18] (2 25 - 13,09 ~ 13. 46 nm, H A4
FARE T HIR2Z PR E2ZE /N T 1,79 nm, H B 5 5 RIR 2218
F 15. 85 nm, WE 7(b) FirR,

4 £

-

AR SR Y — L T L TOCET O 3 73 24800 1Y )

S/ RS EW R T, B ORI

T 2RO AR TR AR O ZAARAE 5 5 I XU S Y 5%

BGPTSR R AR R B TS [

A A, SEE T ZYBDCLT WO BT S TR R/

PropRE N RS, SCRNITE TR 2O LT OGS

BT YRR, 253 A SRR DRI I, AR R AR A S

JENRAT S I OCFR . LR A SRR, 8 i 2% &R G0 XU

SO R R 2E R 210 nm , ASAEST 5 30 1 5 22

9107 AR HEZE DR T 1. 79 nm, B e e KR 25 A

T15.85 nm, WAFBLTHA N 1550 nm #9707 22—

J,7E 1556 nm B FARAAERS g 89. 68°, ARl 5 J AN

SR Al 3 i O B OGRS g R

PR B N BUAR L JE I AR ARt £, DRIk, AR SR HY Ay )

R GEX TR A F B RS RE BT RIS IE A IE DL AR 4%

il AR BB e £ AR AT A JEE B/ T S A i B Ay LAY

&% 3k

[1] PORFIREV A P, KHONINA S N. Astigmatic
transformation of optical vortex beams with high-order
cylindrical polarization [ J]. JOSA B, 2019, 36(8):
2193-2201.

[2] BUTT M A, KAZANSKIY N L. Two-dimensional
photonic crystal heterostructure for light steering and TM-
polarization maintaining applications[ J]. Laser Physics,
2021, 31(3): 036201.

[3] NICHOLLS 1. H, RODRiGUEZ-FORTUNO T ],
NASIR M E, et al. Ultrafast synthesis and switching of
light polarization in nonlinear anisotropic metamaterials
[J]. Nature Photonics, 2017, 11(10) . 628-633.

[4] FRIEDMAN A S, GERASIMOV R, LEON D, et al.
Improved constraints on anisotropic birefringent Lorentz
invariance and C P T violation from broadband optical
polarimetry of high redshift galaxies[ J]. Physical Review
D, 2020, 102(4) . 043008.



CERRE] 73

T2l A5 S TOLLFBOLIIR 7 2S00 A7 5 5/ 5 BE WS 1 I B F 5 33

(5]

[12]

WEI Y, JANG C H. Selective and direct detection of free
amino acid using the optical birefringent patterns of
confined nematic liquid crystals [ J]. Liquid Crystals,
2017, 44(2): 303-311.

ZHANG B, LI L, WANG L, et al. Second harmonic
generation in femtosecond laser written lithium niobate
waveguides based on birefringent phase matching [ J].
Optical Materials, 2020, 107. 110075.

SHAO Z F, WANG J J, WANG H, et al. Analyze of the
stress-birefringence of the fused silica with large
aperture[ C]. Key Engineering Materials. Trans Tech
Publications Ltd, 2017, 726. 38-42.

d AR, T BH. R LI O S B AT 5 R 8 U
HLT). Je RS TR, 2008, 16(11):2114-2119.
MENG Q H, XIANG Y. Novel high accurate
measurement method for refractive index of optical
glass[J]. 2008,
16(11) :2114-2119.

PMVEEAR. — Pl 4T B M B 7k [T ], DG,
1995(1) :58-61.

Optics & Precision Engineering,

SUN G L. A new refractive index measuring method[ J ].
Journal of Applied Optics, 1995(1) ;:58-61.

NESTLER P, HELM C A. Determination of refractive
films via

thickness of nm-thin

Optics Express, 2017, 25 (22).

index and layer
ellipsometry [ J ].
27077-27085.
HANSEN P E, MADSEN J S. Thickness and refractive
index analysis of ellipsometry data of ultra-thin semi-
transparent films[ C]. Laser Applications to Chemical,
Security and Environmental Analysis, Optical Society of
America, 2018.

HILFIKER J N, STADERMANN M, SUN ], et al.
Determining thickness and refractive index from free-
standing ultra-thin polymer films with
ellipsometry[ J]. Applied Surface Science, 2017, 421
508-512.

KUMAR M, MATOBA O, QUAN X, et al. Decoupling

spectroscopic

the refractive index and thickness by dual-wavelength

digital holographic microscopy [ C ]. Holography:
Advances and Modern Trends VII. International Society
for Optics and Photonics, 2021, 11774 1177400.

R g AR, SR BT CCD R A s xEER AR 1Y

POHEPTHARNME REMIT[T]. R, 2013,

[15]

[16]

[17]

[20]

[22]

34 (11):2565-2571.

CAO M, LIU CH, LIN Y, et al. Research on the glass
refractive index measurement system based on CCD
imaging self aligning technology[ J]. Chinese Journal of
entific Tnstrument, 2013, 34(11) :2565-2571.

wEE, WEE, BN, S ETRFEBRMLLT
Propf Hm s HF 5T ()], P B2 4R, 2015, 64(6):
157-166.

GU T T, HUANG S J, YAN CH, et al. Refractive index
measurement research for optical fiber based on digital
hologram [ J]. Acta Physica Sinica, 2015, 64 (6):
157-166.

AROSA Y, LAGO E L, DE LA FUENTE R. Refractive
index measurements in absorbing media with white light
spectral interferometry [ J ]. Optics Express, 2018,
26(6) . 7578-7586.

CLAVEAU R, MONTGOMERY P, FLURY M, et al.
Local inspection of refractive index and thickness of thick
transparent layers using spectral reflectance measurements
in low coherence scanning interferometry [ J ]. Optical
Materials, 2018, 86. 100-105.

JAN C M, LIU C S, CHEN C L, et al. Optical

interference  system  for simultaneously measuring

refractive index and thickness of slim transparent
plate[ J]. Optics and Lasers in Engineering, 2021, 145:
106668.

CHEN W, ZHANG S, LONG X. Thickness and
refractive-index measurement of birefringent material by
laser feedback technique [ J]. Optics Letters, 2013,
38(6) :998-1000.

XU L, ZHANG S, TAN Y, et al. Simultaneous
measurement of refractive-index and thickness for optical
materials by laser feedback interferometry[ J]. Review of
Scientific Instruments, 2014, 85(8) :1693.

LIU W, LIU M, ZHANG S. Method for the measurement
of phase retardation of any wave plate with high
precision[J].  Applied Optics, 2008, 47 ( 30):
5562-5569.

WRiE, MBS, 4i9h, 48, BT 1 556 nm JEEF 0L
AR BB YN (7], BB AR, 2019,
68(10) :73-80.

CHEN K, ZHU L Q, NIU H SH,

et al. Stress

measurement based on 1 556 nm fiber laser frequency



34 U #H £ ¥ W

F42 8k

splitting effect[ J]. Acta Physica Sinica, 2019, 68(10) ;
73-80.

[23] GHOSH G. Dispersion-equation coefficients for the
refractive index and birefringence of calcite and quartz
crystals[ J]. Optics communications, 1999, 163(1-3) :
95-102.

EE B

FR1E 2013 4E T ILARBHE K255 2=+

- 2200, 2017 A F AL RE BB R 4R A8 i+
;_, QL BN A R Tl R2E e s, EEWF

‘ WP AR oo 1 e a R s S
/ E-mail: chen_kai_0413@ 163. com

Chen Kai received his B. Sc. degree from Shandong University
of Science and Technology in 2013, and received his M. Sc.
degree from Beijing University of Information Technology

University in 2017. He is currently pursuing his Ph. D. degree at

Hefei University of Technology. His research interests include
fiber laser and fiber sensing.

BUER GEGE/EH ), 1984 F T AL
r K2R A 27, 1989 EFAAE Tl K
2EFRARAA2EAT , 2013 A FIA/RIE Tl K2
PAFE A0, B I 55 BB K24 %
B, BB D7 0 O OB ke L

E-mail ; zhulianqing@ sina. com

Zhu Lianging ( Corresponding author) received his B. Sc.
degree and M. Sc.
Technology in 1984 and 1989, and received his Ph. D. degree

degree both from Hefei University of

from Harbin Institute of Technology in 2013. He is currently a
professor at Beijing Information Science and Technology
University. His main research interests include fiber laser and

fiber sensing.



