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Research on Spectral Bandwidth in Optical Parametric
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Abstract In negative-index materials(NIM) for signal wave and positive-index materials(PIM) for pump wave and
idler wave in the structure of PIM/ NIM/PIM, based on three-wave mixing optical parametric amplification,
according to the phase matching, there is a maximum noncollinear angle (MNA) when these wavelengths of signal
wave and pumping wave are given. The curve of the MNA vs the signal wavelength has been discussed in detail. A
analytical expression of spectral bandwidth is obtained through retaining term of first order(when expanding circular
frequence of wave vector in Taylor series). Making use of the analytical expression, one has researched this laws of
the parametric bandwidth vs the wavelength of signal light, pump light and the noncollinear angle through the method
of numerical calculation. Results show that the parametric bandwidth first increased and later diminished with
increase of the signal wavelength for the fixed pump wavelength, that is, the maximum parametric bandwidth
existed; the parametric bandwidth gradually increased with increase of the noncollinear angle for the fixed pump
wavelength and signal wavelength. Besides., the parametric bandwidth also increased with increase of the pump-light
intensity. This study provides a basis for investigating optical parametric amplification of negative-index materials.
Key words nonlinear optics; optical parametric amplification; numerical simulation; negative-index materials;
spectral bandwidth

1 3 = g%, R 2 A TSR, R A R R R R
BT B R b A 2 B ELAT 17 A o, 2 K PR AR P AR 2 — B9 IR ISR A e IR B &

RS B HA: 2009-01-15; Y ZEIME TR HHA: 2009-02-25
BEE&WH: IWREHE TR IR (JOSLI12) ¥ Bhift sl .
EZR N JH WRA974—) B B PRI, E 3 LD i35 [ 408 6 1 AR R 2 M 4 28 A 4 45 TG A

E-mail: cczhoucheng(@sina. com



00 1 J A

TS AR 6 S AR ORI A 58 M F 5L 3483

SUR T TZTEN Y 0 SR U B R A e R
S (I AR o S A AR O IR T AR R R B 2 F 5 R
J7 R W B AR TP D SR A R 3 S I 11 i 5 R
SPCUR . H R ARBOUX FOE IR J5 1 R OB AL
PN LI RPN e N ORI 3 S LR (R BE 0N
BBO, LiNbO, S AEL M I 47 5 F00 2 ik 10
2006 4 A. K. Popov - il T X 547 55 561 K
S ARG PE R DF T4 2R

A SO G =P AR S AR i Be 15 T
S5 S IE AT A 28 (PIMVD / 6 47 38 28 (NIMD /1E 47 4
HR(PIND ™ 1 a4 G 3 b1 R} b 58 19 i B 2 2k X
R FHBUE TS J5 3% 23 BIWE IS 1 S8 A 5 6 I
Kz e R AR L A i A A L. X O L5
WEFE AT S R R S AL TORAT T T 2646 .

2 Hp A

XPFanE 1 R s 9 PIM/NIM/PIM %5 44 1 47
SERMBL WK R kBT R R w, A5 S ORI R
ke, AR w, WIS G R I T SR
AT MR FE AT S M R PR AR R R
ki RS R o B IRBOG QnE 2 s o AE B dT I3
MR A ES O BAE R e(w) FETH p(w)
[] B B A A O HLHERR R 7 10 S, SR ke 1 77 1] AH
B T Az 6 FI PR ARG B L2 3 e (w,) ve (o) FTE
B pulwy) s pCw) BIBOEAR  F H AR N 9 68 3 7 W 5
W R J7 1) A ]

{1 PIM/NIM/PIM %5 67 47 55 46k
Fig. 1 Negative-index materials with PIM/NIM/PIM structure

B2 3mSR = Dk B R B
Fig. 2 General geometry of three-wave interaction
HR A 2y 5~ 1H R BE i SP R AT
w, = w, T wi» (D

Ak =k, +k, — k. (2)

JEZ 7 TR W e 0 8 B Ak 1 98/ T 3 O

MGE AN VE L (A =0) B, BAFFE iR B K5 24

3 5E AL VE L (A 40) B, S AR B iR e & A= 1

S AR AR NG B Ak 10 88 DT TG N . A AT

SRR B O Ly 0 58 42 AR 67 DE TE o0 i K

BiF T ATS SR A AE — A 2 78 B 4 00 W Y BT, — iR X

FUVFARAL 2 E 3 Ly

| LAk | < . 3

BAE T S R AR A5 SO IR k. Sl

IR ey Z I AN o s INBDGIT R K SHhiz

JEHIPER K, Z YIS By WAL 2 7R SRS 5L Y

Wk ko FPRARICAI PR ki o3 BB B3z 6 1 i %
k, J7 15 ATk, T W2 X5 Ry

Ak =k, — k,cos a — kicos (3, 4

k.sin @ + kisin § = 0. (5)

e COXRIT NAE SRR o, 128 FEOL N

JAkAwS + 1 9*Ak

dw, 21 Jwt

Ak = Ako+ (Aws)2+"'9

(6)
K Ak, = ky — kg cos a — kycos ﬁ?ﬁ%%*ﬁ‘jp&
FE O AR Ak, = 0. W C6) 3T K A

A =28k, 1 LAy (D
Jw 2! dw!

= L
i1 (5) A1
B:*arcsin<7k’zma), (8)
)
98 _ gk ks
i Wl 9
A
1 _ ok 1 _
s . O; dw;’
1 (4717
IANk __cosa  cosfB . . B
P + 9. ki (— sin ) aw‘\,(l())
CIF:WAWNCIDE Wt
Iak 1 ) SR .
dw,  cOs IBECOS(ZB)&1 cos(a + @0 .
1D

XEF ST R AR 2 T R AR SRR DR
T 00T AR SO L o 5 RSB A RE U o, Z 10)
2 KR v = vicosla + R EILNI T v 15 v,



3484 ot 2

o i 29 &

FAME WMAD KATEEFEHIL, £ (7 K

‘ (”MAM)LC S (12)
dw,
A
ER— Lcos(2R " — cos(a+ @I ],
Ui cos f3 ' )
(13
KA AADRK .15
‘LACU\LL ‘ — T
U
BT LA s Y6 A8 KR ()47 T8 R
N u
AL = oL. (14)

H1SCRRCL ] m]

Ik _ awu |:r7(w€) i(’)(w,u):|
dw  2kc*L dw v dw 1’
2 2
) =1—2 () =1— T@
@ w T wWo

B we,/27=10" Hz,w,/2x=4X10" Hz, F=0. 56""*,
WA B IR 5 pm<A<7. 5 pmi; Hl3s e e
FR Y B2 A, <<3 pm, B A, = 1064 nm il A, =532 nm,
WG T S b R iz YT A E YT SR A

G (DA 15,24 2, = 1064 nm [, PR 5OE B 7

5 BT ST AB e A A K 1072 Ml
%, WKATF 7 pms (b PKAF 7 pm

Fig. 3 Curves of permittivity and permeability vs

wavelength in NIM. (a) Wavelength is shorter

than 7 pm; (b) wavelength is longer than 7 pm

U EEE 1. 2399 pm<<A<1. 3516 pm; 4 A, =532 nm
Fsf o PRI BT 7E Y L& 0. 537 pum<<2,<<0. 595 pm, JIF
LIS T PR I 5 e IR AT 0 o ] 3 B,
(DA A7

A Eeopled
sin 3 A N eon o) sin
Ap 8((!),\)/(,(((1)5) K
A elonpley S0e U9

H1 (15) 2RI, X 45 % 19 15 5 06 M il iz e i
KAy BREAEILZL A o I R TMT K L (] sin BARER T
12 sin B55F 1 XN AR SRR A o PN S R AR 3L
LA e o ORISR I e BEAE 5 ICHAS A B2 AL
LRANIE 4 JT 7R X T R — s ot BEE A SOt B
B B RAR L A 8 W 08/ s 0 T [l — 15 506 . Bl
A S P A G e RAESLE A e BB R
EE il B8 T AN D IPE 5 NE | P2 52 PP VAR A=
P A 0 FELRE /N o 2 = SR 2R i, B A il iz o6 I
KA/ » S8 08 39 s X T R — iz Ot . BiE
5 G U BB 2 AR TEA S R i 0 %
Re— {9 K S AR TEAFAE 3 e RAE . W BT 5

K4 I RIEIELR M ana AR SO A 92 M1 2R
Fig. 4 Curves of maximum noncollinear angles

amax VS wavelength A of signal light

(IR Pl ol IR RS R SN R [l

Fig.5 Curves of parametric bandwidth vs wavelength

A of signal light in collinear interaction case



00 3] J A

e 6 RARILA N 2 5 AL BEAE S OEBK A
A8 Al 2L LI il aZ 6 B O A, = 1064 nm.
K6 nl X TRl — {550 AL BEE AR ILL A o HYIY
KSAL L AN B BT K5 B £ 5 L B i
TN 222815 SRS S 3 T IS W0« B 2 AR SE AT R
RAE . P ESASHOR I R v SR ARAR 98 1
6 X F— R M AF 5 O R 1 U A il D' A
RS iy AR AL T BE T 2 TR R4 50t S s ez
EP s B s FNDE (P23 5-Fii I8

& 6 AR 2k i S0 s T8 Bl 5 5 6 B 19 78 Akl 46
Fig. 6 Curves of parametric bandwidth vs wavelength A

of signal light in noncollinear interaction case

ok
=

4 ST
FEFH 32 YR BN A I B R L 6 5 ok v

i 10 5 - F SCHRL L6 ] J7 P 4 A L 25 Rk =08
G, = 0.25exp (2LI") (16)

o

G
P4 I
F\/(Ak/Z) -+ Z(A/e/Z) I

i\/«/(A/\z/Z)*+Fé—(A/e/Z)2
2 b

4d7d,
‘Fm‘: T[T(”X

21,c
«/Asxieo (o eCwew) o) pla) pelany)
K I, B G0 B doe R T SRR R A A £
B MERE 0. w, 705 G556 R R 2
JERY R, AR B 25 D8 1 E X

G(Ak) = %G(Ak — 0

Ak =2 /In2 |/ IE s aamn

i
3

R

BT 5 R B T S AR BRI W TE R 3485
s 2k, ST
dws ‘ Ug | A

. (18

;0.53)% I'
¢ L

‘ U

HRAfE (18) 2 AT 1, il 25 4142 6 3 1) 3 K, 36 25 217
ToKE 3G . B 2 6 K BN S AR TR Y
R F [ — iz ot WG (5 5 R K 3G n, S48
T K SE I N IS W X R —(F SR K, B AR
B R KM E 7 iR, 7E/E 7 J4ihis e sm B
1,=10" W/cm® , 547 5 F b4 R Ak 42 1 A 40 R B0
da=10"" m/V, 7 KA R YK B L=1 mm,
K 8 AR LRI S A8 58 Ax Bl AE S 6K A B9
R TR S B il a2 SE Pl A, = 1064 nm, Hili28 )6
ST SRR AE R RO SR T
MR . e &8 mT AN X R — 15 5 ot AL B & 3L
R o B, BT AN BB WIS K B S

7 HEEIR K 1,=10" W/em® HILLR B
B A 5 G IR A AR A 4R
Fig. 7 Curves of parametric bandwidth vs wavelength A
of signal light in I, = 10" W/cm® and collinear

interaction case

8 izt I, =10 W/em® H AR L mGiE
9E BB A 5 0t I 1 A 22 A ith 26

Fig. 8 Curves of parametric bandwidth vs wavelength A

of signal light in I,=10" W/cm* and noncollinear

interaction case



3486 ot 2

o 1l 29 %

T I 24817 GAs e i I vl » B2 A8
AR e KA. LB 5 MK 7.8 6 FIlE 8
FR S X T ST S R AR 2 A S R T A
WL P FES AR R — e G0 AR R
59 17 9 5 B e 4 O e i s ol A
S i AR 02 DT e 75 R 58 A

5 4 e

B =0 AR SR S A O BRSBTS R A
B AR TXT TS E SO s I K AR AE
I KARSEZE A1, 3F BT IRl —Hhiz ot & 15 5tk
KA K e K AE S 26 A 33 W ol /) s X F [/ — 15 5
o B & fhz 6 B K 0 3, B R R JE £k A A i kg
K Yz G KN B R AR LR A X N (5 5
UK AT BB /N . R 2R ) OB L A B
WG DL 15 2] 1 58 i i iy 238 5K, I >Rk AL
EIFE M AR T 6 TR — st BEE F 56
WK RGN, 228 2 G A SE B4 N S 98/ S % — 1
TP K SR TEAFAE A I KAE s Bl A& fhiz ek K
B /N 5 2 A8 HF T 38 K F A — 5 S ot R dhiz
L BEEAE I A o B3 K S8 e AX BB T 1
Ko AR AW 7 2 m] DA 2 H e 45 4 B9
P9 F MR rh 33Ok S 56 AF 5T T S R MR S AR
BCRAT T T 30 .

& X X

1V. M. Agranovich, Y. R. Shen, R. H. Baughman e al..
Linear and nonlinear wave propagation in negative refraction
metamaterials[J]. Phys. Rev. B, 2004, 69(16); 165112-1-7

2 Alexander A. Zharov, Nina A. Zharova, Ilya V. Shadrivov e
al.. Subwavelength imaging with opaque nonlinear left-handed
lenses[J]. Appl. Phys. Lett., 2005, 87(9): 091104-1-3

3 N. Mattiucci, G. D’ Aguanno, M. J. Bloemer et al.. Second
harmonic generation form a positive-negative index material
heterostructure[ J]. Phys. Rev. E, 2005, 72(6): 066612-1-8

4 Giuseppe D. Aguanno, Nadia Mattiucci, Michael Scalora et al. .
Second-harmonic generation at angular incidence in a negative-
positive index photonic band-gap structure[ J]. Phys. Rev. E,
2006, 74(2): 026608-1-7

5 A. K. Popov and V. M. Shalaev. Negative-index metamaterials:

relations  and

second-harmonic  generation,  Manley-Rowe

parametric amplification[ J]. Appl. Phys. B, 2006, 84 (1-2).

131~137
6 L. Chen, C. H. Liang, X. J. Dang. Second-harmonic
generation in nonlinear left-handed metamaterials [ J ]. Acta
Physica Sinica , 2007, 56(11): 6398~6402
Mo 5o, BEUE, SRR, ELRMEA TR P kD] 4
IR, 2007, 56(11): 6398~6402
7 Vito Roppo, Marco Centini, Concita Sibilia ez al.. Role of phase
matching in pulsed second-harmonic generation: walk-off and
phase-locked twin pulses in negative-index media[ J]. Phys. Rewv.
A, 2007, 76(3): 033829-1-12
8 Zhou Cheng, Gao Yanxia, Wang Peiji et al.. Theoretical analysis
of second-harmonic conversion efficiency in negative-index
materials[J]. Acta Physica Sinica, 2009, 58(2): 220~224
JA, mHade . ERE S ST SRR b ORI R
MBS A AT, 3 F AR, 2009, 58(2); 220~224
Fu Weijia, Yu Jian, Tang Yuzhou e al.. 13 m W-continuous-

©

wave green light output by quasi-phase-matched frequency
doubling in periodically poled KTP[]J]. Acta Optica Sinica .
2007, 27(6): 1063~1066

fHfdE, T o, REK . MEAASIILA PPKTP & {4 % 28 f5 45
13 mW gt L] 65 F 4k, 2007, 27(6): 1063~1066

10 Hu Minyuan, Liang Xiaoyan, Zhao Baozhen et al.. Theoretical

investigation on broad band semi-noncollinear optical parametric
amplification in periodically poled lithium niobate[ J]. Acta Optica
Sinica , 2008, 28(1): 146~150
FHRGTE , WEEHE, B4 L AF . TR IR ARk o8 R S A v 2 AR SR 2R
RIS 6 S I KRB BRI ], % % 4. 2008, 28(1):
146~150

11 Liu Hongjun, Zhao Wei , Chen Guofu et al.. Investigation of
spectral bandwidth of optical parametric amplification[ J]. Appl.
Phys. B, 2004, 79(5) :569~576

12 Hongjun Liu, Wei Zhao, Guofu Chen et al.. Noncollinear optical
parametric amplification in lithium triborate seeded by a cw Ti:
sapphire laser [J]. Opt. & Laser Technol., 2004, 36 (4);
309~314

13 Liu Bo, Zhang Ruobing, Liu Huagang et al.. Investigation of

w

spectral bandwidth of BBO 1 phase matching noncollinear
broadband optical parametric amplification from visible to near-
infrared[J]. Chinese J. Lasers, 2007, 34(1).: 21~28
X, AR, XAENT 5. BBO FhA T 207 DT Bl M 7T W%
FUELAN SN SR BOR A SE P [T F B ok, 2007,
34(1): 21~28

14 Gao Yanxia, Zhao Gaiqing. Optical parametric amplification in
periodically poled LiNbOs for high energy perawatt laser system
front end[J]. Chinese J. Lasers, 2007, 34(8): 1092~1095
EHAEE . R V. R T AR A U O6 &R G0 AT am o R Ak Ak
LiNbO; J6Z A5 HORLT]. Bk, 2007, 34(8): 1092~1095

15 Rucy-Lin Chern, Chien C. Chang, C. Chung Chang. Surface and
bulk modes for structures of negative index materials[J]. Phys.
Rev. B, 2006, 74(1). 155101-1-13

16 R.  A.
amplification [ ] 1.
QE-15(6) : 432~444

Optical parametric
Electron. , 1979,

Baumgartner, R. L. Byer.
IEEE J. Quant.



