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Fig. 1. Sensing mechanisms: (a) PZT; (b) fiber-optics

ultrasonic sensor.
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Fig. 2. (a) Ultrasonic sensor structure based on optical fiber bending loss; (b) ultrasonic sensor based on

optical fiber coupling loss; (c) time-domain responses of ultrasonic sensor based on optical fiber coupling

loss; from Ref. [48-54].
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Fig. 3. (a) Ultrasonic sensor structure based on op-
tical fiber transmission-reflection loss; (b) ultrasonic
sensor based on optical fiber grating transmission loss;

(c) sensor based on optical fiber reflection loss; from
Ref. [55-61].
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Fig. 5. (a) Ultrasonic sensing system based on MZI; (b) ultrasonic sensing system based on MI; (c) optical fiber

ultrasonic sensor structure; (d) ultrasonic frequency response of fiber interferometer; from Ref. [87].
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Fig. 6. Optical fiber FPI: (a) EFPL; (b) IFPL

074205-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 66, No. 7 (2017) 074205

H i TO6L A &1 IR R BOK, 8 A E i,
't EF Bl 25 4 AR W JRE 0, R 7 PR ) EL G R
(0 PR N i BU R SR IV B SR A = R R (BN R T
R, AT AR RO AR AR K REBUE. 2009 5, Mor-
ris 55 04 | R 2R -CH ML RHBE OB 2F
FPIKWr 4%, JFSEHL 1 58 4501 B 75 38 ) ey SR A £
(1040 kHz). {EIZBARTT R, Sl d s i
AR TR A DAE S, N7 BRI AL
ARG TERIFEM, KA T fa A B 7 S i AR FE
RIS, R RGRIRRENE. T BRI
FPIH R, FFRALEE ), AA14E & el 5
PORH BT 09981 ply T WIS B m] /N 22 gl ok
RUEE, IS5 6 AT ELARA 24 i I8 32 75 IR A AR 5
RATAL, 2 R AR L, A AL AR
FRIRA BRI RS, W] DURE SR 75 3R (MBL R
JE) SR A R AT RE, A ML R SR &
H%‘Eﬁ‘ﬁ{%ﬂ;ﬁ;% [79,88,95—99] .

AR o e R )
v, (2) m - FW =0.4% ]

0 ----FW=17% |

A FW =3.8% |

O — FW=17.8% 1]

105 Y- FW =11%

#* Cristalline graphite

Maximun signal amplitude/arb. units

==
Do
0 100 200 300 400
Film thickness/pm
0
5 0 ()
~
©
el
3
£ -20
=]
o0
g
g
° —40
3
3
£
5 —60
Z
0 20 40 60 80

Frequency/MHz
7 (a) WIEEREXTGLT FPT A% 5 35 7 0 LA R
Wl; (b)) P A R S 51 E SCHR [99]
Fig. 7. (a) Ultrasonic response of optical fiber FPI
sensor under different film thickness; (b) ultrasonic

response frequency band of optical fiber FPI; from
Ref. [99].

Sagnac T 45 1 & & T Ot R & < A 1Y
T, fE4 1) Sagnac T &5 H 3 AB# A 2%

BT BRI R, N T R T A A%
i ) AO BAE A 22, IO BN —
B AR LT (polarization-maintaining fiber, PMF)
TS (Hi-Bi) 64F (W 8 fioR) 100-104
T PMF OGR4 25 5 5 52 3] 6 25 .32 1) 52
BET AR T AR AL, R 3T PMF H) Sagnac T4
SEM L I BRER R R A BRSO i 2 H T3
FURN b Bl 11091061 fexof 7 e RN, Udd B 223
18 T RV L Sagnac T 1, FIH L BOL A4 [
HH AR AL A RAIR &S T 1) 3R A5 A RS 5, AR L
KL 8 (b) Bz, R FR) 75 B A0 2 44 i T 42 BT 1) RST
Blan, BEAE1 cm IZE AT SLBL/NT 200 kHz R P i
PR, LB AR ISR, % R G T E I N miRES

FHRER AR BB 1E 5 AR E I, HERB 3N 1 &
GRS
(a) Input Output

| Plane l

| wave |

AB= ABo+AB
|
|

K8 (a) JtZF Sagnac T LM & 28 45H4; (b) PMF
AL AL

Fig. 8. (a) Ultrasonic sensor structure based on op-

tical fiber Sagnac interference; (b) ultrasonic sensing

mechanism of PMF.

B T 3R U S 78 f S T T 5 B e A K s
ZHAN, AT RS T 7 R T HAh 2k
R 2T T35 B8 P A% g s 07— 1111 32 24 ki g%
I FH 22 A4 o B B 75 e 5 S B 4P TR 2R, 5
R A B £ W B A S R T, 4 v R R
FE. i, 2016 4, Sun s MUIRE T — M T 8
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T - 20 A5 - BRARE ' 2 465 A ) {42 ik 2 P 0 A% TR
T i S B0 DR RN I A A% B B S A, TR S AR P s
PLBEBS A 7 ms RN 25 kHz [HE A i g, Jf
HAE 6 mm WIS A, %3S 1R B2 n A 2
0.1 mm.

IRy EBLRR T RINNL 15 B 75 % %
a5, AH PG £F 50 B A ) B ' £ 7 AR AR, 2R
R AR SN =, el &4 FPL T A4E
TR, PRI AT B e, Ry B E . EATT
THE G P ) 0 0 S A S R I ot H A B B
B RS (0 IR ARSI AR S S ), A
RN 3o o 2 7 A 1 A (PR AT, DRI G
M RGP EAE TR BRI, ZMEEROR,
PETE SNR. b, &Mt I 2 07 5 iR A A R 11
HMe LR R I 2 58 A R AT R T A AR I A )
iy (571214 [ B s T R B K R e A
PR AEIR, B KHIIE I T REMBEEE, £
AN 2 A SRR T K B K R A B e 410 5
BRMDEHFEAE 5 IR E.

2.3 St E R RS

1978 £, NS KBS B 78 o0 i Hill 45 110 %
LT JeLF R ek, R AL SRS T O R
— MBI ATOLA, 215 H TR Bragg
et (fiber Bragg grating, FBG). FBG i /5 f£ 5 4%
JE 3T LR K A AR 1 BRI 7 g 11161200 1996
4, Webb %5 121 9 iR 17 3 F FBG WO 4%
JRES FESZEL T RN 950 kHz (R A R Kk
WS — PR TR RAR, R AT
T XA, 28T 10 MHz 988 75 80,
HAESZE IR T FBG K B X 8 7 il 3R 0 110 5
M. 7F 5 SR RRIE s, AAT3E— 0 BR8N S2 56 7
€ T FBG K BRI 3 8800 R 50 2 R 1
KR BIOFIR): H /L < 1 O\ AR K,
LA FBG K %), #H i EH T FBG N /137 &
IE %5 A, S DX P 7 o R0 s 446 4 P E ARSI, 48
PV IAE P AT DL 2SN\ /L = LI, 8 %
K5 FBG KEAMF, 35 FBG KEKZ, 5/
FBG S REFRFPB KR A1, /L > 1
i, fEFE FBG ERIEEF IO &, I FBG )k
S K R AR TR T IR AR R AR. IR, B 75
For W, D' 2R S B 3k 5 R ] e /N TR A

Takahashi 25 1221251 3% -yl 53 52 F A FI
MEBG [H] B PRI 75 9% (20 kHz), 525645 F R 8

W N FBG B A R 47 1 a7 v, HLEC A& A0 AL e
HOR, aTCA#f e AR E R S AL E. B %R
MR I H R FBG E K H SEIL T B A 1 2 A
e 126-1520 - | A3 1] 4y HE R A IA E 1 mm (45 1]
PR PE T FBG K, I T/EH FBG KEN
24 mm). % TAEIRIFHIESE T FBG 8 A 4L B2 11
S HE. A, BT FBG R 45, ol = ik
Wi S 2 A B S O 1Al TSR T Al ) R B i
KFHAb 71, a0l 10 (a) Fras U0, DRkl i 25 A
=/NFBG, FHLL—& A FEIEIK, AT U 2D & 75
B, AT ANE FBG B 75 e RLAE 5, BT DL ke
R IEALE 123, FBG 8 A AL Bas N T ik
DU IR VRS I 45 7 THU T, 68 7 O S5 AR R B, DA &G
TR 7 Y 235 4 PN R B e S N 2 e U B D R
Rl BEE FBG 5 AL A N R, BT K
A SR 7 I - AR G AR A B I SCRR R
SCH [134—139]

1.2
(a) Ultrasonic sensitivities of
7 1.0+ different long fiber grating
©
£ 089
z 3 mm
E 061
~
2 04
=
pe]
@ 0.2 1
@
0 4
—0.2+ . , : :
0 200 400 600 800 1000 1200
Frequency/kHz
1.2

(b)  Dirction-dependence of ultrasonic
detection

—
(=)

e
o

Sensitivity /pm-MPa~1!
=) o
IS =

e
N

0
0 50 100 150 200

Incident angle/(°)
K9 (a) TG BE S 7 i mm L R BEE s (b) RS U
R 77 1) AR KA
Fig. 9. (a) Ultrasonic sensitivities of different long
fiber gratings; (b) direction-dependence of ultrasonic

detection.

N T TSR R G, 2 HOG LR S AL A
R FH D6 1 2 7 08 i BB A VT PR B AR A5 5
B ALy B AR 5 D014 R B 05 3 AR AL MR
BAIR 51K 51 R ) D W R, 3 T S e R A
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S SNR. Oy T o st i B, H T 2 4 20 STk
EEAENFE FBG B A shFblgRm R g o148,
I, Liu &% D490 ) F kK DT e D8k 77 XS B 7
Tt FEANAH SR RO P AR, e A PEANTR] (5 mm A1
20 mm) PRI ILEC I FBG, H £ = A
I, KFBG XA HA R, 1 FBGAA H
REUE, R A FBG X IR W NAR [, KA
RO BR IR 2. H R T =X FBG # A
BRI, T EE 1E FBG HIHHRECKILAC.

1.4 T
(a)
1.2 4
1.0 [
2}
=
= 0.8 4
=
2 06 [
IS
0.4 1
0.2 [
0 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 90
0/()
v/em & (b) ,
Bragg grating rosette
40 5»_\(‘-.' ® Hole
30 a% ¥ Calculated hole locations
b . PZT transducer
20
A®
10
A o A 5
-10 10 20 30 40 %
- b% [AY z/em
=10 ¢
@
=20 B

=30 Grating 3 Grating 2

Grating 1
E10 (a) XFT 270 kHz 75 i 4R BUAR BRI AN IF] #
Rttt 7 (101, (b) SEBeI0 B AR L LA B (139]

Fig. 10. (a) Varying angle and polar response of the

integrating sensors for an ultrasonic frequency of 270

kHz 101, (b) experimental determination of the holes

locations in an aluminum plate [133],

AR T ' B 3 e D U A P A SRR Y
RPPEERITO6E A IR, BT CEa
(phase-shifted fiber Bragg grating, PS-FBG) ffj 3t
PG b n] DA B A (AR AL U, 3 dB ikl B
AT LUEAE 8 pm 01931 40l 11 (a) s, Kk
LA FBG E N — P R ok 5 AL oot
2011 4, Rosenthal 2 U5 23 73 PS-FBG (1)
JCAF R P AR R, A 2R R WO IR [ 72 AE AR R I
Jerkze vy b, SEEL T AE Y 10 MHz 88 R P
R, 2012 4E, Wu il Okabe [195] 44 45 2% ¢

WO E AR L %04 |, PS-FBG f£ %451
SR AL 6 1 01 Dy 22 A8 P-4 % F A I 25 (balanced
photoelectric detector, BPD) [ ™3y % Hi ) K
R P S P AME 5 IO AL B, 5 J5 5
ARG, 7%, BPD R ZEDhae & MsiHoL
SRR W bR BLR o & IR — RO IIE 5
MIAZ 4 1, % RGN R BUE AT IL S 9 ne/Hz/2.
FANTAE LR ACVL I P 7 2K, AP AN AR I
1) PS-FBG &Ik, —MEAZSE LM, —AME
ARG LR e, AT S B0 EE A U I v R O A
HRIXNCEF A B R L s, 75 2 A 45l
HCEFEM S HIl R, SRAF AR IE T ILEL ) PS-FBG
%F. 20144, Guo %5 161 Jf J& 7 3+ PS-FBG 1156
2HE AL R AR AL, JFRH 2D 4 B 3 A K
Wk, X2 EAWLBEEBE AL I A LI SRR
M7 7R, S5ERKPZT SAAFCRH L
B, AT R AR A AR I T R v A ) 4y

‘ ‘ (a) |
2
=
£ 0.6
[
=
x
0.4
0.2 LX
0 L . A . . L
1.5416 1.5418 1.542 1.5422 1.5424
Wavelength/10~6 nm
1.0 ¥ L
\ i (b)
Z 08 g v .
E i \ |
% / L
£ 0.6 | 7
F r’ u
g ?
=5 04 1 4 \
Z 0.2 -\ — Without wavelength tracking
\ j —— With wavelength tracking
0 :
0 5 10 15 20 25 30
Time/min

11 (a) PS-FBG it 1561 (b) Joi St
— i B N TR AR AL (WL 1] 30 min), ZLZk 90U
KHE PS-FBG, W4 Ak K it (0]

Fig. 11. (a) Reflected spectrum of the PS-FBG [156],
(b) normalized intensity changing over time in obser-
vation for 30 minutes without ultrasound induced, red
curve is PS-FBG without wavelength tracking, blue

curve is with wavelength tracking (61,
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AR PRI 35 N A Te R AL BT 5, e fE
5 H AR B IR SR AL, AT ERER,
FE =15 A 3G 3O6AE BB WL il T # s A 2K
JRIFOE A G 4% (distributed feedback fiber laser,
DFB) {E A& oo 107 3k 78 4R 55 . & Th 2R 1
BOGH L. 2004 4, Wierzba Fl Karioja [158) ] 7
EBEGA EEHI FBG MR DFB, I #O%: 4
H FBG 1E LT, 75— FBG fENZ %7t
i, SLEM KT B AR R RS, BT DFB R
ih 7 RAEMIERE T FBG B0, f2m T
AME AT 65 4> #E 28, ET$egm 7 SNR. B4k,
TE BRI O L ES 6PN K ILEC ) FBG,
AR RS AT AR G B X (distributed Bragg re-
flector, DBR) WOt &%, RAGIEAASE K, W3R E
R — IR 0I5 &, SIS e (MHz) Refig 7E 7=
BI7 A B SLESGL T S R A, HEDEA B S
XA, Bk, DBR O 8 % e S 7 i 2 A R
Bk 11591 2012 4F, Guan 2% 169 2238 75T DBR
BWOLRAEAE IR ITH R, FEE AR T DBREOL
T8 T 0B 75 8 (10100 MHz) 45300 () £ vk, dn
12 ffrR.

> EELRR T LM 2L T FBG L 4 &
FE AR TR, IR FL A S B (1 e 2 e 7 A SRS A LA,
FBG i 75 A & 38 B S iR s K2 450
S, a7 AT e, MR 45 R Z IR R 3
B B AR R AR SR R R B W, BT RE T ok
A, FBG RO %4, 5 TEH, 7R
HCEF BRI Z AN LT iR At i 2%, SEINZ R
A7 = 5 I, W 13 (b) fioR. M BT
W R LIRS S RS, WIee MZ1Ti
it (W 13 (a) fin), FBG HIE H &4 & [k,
HEMWERE. B2, FBG B M IR 7 H/E T
i R Gk e M KU 28 40 55 77 T 251 HL A B
IR, B BB S (B A S 7.

Sensor element

(a) |980 nm pumpl el WM }——f————}

1550 nm

WDM: Wi
1S0: Isolator

: PC PC: Polarization controller
PD: Photodetector

RF: Radio frequency

PR o
gth division

RF spectrum
analyzer

PD Polarizer

Normalized signal/dB

170 180 190 200 210 220
Acoustic pressure level/dB re 1 pPa

12 (a) SRZEMEESHUE SR LIREE; (b) —

T R/NBEE 7 I 77 (10 MHz) 9784k 51 E SCHR [160]

Fig. 12. (a) Experimental setup for beat signal mea-

surement for the heterodyning sensors; (b) magnitude

of the first-order sideband versus ultrasound pressure
level at 10 MHz; from Ref. [160].

(a) ’
Source

Reference arm

Fiber loop

DetectogLL

Coupler

(b)

Source

Detectoi

K13 (a) MZI T 8O0 5 AL B 2 7 &,
(b) FBG LA FH 7 %5 5 A STk [17)

Fig. 13.
based on: (a) MZI; (b) FBG; from Ref. [17].

Multiplexing scheme of ultrasonic sensor

2 eI IR AR REXT EL

Table 2. Comparison among fiber-optic ultrasonic sensors.

LT A RS B R AL AR MRPER /em  SNR/AB  WAR4iH /Hz

BT AL 7 A kg [161,162] 10 48 2 x 105
SRR AR IR A R (109, 110] 10 44 3 x 10°
PMF iifi s {% g g [163-165] I 50 2 x 109
JteF FPI A [166-169,72,94-96] 20—40 62.21 6 x 108

T ——— JeLF M1 ?i&?&‘[17()*17272‘:v851 10 42 3.5 x 106
JeLF MZI T2 [173,4.5] 10 45 1 x 107
J64f Sagnac Fip Ry [174,175,68] 10 45 6 x 10°
P FBG, PS-FBG[17G—179’1‘)O] 10 90 1 x 108

DFB, DBR B0t 4 [180.181] 9 105 > 2 x 107
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ESCRERIR T 2 AR A A RS, A
7] ) 1% kA% 2 T R DL K R e 22 57, AnAE &5
. R R E . ST, TN
B EE AN [ S 7R 5 £F 1 A5 TR B 7 I8 PR Ry
P, 2 NZA TR S T L3S0 LR SRR e 2F
P A IR RE R AR

3 LHAEE R B R

ST R A AR H AT B 1 fe4h A
5 fidt R I BIE 7E s ) A s i R —, Rk T
Fofr PP ] fA A4 A BOUE 2 23 B 5K g 2 P g Al
FAOAN 2 AN B A Rl F 53, R i 2
I AR IC LT 75 AT AR AR S A (R M I S R R T T A
15 R B AR = A~ B 7 T AT Tt e

3.1 RFBFERITHAEMEA

TEATAGT I A5 A o 4 ) i R A 0 0 2T B, B
TRAER RGN SE LS =R ). S R 2 H
AR 20 2 A e B SR, 38 1 F 7B 7 3
PR A v B0 1 8 175 D0 SRAGT I B4R 10 45 44 A0 1
RE, JUZ N TR VA G G DL G S5 Tk
Kageyama % [152:183.162] g 205 il 90 06 e 4 1) 22 3% )
SSONE FH 1 A0 A TRt - R ) P R SR A R, R
P G2 10 22 05 B 28 23 e 1 0 A TR s A AR
SR AR AR R I R 25 A6 AR B 51 o) A7
THUER M LR, RIS IE] T 10200 kHz
M RMAE S, Rl R 5158 PZT A, Bt
LA R A A I A SE T P IR L. Lee 5 1541991 3
J& T 3T FBG [ 75 A% B ot 7, JF e

A broadband light
(a) ? source

Optical switch 1

laser

@ A FBG filter , — = =
Il
1

LR AL IR 45 1) S AR BAR KT 2H -5 B4 RE 1) 45 1 45
Pid AT 178, RIS, Z RS R Z R @ i e
MBIy 250 kHz 8 7 I 4 TRAR I 9 B2 ) AR 4k,
PSS 1A MRS . BeAh, Takeda ATH 37 A
BAR LA T —M/NERFBG H T4
& # %} (carbon fiber reinforced plastics, CFRP) fll
J G G AL A B B ke, el 14 R, K
S U A R 22 VR A R, FBG R IR AR R I
TR S AR, A FBG AR Sk 8 @b k)
TOROL. 2 = AE CFRP MiZ #0401 X AL 3
FBG far P 31 2= 48k 2 30 L0 e R AR M ek 5%, [ IsF A7
BB R, T RLHT B PRI L A1 303
A5 55 B E K. 2007 4F, Tsuda %5 199] 1k
18 F] FBG j 75 1% A8 0 <6 JR A R HIE 57 28U Aar il
127 R E BN 18Cr-8Ni ANHAN K% 57 R8T
LN, R X T A0 il 0 58 B Xk, % 95 R SUAE i
e SN S I LE I R E R . U, FBG
A TR AR I 451477 1) 73 9 3 S for B A R AR T PZT.
[FJ4F, Betz X 21 8 75 1 B 28 M) (1 M 00 1K) 77 17
PR R A s AL AT 1WA, SR TR T FBG 4
MR E AL RS, &7 =, FAHELIE
Bt RHE i iR, ) FBG 4 BB AE 45K
454, T FBG BATIREF (€ 1, w] LA 3 S S
PRI TTIAE R, RN ZRE 5 A A~ FBG I -
WL, AT LLE A7 4505 X 3. 2008 4, Oliveira fE44
BEEE S R 2 SR N FBG ALFPL, SEHL 7 44 R} 52 5
PR SIS M. Oliveira 1) FH B AR £F Sy [ SE VR H-
SR R ) vy R FPLgkAT 75 R S &, FBG A&
SRS HEAT ORISR A Ry ar i, AT R i 1) 454
B X

-~

(e [ X [ |
“. B detector |,
Optical switch2 ™o 1 |
: Recorder :
. \ /
Ultrasonic Damaged area J Ultrasonic N
transmitter transmitter
-— s . — — — _”l ................. —_——
l—— 65 FBG sensor
5 e
—
- 100 I 100
[0/90]2sCFRP Y Fiber direction

14 (a) ZETEERMARES (L) 5ET FBG (L2 1S BC Bl Sl i B R HE; (b) Skt scmi; 5183

ik [185]

Fig. 14. (a) Principle diagram of the ultrasonic nondestructive testing experiment devices based on piezoelectric sen-

sor (dash line) and FBG sensor; (b) physical figure of the damage sample; from Ref. [185].
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3.2 RABERKETRERA

6B 75 Y% 0] AR 4 #h 57 33 A A 23, i 4
ZUN S A0 05 J2 R ST R AR5, o Ak S S 5
ALK AE I AH AN TR, L5 PZT 2 Y)
MHAE TIRIREEST b (B H), 7l 3R15 4k sh 3k
M4 /5 B, (BT PZT AR K TEIE LB/
22 ) (A= A ) 1 v 2 ) o R R AR, TR
TR AL R B AT AR PZT SE B AN A 28 75 Uk
15 [186,187) - S A= W A A IR R e R AR, T B
T ATGER 75 A AR (MHz), HyE KB/ F 1 mm,
XA E R AL AR S RS R A K E
g% 1581 2009 4, Lamela 2% W HRE 764+ A
i 7 A B3 (100 kHz—5 MHz) F T4 A= M4 44k
B, B 15 B, LA AL RS A A
2L (FLIRALR) MR, 25608 A B HE B
HoYe M8, 50675 B R G 0 R 45 Rk AT Xt
b, MERFREE S HE RSFVRIR ALE 1Y
PR¥F—30. 2014 4, Li SR THEAR 2
N 30 um HIEREVRMILE T E N 250 um #8654
Braid i b, Wk T R R T RO IR PR 1 i R U
ROGLT B AL s, T BAUsg. @i 5 ik
MR AL, RS T =4 R (5.3 pm)
A RUAERER, e THRERERRKRD, HAk
BIEARE S PZT Wi, SOBIRMOCAE S 1%
RERFEE ARG RS e M, W5 mEUEAL
RS G, v R T AP R 22t FE A IR
WS A

R T i SN A R P AR AR 4
LR S AR, T A A RE I BB R I
P, 4R G AR RE P il R s B (1591900 fly T ik
FE PR AR e T MR 8 AT S MHz 2% (1) 68
PR R A A BRAGS RA E FR SR. i,
2002 4, Fomitchov 25 ' it T ZROG4F & 51,
TE A i T RIVE O % 3 ==, Houm 296 A
SR BRI T O, IR BOE Bk RE AR G
NIGCEFAE 3R, A4 2 a4, I LUR MK Bike @
B E M E A S0, AR PUE
PR 1T 7 A R P . B B Rt
AR BT R, AT AR 31 22 i S 5 e 4
WeRAHIR, Wi R AR A, SRR
I A A TR R R O R S R T T 5
P, FR O MELF, AN 5200 R S I TP B I 5 e S
M. 2013 4, Tian 25 M2 H T 3 FHIAHDEA s
i (tilted fiber Bragg grating, TFBG) ik Fi £l Z 45
(ghost mode) 7317 2 iy RO £ 88 75 ik 7 A2 U7 5K

TFBG [ ghost mode HF 2 K FIBOGRE & H 6
2F, Bo G A A8 I ER IR BMRE AT =,
T AR A BRI Z K R4, ¥ ghost mode
Gl R D) W T L te o < Db S s 0
TFBG ] ghost mode &I HRE e 3 K 148 71 58,
Rl 2 4~ TFBG AT LAGREK, #4) B2 mE 7S R 5T
BeE. BRGAR R IR v] DAAR K Hh 45 /N 4 R
FL 2R P e e A IR AR, (TR NN TR (G
AEPIRE LN, (B B RIS R B m TR
e IRE, REE R, A m, W20
Ak,

Intrinsic optical

(a) Laser fiber sensor
illumination ﬁs‘ensor active area
area (-I/

\ ’ﬁhamem
f 4 Target
LOIS channel 30
®) |

15 (a) P REERELS MR ER; (b) FabbEE
S (c) FEA AR R RIEL (d) R HRE &% g 8
(e) YL R RS R ;51 E SCHR [4]

Fig. 15. (a) Structure schematic of the sample holder
device; (b) photograph of the sample holder device;
(c) structure diagram of the internal sample; (d) piezo-
electric transducer imaging; (d) optical fiber sensor

imaging; from Ref. [4].

3.3 WMRYBEREBREIKRIE

b 52 ) BERABE TR S 2 £ M 5 45 ) 45 EE AP 446 /)
RIS ), VO —Fh TR AT 3 iR e A A S B
W, Bl as R BA HSetk, A5 IRE Bk
ST IR, 723 BEAR AR5 A R A S TR D s
BRI BT R, RS = R A
RUOSAA, HEA IR R Ao P STk
T P A SRR A R M R ) TS R A A S
OIS HATILMESE PZT AE. BT ke
PR AR B B L%, WTARE PZT S
1o 225 () 3 2 (R ) B BB IR AR, Guo
S5 ORIE T PS-FBG 75 4 R 2% 4348 AR RO AR 6
WEFT. MCBAR R Dy 4 JZ S A AT WL S AR [o] A
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AR AR, M T PZT M B BRI 5 &
4t, PS-FBG Jt4T i AL i ds 2L 5 RBUE K s
JRAG 7y HEAR. AR 200 kHz H# A PR NR T, £
JEES (o B R G (SNR) DN 45 dB. {H7E S PR Hh
PR AL R, G P AR SRR AT AR T
Tt RBUE S5 ALY L 5 R 1 5 7 TR AT et
AR VR A — BB X R B R U, B T R
B} S T 1 78 G 25 RO £ 8 75 A kg 159,194 -197)
TR 32 B AR A I LA T N A
WFFRERE. Ju Ll A AR As T EAHE PS-FBG,
fiber Bragg grating Fabry-Perot (FBG-FP) %
1%, FBG, Z Mt B IFPT ¥4, 5T &% ik
2F EFPL T ¥4, FHHACE 0 AL IR 35 35 45 4 R
P& w8 IR AR IO LB 5 2 A A tH SNR, F 28 Ak 1% Jak

- Holder
4

— Aluminum cone

S Epoxy adhesive
~—Ultrasonic

(e)

Sound absorbing material

SMF Capillary Air bubble
glass tube
16
Fig. 16. Structure scheme diagram and sensor spectrum:

(e)—(g) optical fiber ultrasonic sensor based on IFPI.
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(a)-(d) The FBG and FBG-FP ultrasonic sensor;
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TEE P PR FE v, A T fidk R4, RATE
R FH 'l 220 I R B A i R R P U R S )0
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(a) Sideband filtering mechanism and theoretical simulation; (b) wavelength shift of the FBG versus

acoustic wave; (c¢) wavelength shift of the interference spectrum versus acoustic wave; (d) time-domain spectra

of ultrasonic response (300 kHz) versus increasing distances between PZT and sensor; (e) time-domain spectra of

ultrasonic response (1 MHz) versus increasing distances.
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Table 3. Comparisons among the six types of fiber-

optic ultrasonic sensors.

JGET R AL R A SNR/dB A X 88 /MHz
PS-FBG 19.55 10
FBG-FP [194] 27.96 7.5
FBG 32.57 2
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Fig. 18. Photograph of physical models: (a) Ridge-like bulk; (b) misplaced rectangular bulk.
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Fig. 19. Images of two physical models: (a) Ridge-like bulk; (b) misplaced rectangular bulk.
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SPECIAL TOPIC — Optical Fiber Sensor

Fiber-optic ultrasonic sensors and applications”

Qiao Xue-Guang' Shao Zhi-Hua Bao Wei-Jia Rong Qiang-Zhou'

(School of Physics, Northwest University, Xi’an 710069, China)

( Received 22 September 2016; revised manuscript received 25 February 2017 )

Abstract

Fiber-optic ultrasonic sensors possess the ability to detect ultrasonic waves by recovery of light intensity, wavelength,
phase, and polarization. Compared with traditional electrical ultrasonic transducers, fiber-optic ultrasonic sensors have
several merits, such as broadband response, high sensitivity, disturbance resistance, and good reusability, which are helpful
to improve the reliability and efficiency of ultrasonic detection in underwater defense security, bioimaging, nondestructive
inspection, and imaging of seismic physical models.

To date, according to the principle, fiber-optic ultrasonic sensors can be classified into three types, including
intensity modulation, fiber-optic interferometers and fiber gratings. For the intensity-modulated fiber-optic ultrasonic
sensors, ultrasonic waves can be detected by measuring optical fiber coupling loss, fiber transmission-reflection loss,
fiber reflection loss and fiber polarization loss. The phase difference in fiber-optic interferometers can be modulated by
ultrasonic strain. According to the interference mechanism, fiber-optic interferometric ultrasonic sensors are generally
based on Mach-Zehnder interference, Fabry-Perot interference, Michelson interference and Sagnac interference. For the
ultrasonic sensors based on fiber gratings, the grating length is supposed to be shorter than the ultrasonic wavelength so
that the ultrasonic stress presents constant along the fiber gratings. Currently, the approaches of spectral edge filtering
and wavelength-matched filtering are utilized to transform optical signals into voltage signals, which highly depend
on the slope of the grating spectra. Thus, the fiber gratings with extremely narrow 3-dB bandwidth, such as phase

shifted fiber Bragg grating, are preferred for highly sensitive ultrasonic detection. Besides the fiber-optic passive sensing,
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the distributed feedback fiber laser and distributed Bragg reflector also exhibit outstanding advantages in ultrasonic
detection.

Fiber-optic ultrasonic detecting technique is one of the hot topics in international research community, which is
an effective method to evaluate the microstructure and related mechanical properties, and detect the microcosmic and
macroscopic discontinuities of solid materials. In this paper, three typical applications of ultrasonic detection, i.e.,
monitoring of smart structure and health, biomedical imaging, and imaging of seismic physical models are reviewed,
respectively. Our group has been engaged in the research fields of fiber-optic geophones and ultrasonic sensors for
seismic exploration for decades. Several fiber-optic ultrasonic sensors with smart packaging are proposed and also used
for the scanning imaging of two physical models.

In this paper we review the sensing mechanism, fabrication method, and current status of three types of fiber-optic
ultrasonic sensors, respectively. Besides, the corresponding applications and technology challenges are also summarized.
In particular, we present several kinds of home-made optical fiber ultrasonic sensors as a new technology applied in
the imaging of seismic physical models. Overall, after decades of efforts, gratifying achievements have been achieved in
the research of fiber-optic ultrasonic sensors. Further work needs to solve various technical issues, such as sensitivity,
stability, structural microminiaturization, and multiplexing, etc. The next step will focus on the research issues in
ultrasonic detection of seismic physical models, performance improvement, and multiplexing technology for distributed
sensing. Miniaturization of fiber sensors and instrumentation of sensing system will also be the important research topic.
The final objective of the research is to build a well integrated fiber-optic ultrasonic detecting system with high sensitivity

and stability, networking construction, and proprietary intellectual property rights.

Keywords: fiber-optic ultrasonic sensors, intensity modulation, fiber-optic interferometers, fiber gratings
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