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Abstract: Quasi-phased-matching technique is a rapidly growing field due to recent advances in the
fabrication of periodically-poled ferroelectric materials and is widely used in frequency conversion,
such as optical parametric oscillation (OPO), difference frequency generation, sum frequency gen-
eration, and second harmonic generation. In optical parametric oscillation based on PPLN, the out-
put wavelengths are conveniently tuned by changing operating temperature and the grating periods of
periodically poled lithium niobate (PPLN). We program to calculate the output wavelengths of OPO
pumped by wavelength at 1 064. 2nm with different grating periods of PPLN 28. 5 pum, 29. 0 pm and
29.5 pm, while the operating temperature changes from 250K to 550K. The influences of PPLN pe-
riods on the signal wavelength of OPO under the condition of pump wavelength at 1064nm and opera-
tion temperature at 100 °C are analyzed in detail.
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Introduction

Nonlinear optical frequency conversion is very useful in generating coherent radiation where

convenient laser sources are unavailable''). High power optical radiation propagating within a non-

YWRBHE: 2003-05-01
EETH: EXFARRFESEIRE (60278001)
EEEMN: F%4 (1966-), B (UE), BETEFLTA, FHIALEHE, FRAcLEREEHRe.

E-mail: lixuejin@ szu. edu. cn



20 BN RFEFR (HTIR) F20%

linear optical material can result in the generation of radiation at other frequencies. By making use of
well developed laser, especially solid-state and diode laser in the near-IR, coherent light in the mid-
IR, visible and UV spectral region can be generated by frequency conversation in a suitable nonlin-
ear material. The utility of nonlinear optics has been predominately limited by the availability of suit-
able nonlinear optical materials'?’. Suitability of a material requires the simultaneous satisfaction of a
number of conditions, including a significantly large nonlinearity, transparency at operating wave-
lengths, damage resistance and availability of high-quality crystals with dimensions of at least 1cm.
Beyond the basic properties, the condition that eliminates most potential material from application is
the requirement of phase-matching. Although quasi-phasing was invented shortly after the first non-
linear optical experiment, it was limited due to the lack of practical processing methods for fabrica-
ting materials with the micron-scale structures required for its implementation. Recent advances in
the fabrication of periodically-poled ferroelectric materials have dramatically changed this situa-
tion*). The nonlinear optical approaches, such as optical parametric oscillation (OPO) (61 differ-
ence frequency generation (DFG)*' | sum frequency generation ( SFG) 1! and second harmonic
generation ( SHG )" or combinations can be applied through the design of PPLN patterns and
manufactured process to obtain the desired wavelength of output laser beam. PPLN is particularly
suitable for the generation and customization of desired outgoing radiation wavelength of a laser beam
according to its input conditions, such as the incoming source of radiation and its environmental tem-
perature.

1 Quasi-phased match nonlinear optics'®

Interaction through the nonlinear polarization of the medium gives rise to frequency components

at the second harmonic, sum frequency, and difference
frequency of input waves. In general three-wave interac- + - 1+ - +
tion, the frequencies @, , @, , and @, must meet the energy & PhaLematched

Z Ak=0 Aky=0
conversion criterion w, + @, = @, . The phase of the fields 2
is also important because the phase relationship determines —%

i
the direction of power flow between the interacting waves. £

&0
The conversion efficiency is determined by the extent of 4 not phasmia&ckh;%
phase-matching. Dispersion in the material results in fre- /
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quency-dependent phase velocities, leading to varied phase propagation distance through crystal

relationships. The variation per unit length is described by ( coherence lengths )

the phase velocity mismatch Ak = k; — k, — k; , where k; Fig.1 Growth of generated wave for

=wn/c(j =1, 2, 3) is the wave vector of the corre- phase-matching, not phase-matching

’ and quasi-phase-matching
(QPM) interaction.

Fig. 1, when Ak #0 , the phase changes as the wave prop- g1 Jg{IICE. FIEERMAEMCTE

agates through the crystal, so the power oscillates between ER TR LB

sponding wave with refractive index n;. As shown in
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them and there is no active generation. The coherence length is the distance where the accumulated
phase mismatch is 7 and the power flow reverses direction.

The power of pump light is efficiently transferred to the generated field as the wave propagates
through the crystal when the interaction is phase-maiched ( Ax =0 ). As we know, phasematching
is typically realized by using the birefringence of the materials to offset the dispersion. The refractive
indices of a crystal can be changed to some extent by temperature and by the angle between the
propagation direction and the crystal axis. However, there are limited fortuitous materials meeting
the phase-matching condition.

In OPO based on PPLN, frequency conversions involve interactions between three different light
beams with vacuum wavelengths A, , A, , and A, , which are the pump, the signal and the idle
wavelength respectively. They are constrained by the following energy conservation equation;

1 1 1
PRV ()

$ i D

The highest conversion occurs at the center of the phase-matching peak, where the phase mismatch
in a first-order QPM interaction, Ak , is given by the following equation'"’ ;
n, n, n 1
Ak =2 (2L - = - —+ - ). 2
LISl el (2)

P s i

where n, is the extraordinary refractive index at the pump wavelength, n_ and n, are the corresponding

qualities for the signal and the idle waves, respectively. A represents the grating period of PPLN.

2 Periodically poled lithium niobate

Lithium niobate (LN) has been a historically significant material for optical parametric oscilla-
tors (OPO) since the first Czochralski growth of large boules at Bell Laboratories in 1965. PPLN
fabrication methods are electric-field poling technique first demonstrated by Yamada et al. of Sony
Corporation in 19921,

In some sense, PPLN serves nonlinear optics as silicon serves the microelectronics industry——
it is a well-developed generic substrate material, from which a variety of devices can be fabricated.

Through poling, the higher nonlinear index of the bulk material, d33, can be employed for
second order non-linear frequency conversion. Normally, PPLN exhibits a 4. 5 fold increase in an ef-
fective nonlinear coefficient when comparing to the birefringently phase-matched lithium niobate.
Therefore, the high efficiency in such frequency conversion can easily be obtained since the conver-
sion efficiency of PPLN is directly proportional to the square value of the effective nonlinear coeffi-

cient.

An OPO structure containing PPLN is |

|
pup lser OO |
|

shown in Fig.2. Tuning in OPO can be [

accomplished by adjusting the temperature, input heater output
coupler coupler

Fig.2 OPO structure H2 OPOZEHTER

angle, and grating period. The operating
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point of a QPM OPO is determined by the simultaneous solution of the energy conservation and mo-
mentum conservation ( phase matching) conditions. Temperature-tuned PPLN OPO!"!! and angle-
tuned difference frequency generation have been demonstrated!'®’ , but tuning by adjusting the grat-

ing vector is the most distinctive method since it is unique to QPM devices.

3 Analysis of output wavelength of OPO

PPLN is very useful to configure an OPO which can tune the output wavelength easily. It is a
good route to get versifying sources to meet various requirements due to the large span of spectrum.
3.1 Phase matching

A set of interaction wavelengths is chosen, and the QPM period required for phase-matching at
the desired operating temperature is calculated. The temperature is then allowed to deviate from this
optimum value. The phase mismatching equation (2) can be rewritten as the following:
n,(T,A;) _ n,(T,A,) _ n, (T,A,) 1 )

As A, Ay A(T))
The period required for QPM is calculated by setting the phase mismatch in Eq.(3) equal to zero.

AK(T) = 217( (3)

Because the PPLN devices are manufactured and sold at room temperature, thermal expansion needs
to be accounted for in relating the QPM period at the operating temperature to the QPM period at
room temperature.

The PPLN crystal expands in the propagation direction, and the grating period increases
correspondingly. The length [ of crystal at temperature T is normalized to the length of 298K accord-
ing to the following formula'™
I = Ly [1 +a(T -298) +B(T -298)"]. (4)

[13]

where o and 8 are the expansion coefficients which can be found in the reference' *’. Refractive in-

dex n is given as'™!
1.173 x 10° +1.65 x 107°T?
AP - (2,12 x 107 +2.7 x 107°T?)?
-2.78 x 107872, (5)
0.970 x 10° +2.7 x 107 T*
A2 = (2.01 x10* +5.4 x 107°T?)?
-2.24 x 107%A% (6)
In equations (4), (5) and (6), the temperature T is the absolute temperature in degrees Kelvin.
3.2 Calculation results

The phase-matching condition can be altered by changing any one of the following quantities:

n2(A,T) =4.9130 +

n*(A,T) =4.5567 +2.605 x 1077T* +

the wavelength of one of the input lasers, the temperature of the PPLN crystal, and the angle of the
PPLN crystal with respect to the laser beams. Using equations (1), (3), (4) and (6), the period
required for QPM according to the desired output wavelength around mid-IR is calculated in this pa-
per, shown in Fig. 3. Because the PPLN devices are manufactured at room temperature, thermal ex-

pansion needs to be considered in relating the PPLN period at the operating temperature to the period
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at room temperature. Pump wavelength A is 1 064.2 nm, while operating temperature of PPLN is

100C.
3.2.1 Wavelength tuning by PPLN grating period

Fig. 4 shows the influences of PPLN periods on the signal wavelength of OPO under the condi-
tion of pump wavelength at 1 064 nm and operation temperature at 100°C in detail. Desired output
wavelength can be obtained by means of selecting correct PPLN grating period even under the same
pump. The output wavelengths can be tuned by changing the PPLN grating periods. For example,

the fan-out pattern provides a convenient way of covering broad spectral regions completely!').

Ap= 1064 nm, T'= 100°C, LiNbO, Pol ( si,p) =22z Ap= 1| 064 mrll, T= IOIOOC’ Lil\IIbO3 POII (s,ip) = zzz
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Fig. 3 Signal and idle wavelengths depending Fig. 4 Influences of PPLN periods on the
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3.2.2 Wavelength tuning by adjusting operation temperature

Signal and idle wavelengths can be tuned by adjusting operation temperature as long as the
phase matching equation (3) is zero. Because the extraordinary indices of refraction have a complex
relationship with their wavelengths and the temperature of PPLN, we can not resolve equation (3)
directly. We programmed by means of Matlab. 6.5 to obtain the data solution, and the flow chart of
the program is shown in Fig. 5. When Ak is smaller than a setting value close to zero, Ak is regar-
ded as zero. Using the method of successive approximation, we can find A A, in response to the
change of temperature AT.

According to the discussion above, the operation temperature fluctuation of PPLN causes output
wavelength shifts due to the changes of length of PPLN and refractive index of materials. The width
of PPLN grating period will change due to the expansion coefficient of materials when the operation
temperature fluctuates. The output wavelength changes at the same time. Fig. 6 shows the output

wavelength shift when operation temperature is in the range of 250 K to 550 K under the condition
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that PPLN periods are 28. 5um, 29. Opum and 29. 5um respectively. The output wavelength shifts
longer with the increase of PPLN grating period. In the three situations, the largest shift of wave-
lengths is reached for PPLN period of 29. 5um.

Temperature T added by
span AT

v

/lp = 1064 nm, LiNbO, Pol (sip) =222
1580 T ! T '

v
Wavelength  A_added by
span AA,

1560
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close to zero 1520

g
£ L _
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Fig.5 Flow chart for finding the relationship Fig,6 Temperature tuning curves with
between signal wavelength and different PPLN grating periods
operating temperature 6 PPLN ERI4 5% 28.5 pm, 29.0 pm #0
M5 HEESENIERELRE 29.5 pm, 1064.2 nm i KR B
BEFREE EERMRERE

Conclusion

PPLN has advantages over standard LN for OPO applications due to quasi-phase-matching fea-
tures. It is found that output wavelength of OPO based on PPLN is conveniently tuned by the PPLN
grating period and operating temperature. More useful laser sources can be obtained by using this
important characteristic. Another benefit of using PPLN is that it has extraordinary polarization for
the long-wavelength idler, which is unavailable in birefringently phase-matched LN OPO’s. There
are other characteristics, for example , the large gain resulting from the large effective nonlinear coef-
ficient and no-walk-off, which helps to offset the damage limitations by enlarging the operating range

between the oscillation threshold and surface damage limit.

References:

[1] Ariv A Y. Quantum Electronics [M]. New York: Wiley Press, 1989.

[2] Byer R L, Treatise A, Rabin H, et al. Optical Parametric Oscillators, in Quantum Electronics [ M]. New
York: Academic Press, 1975. 587-702.

[3] Yamada M, Nada N, Saitoh M, et al. Firsl order quasi-phase matched LiNbO, waveguide periodically poled by

© 1995-2007 Tsinghua Tongfang Optical Disc Co., Ltd. All rights reserved.



H3M Fe, BhErs, %. KT PPLN frparsh OPO B(HItH 5047 25

applying an external field for efficient blue second harmonic generation [J]. Appl Phys Lett, 1993, 6(2):
435-436.

[4] Myers L E, Bosenberg W R. Periodically poled lithium niobate and quasi-phase-matched optical parametric os-
cillators [J]. IEEE Journal of Quantum Electronics, 1997, 33(10): 1663-1672.

[5] Myers L E, Rosenberg W R. The development of quasi-phase-maiched optical parametric oscillators based on
PPLN [A]. Summaries of Papers Presented at the Conference (11) [C]. Washington: CLEO, 1997. 17-
17.

[6] Myers L E. Review of quasi-phasematching and periodically poled lithium niobate [ A]. Aerospace and Elec-
tronics Conference, Proceedings of the IEEE 1996 National [ C]. Naecon: IEEE, 1996. 733-739.

[7] Sanders S, Lang R J, Myers LE, et al. Broadly tunable mid-IR radiation source based on difference frequency
mixing of high power wavelength-tunable laser diodes in bulk periodically poled LiNbO, [J]. Electronics Let-
ters, 1996, 32(3):. 218-219.

[8] Parhat H, Vasa N J, Okada T, et al. Tunable difference-frequency generation using spectrally narrowed
Cr'* . LiSrAlF, laser and periodically poled LiNbO, [ A]. Conference on Lasers and Electro-Optics ( CLEO
2000) [C]. Nizza: CLEO, 2000. 550-551.

[9] Parameswaran K R, Fujimura M, Chou M H, et al. Low-power all-optical gate based on sum frequency mixing
in APE waveguides in PPLN [J]. 1IEEE Photonics Technology Letters, 2000, 12(6): 654-656.

[10] Fejer M M, Magel G A, Jundt D H, et al. Quasi-phase-matched second harmonic generation: tuning and

tolerances [J]. IEEE Journal of Quantum Electronics, 1992, 28(11) . 2631-2654.

[11] Myers L E, Miller G D, Eckardt R C, et al. Quasiphasematched 1. 064 pm-pumped optical parametric oscilla-
tor in bulk periodically poled LiNbO, [J]. Opt Lett, 1995, 20(1): 52-54.

[12] Goldberg L, Burns W K, McElhanon R W. Difference frequency generation of tunable mid-infrared radiation

in bulk periodically poled LiNbO, [J]. Opt Lett, 1995, 20(11):. 1280-1282.

[13] Jundt D H. Temperature-dependent sellmeir equation for the index of refraction, n

bate [J]. Opt Lett, 1997, 22(20) . 1553-1555.

[14] Powers P E, Thomas J Kulp, Bisson S E. Continuous tuning of a continuous-wave periodically poled lithium

in congruent lithium nio-

e

niobate optical parametric oscillator by use of a fan-out grating design [J]. Opt Lett, 1998, 23(3). 159-
161.

E T PPLN 415 OPO BT E S5 4R

et e’ kAE, kamt, x| 2E

(1. BYIREBERE, B 518060; 2. RHEA MR 506 F TR¥B, KH 300072,
3. HHBHORY, PEEFE)

i E: fALEERAKEARERLG KGR ERRGRGZHAEEE, 2R T
FAFRG . 2R, PR ZRERERETSR. A TAHRBALRRE DK Pt
AEHRGENMBEK, TRALK T PPINM I HBEFAREERAR L2884+ ET
PPLN Bl A4 %1% 28.5 um, 29.0 pm #229.5 um B, REA KA 1064.2 nm, TS EM
250 K £ 550 K Tégdmr ik K. 4477 PPLN & B 81 100 CH LT 2 5 ko ko % oh.



26 BINKEFR GRTIR) F20 %

RRBH: AHURAREK; LFLAERESER; AiE
RESES: 0437 NERARIRE: A

B30k
[1] ArivA Y. BFHEFY¥ [M]. New York: Wiley Hf#t, 1989 (FL30AR).
[2] Byer R L, Treatise A, Rabin H, %. BFrHF% [M]. New York: Academic ) JR%t, 1975. 587-702
(EIAR) -
[3] Yamada M, Nada N, Saitoh M, 4. BT R%00 6 RIS =4 85 513 A AR Ak i) — By v 43 DS e LiN-
bO, B [J]. RIFYERR, 1993, 6(2): 435-436 (BEIUAR).
[4] Myers L E, Bosenberg W R. JA#IHEMR LGB B MAEANILAOLE S BIRG % [J]. IEEE BFH T2,
1997, 33(10): 1663-1672 ( FEILhR).
[5] Myers L E, Rosenberg W R. 2T PPLN fy#EA{VICEO S BIRFMHERE [A]l. CLEO97 £33
(113) [C]. #m&iH. CLEO, 1997. 17-17 (£ hR).
(6] Myers L E. MEARALVC A BItER AL BB SR [A]. MESHFERVLIE [C]. Naecon:
IEEE, 1996. 733-739 (ZEChR).
[7] Sanders S, Lang R J, Myers L E, %. F:T &3P rlBOLa 8 MARIR /L LiNbO, i FE AT
WP LAMESTEYGIR [J]. BFFIRIR, 1996, 32(3) . 218219 (EIUAR).
[8] Parhat H, Vasa N J, Okada T, Z5. {iJIA5# Cr** . LiStAIF, SOBSERIEIRIM fL LINDO, () 25 & 4 4%
[A]. CLEO 2000 B0t 5568 F2i 308 [C]. Nizza: CLEOQ, 2000. 550-551 (#E3CAR).
[9] Parameswaran K R, Fujimura M, Chou M H, %. 3:F PPLN f APE I RIBF M KR 20T [J].
IEEE J T3 R HIR, 2000, 12(6) : 654-656 (HCHR).
[10] Fejer M M, Magel G A, Jundt D H, %5, MEARMIUCEL WIEE R4 2. FIEAANE [J]. IEEE& T
2%, 1992, 28(11); 2631-2654 (HE30HR).
[11] Myers L E, Miller G D, Eckardt R C, 2. 1. 064um %8/ R T B I AL A LiINDO, 54 iy o A 437 UT
RAE¥SBRGHE [J]. eIk, 1995, 20(1): 52-54 (FEUR).
[12] Goldberg L, Burns W K, McElhanon R W. KR~} E#I#R 4L LiNbO, Rl E g AMES RN EM AL
38 [J]. eeHdR, 1995, 20(11); 1280-1282 (FE30H).
[13] Jundt D H. &Z4RBR4E 5T % n, FIRE Sellmeir HR2 [J]. Je2eiR#ft, 1997, 22(20): 1553-1555
(FEUR) -
[14] Powers P E, Thomas J Kulp, Bisson S E. AR MHEAM BT EBRELEL AT RESEESRIRY
[J]. ezethdit, 1998, 23(3): 159-161 (FILiR).

(=ERE: ¥ #]

© 1995-2007 Tsinghua Tongfang Optical Disc Co., Ltd. All rights reserved.



