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Frequency tuning of optical parametric generator in periodically poled
optical superlattice LiNbO 3 by electro-optic effect
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Frequency tuning of optical parametric generators in periodically poled LiNbO3 by applying a
periodic electric field was demonstrated. Remarkable wavelength change was achieved. The
dependence of the wavelength shift on the applied field shows a linear relationship. The tuning rates
exceeding 3 nm/~kV/mm! were obtained. The phenomenon of dispersion in electro-optic tuning was
predicted. Possible applications were discussed. ©1999 American Institute of Physics.
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Recently, more and more research interests have b
paid on a new artificial nonlinear material: the periodica
poled optical superlattice LiNbO3 ~PPLN!. Since the sign of
the nonlinear optical coefficient of PPLN is modulated, t
quasiphase-matching~QPM! technique can be used in fre
quency conversion applications instead of the conventio
birefringent phase matching.1 A significant advantage of the
QPM technique is that any interaction within the transp
ency range of the material can be noncritically pha
matched at a specific temperature by using the largest
linear coefficient.2 In PPLN, the effective nonlinear coeffi
cient reaches to 21.6 pm/V, which is much larger than m
common nonlinear crystals including BBO and KTP.2,3 Al-
though there was concern that scattering or absorption
duce by the periodic domain structure could contribute
ticeable loss, careful measurement had shown that peri
poling adds no loss.4 Since the intrinsic material loss o
LiNbO3 over most of its transparency range is negligib
~absorption coefficienta'0.002 cm21)5,6 and even some re
search results showed that the PPLN has higher photore
tive damage threshold than single domain LiNbO3,7 thus the
PPLN is really a good candidate for high performance o
cal parametric generators~OPG!, which include optical para-
metric oscillators~OPO! and optical parametric amplifier
~OPA!. In a 50-mm-long PPLN with the modulation perio
of 31 mm and with the pump intensity low to 1 GW/m2

which can be achieved by compressing 10 W pump ligh
be a 110-mm-diam beam!, the calculated single pass par
metric power amplification is:

G~L !5
uEs~L !u2

uEs~0!u2 21' Sinh2SA2vsv idQ
2 I p

nsninp«0c3 L2D 50.97,

~1!

wheredQ is effective nonlinear coefficient of PPLN,I p is the
pump intensity, andL is the sample length. Comparing th
results with that of other materials with the same sam
length and pump intensity@e.g., for angle-tuned LiNbO3

a!Electronic mail: yqlu@nju.edu.cn
1230003-6951/99/74(1)/123/3/$15.00
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OPO at the nominal 47° phase-matching angle,8 G(L)
'0.044; for type-II noncritically phase-matched KTP OPO9

G(L)'0.037#, the power gain of PPLN is so high that
makes the related devices more efficient. The pump thre
old of an PPLN OPO can even be decreased to continu
wave~cw! level which is difficult to be achieved in ordinar
crystals. In fact, in addition to various pulsed PPL
OPGs,10–12 even the cw single resonant OPO pumped b
1064 nm laser based on a 50-mm-long PPLN has alre
been developed by Bosenberget al.13 When the pump light
was 13 W with the beam waist of 97mm, the 1.25 W idler
light at 3.25mm and 0.36 W signal light at 1.57mm were
generated.~See Fig. 2 in Ref. 13! However, almost all the
devices above are tuned by changing the temperature, w
is very slow and complicated. The reliability and stability a
also not very good. These shortages limited the usage o
PPLN. It is very beneficial to find an alternative tunin
method which is simple, rapid, and stable. Although t
angle tuning has been widely used in conventional OPG
has not been applied in PPLN devices because of the b
deviation and Poynting vector walk off.14 Electro-optical
tuning of an OPG is also particularly attractive since it
nonmechanical and can be done very rapidly. This idea
firstly suggested in 196515 and demonstrated two year
after.16 A recent report by Ewbawket al. showed that the
electro-optic tuning range of up to644 nm can be achieved
in LiNbO3 with the applied voltage up to65 kV.17 As for
PPLN, to the best of our knowledge, the electro-optic tun
technique has not been proposed yet.

In this letter, OPG frequency tuning by applying a pe
odic electric field along thez direction of the PPLN sample
was proposed. The detailed tuning properties were stud
Possible applications were discussed.

The PPLN sample fabricated by the electric poli
method4 usually has the thickness of about 0.3–0.5 m
along thez direction. The ferroelectric domain boundarie
are at they-z plane. In the typical QPM frequency conve
sion applications, all waves involved are the extraordin
waves. For simplifying the discussion, we assumed the pu
wave normally injected into the crystal and propagated alo
© 1999 American Institute of Physics
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the x axis, then produced the signal wave and idler wa
along the same direction.

For a QPM OPG, the waves involved should satisfy
energy conservation condition and the QPM condition:

Dv5vp2vs2v i50, ~2!

Dk•L5~kp2ks2ki !•~ l p1 l n!52mp ~m51,2,3 . . .!,
~3!

whereDk is the wave vector mismatch,v is the frequency,k
is the wave vector, and subscriptsp, s, and i represent the
pump, signal, and idler wave, respectively.L is the modula-
tion period which is the sum of the positive domain thickne
l p and the negative domain thicknessl n . If an electric fieldE
is applied along thez axis, the new refractive index of th
extraordinary light is

ne85ne2 1
2 ne

3g33E, ~4!

where g33530.9 pm/V18 is the electro-optic coefficient o
LiNbO3. Since all the waves involved are extraordina
waves, the wave vectors of the pump, signal, and idler w
were changed subsequently

kp,s,i8 5
1

c
vp,s,inp,s,i8 5

1

c
vp,s,i S np,s,i2

1

2
np,s,i

3 g33ED . ~5!

However, just as the nonlinear optical coefficient, t
electro-optic coefficient also has the different signs in diff
ent domains. Thus the wave vector in positive domains
different from that in negative domains. In such a inhom
geneous media, the revised QPM condition19 is:

Dk8l p1Dk9l n52mp ~m51,2,3 . . .!, ~6!

where Dk8 and Dk9 are the wave vector mismatch at th
positive domain and at the negative domain, respectiv
when applying the electric field. Assuming the domains ha
the same thicknessl p5 l n5L/2 and considering the differen
signs ofg33 in different domains, Eq.~6! becomes:

~Dk81Dk9!
L

2
5DkL52mp ~m51,2,3 . . .!, ~7!

whereDk is the unperturbed wave vector mismatch. Equ
tion ~7! is just the same as the QPM condition without t
electric field, which means the refractive indices of the sig
wave and the idler wave do not need to change. Thus
electro-optic tuning cannot be accomplished.

A method that can solve the problem is applying a s
cific periodic electric field on the crystal. As we know, in th
electric poling process, a periodically patterned electrode
a flat electrode were deposited on the6z surface of the
single domain wafer to make the spontaneous polarizatio
selectively reversed.4 In the frequency conversion proces
by using the same electrodes, we can apply the electric
only on one kind of domain, e.g., the positive domain. Und
this circumstance, the QPM condition is

Dk8l p1Dkln5DkL2
L

4c
g33E~vpnp

32vsns
32v ini

3!

52mp ~m51,2,3 . . .!. ~8!

To maintain the efficient OPG conversion, the energy c
servation and the QPM condition should be satisfied wh
Downloaded 16 Feb 2012 to 218.94.142.221. Redistribution subject to AIP 
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caused frequency shifts of the signal wave and the id
wave. Thus the electro-optic frequency tuning of a PP
OPG is achieved. The detailed tuning curve can be obtai
by solving Eqs.~2! and ~8!.

Figure 1 shows the calculated electro-optic wavelen
tuning curve as a function of applied voltage on an OP
based on a typical 0.5-mm-thick PPLN with the modulati
period of 31mm, which is just the same as that in Ref. 1
The wavelength of the pump light is 1064 nm. From t
figure, the wavelength shifts of both the signal wave and
idler wave exhibit a near-linear dependence on the app
field. A tuning bandwidth of610 nm was achieved in the
idler wavelength for an applied voltage of61.7 kV. The
tuning rate~defined as the wavelength shift normalized
the applied electric field! is about 3 nm/~kV/mm!. The above
results are obtained at the room temperatureT5300 K.
When temperature changes~e.g., owing to optical absorp
tion! the zero-field wavelength of the OPG changes sub
quently. However, the electro-optic frequency tuning c
also be achieved. The results in the same crystal are plo
in Fig. 2. Near-linear dependence of wavelength shift on
plied electric field was observed at each temperature. H
ever, the slopes of these lines differed slightly. The tempe
ture dispersion of the electro-optic tuning rate is given in F
3, where the data are expressed in the wave number so
the signal and the idler tuning rates are identical.

Besides OPG, the electro-optic tuning technique may

FIG. 1. Wavelength tuning for signal and idler waves at room tempera
as a function of applied voltage in a 1064 nm pumped OPG based
PPLN with the modulation period of 31mm.

FIG. 2. Idler wavelength tuning as a function of applied voltage at differ
working temperatures.
license or copyright; see http://apl.aip.org/about/rights_and_permissions
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extended to other frequency conversion applications. For
ample, in an intracavity frequency doublor20 or a self-
frequency doublor21 based on PPLN, the periodic electr
field can influence both the second harmonic genera
~SHG! power and the fundamental light output. The ratio
the fundamental light power and the SHG power is dep
dent on the intensity of the applied field so that a no
dual-wavelength source can be obtained. If applying t
technique on a PPLN OPG or difference frequen
generator22 which has the output wavelength at 1.55mm, the
different intensity of the electric field is just corresponding
different output near the communication window, whi
means the multichannel wavelength conversion is poss
The most important usage of such a source is in the wa
length division multiplexing~WDM! optical networks.

In addition to above usage, another application is
possibility of constructing a novel ultrashort light source.
we know, the high peak power ultrashort pulses are obtai
by compressing after amplifying the frequency-chirped la
pulses. The chirping is generated by complicated proc
which makes the devices very expensive. However, in
PPLN OPA, if we applied a periodic electric field as w
described when the pump pulse arrived in the crystal,
output signal and idler wave were modulated by the elec
field. If the field was changed linearly, the wavelength out
of the light formed a linear frequency sweep across the pu
i.e., frequency chirping, which means we can even get t
able chirped pulses by using this technique. The obtai
chirped pulse then might be compressed to generate
trashort pulse directly. For example, from Fig. 1, applying
linearly electric pulse from21.7 to 1.7 kV with the same
pulse width of the pumping light~e.g., several nanosecond!
will result in a linear chirping with the span of 20 nm. Th
minimum pulse width that can be compressed ist51/Dv
5l2/(2pCDl)'190 fs.23

Although the electro-optic tuned PPLN devices ha
many applications, it will be more practical if the applie
field can be decreased or the tuning range can be enlarge

FIG. 3. Dependence of signal~or idler! tuning rate on working temperature
Downloaded 16 Feb 2012 to 218.94.142.221. Redistribution subject to AIP 
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choosing more adapt materials. Perhaps Sr12xBaxNb2O6

~SBN! is a good alternative. Its electro-optic coefficient
about 45 times larger than LiNbO3 and their nonlinear coef-
ficient were in the same order,24 which means that the tuning
rate may increase greatly, since the periodic domain struc
can also be formed in SBN.25 If this technique is applied in a
periodically poled SBN, perhaps the performance of the
vices will be better.

In conclusion, we proposed an electro-optic tuning te
nique that can tune the output wavelength of PPLN O
quickly by applying a periodic electric field on the crysta
The dependence of the wavelength shift on the intensity
the applied electric field of an PPLN sample shows a ne
linear relationship. The tuning rates excess 3 nm/~kV/mm!
are obtained. The phenomenon of dispersion in electro-o
tuning was predicted.
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