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The field of nonlinear optics began nearly simultaneously in' the United States and in
Russia in 1062. The early years of discovery led to an understa.ndmg of nonlinearity
in materials, phasematching, and nonlinear device performanca In the second decade of
the 1970s, tunable parametric osciliators driven by hlgh-peak power Q-switched lasers
made the transition to tools useful for spectroscopy and remote sensing. In the late
19805 engineered nonlinear materials were introduced with the successful implementa-
tion of quasi-phasematching by periodic inversion of ferroelectric domains in lithium nio-
bate. Lithographic processing techniques enabled the fabrication of quasi-phasematched
nonlinear “chips” using electric field poling of lithium niobate at the wafer scale.

1. Historical Perspective

The early progress in nonlinear optics has been the subject of numerous mono-
graphs, review papers and texts. It will suffice for this, ‘introduction to direct the
reader to the monograph by Bloembergen,! and to the book by Akhmanov and
Khokhlov.2 Harris® reviewed the progress in parametric oscillators in 1969 follow-
ing the first experimental demonstration of second harmonic generation in KDP by
Franken et al.* and the early experimental success in nonlinear interactions.

Efficient nonlinear interactions require, in addition to a nonlinear response in
the medium, a means of achieving phase velocity ma.tchmg of the interacting waves
over an interaction distance of many optical wavelengths. Two methods of achieving
phasematching and thus, higher conversion efficiency were the use of crystal bire-
fringence to offset dispersion® and the use of a penodlc modulation of the sign of
the nonlinear coefficient to reset the optical phase.® This latter approach, suggested
by Armstrong et al® is now referred to as quasi-phasematching (QPM).

The idea of parametric amplification and generation of tunable light was pro-
posed and analyzed by Armstrong et al8, Kingston', Krc:tll8 and by Akhmanov and
Khokhlov? in 1962. Three years later, in 1965, the first experimental demonstration
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of a parametric oscillator was achieved by Giordmaine and Miller.!® They used a
Q-switched Nd: CaWOy, laser, frequency doubled to the green in LiNbO3, to pump
a monolithic LiNbO; tunable parametric oscillator. Shortly thereafter, the first
parametric oscillator was demontrated in Russia at Moscow State University by S.
A. Akhmanov et al!! The Russian parametric oscillator, based on the nonlinear
crystal KDP with a tuning range that extended from 957.5 to 1177.5 nm, was
pumped by a J-switched frequency doubled Nd:Glass laser.. The work on parametric
oscillators at Moscow State University was summarized in an article published in
1968,12

In 1966, Boyd and Askin'? suggested that continuous wave parametric oscillation
might be possible in the crystal LiNbO3. Two years late, in 1968, the first cw,
visible, parametric oscillator was demonstrated at Stanford in the group led by
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Fig. 1. Parametric Fluorescence in LiNbO3. The center wavelength is tuned with crystal tempe-
rature. The wavelength varies with radius according to the phasematching conditions. fafter Byer
and Harris, Phys. Rev. 168, 1064 (1968)]
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Professor S. E. Harris. The ew LiNbO3 Optical Parametric Oscillator (OPO) was
pumped by the 514 nm output from an argon ion laser;.“. In a joint experiment
with a visiting scientist from Moscow State University, Dr. A. Kovrigin, the work
was extended to demonstrate an efficient ¢cw ring cavitjﬁ parametric oscillator.®
Dr. Kovrigin's visit to Stanford University followed in the footsteps of his advisor
and the founding director of the Moscow State University research program in
nonlinear optics, Dr. Rem V. Khokhlov. Professor Khoklilov had visited Stanford
ten years earlier in 1959 as a guest of Professor H. Heﬁner. During his stay at
Stanford, Professor Khokhlov was introduced to Professor of history, Richard W.
Lyman. In slightly more than one decade following théir meeting at Stanford,
Professor Khokhlov and his friend Professor Lyman would become the Rector and
the President of their respective Universities.

Parametric amplifiers, like all linear amplifiers, have inherent quantum noise.!
It was realized at Stanford by Harris!’ and almost si@ﬂtanmusly at Cornell
by Tang,'® at Bell Labs by Kleinman,'® and in Moscow by Klyshko,?® that the
parametric noise was intense enough to be visible as fluorescence. Further, this
visible fluorescence could be tuned by altering the phasematchmg conditions of
the parametric interaction. A set of striking color photographs of visible parame-
tric fluorescence was published in an article prepared by J Giordmaine in 1969.2!
Figure 1 shows the parametric fluorescence emitted by a crystal of LiNbO3 pumped
by an argon ion laser. The center wavelength is tuned by changing the crystal bi-
refringence with temperature. Today, photon “fission” as it was called by Klyshko,
is the basis for the generation of correlated paired photons|useful for the production
of squeezed states of light and for the study of gquantum dptics. '

The research at Stanford led to the first commercial tlimable laser source based
on a Q-switched, frequency-doubled Nd:YAG laser pumped LiNbO; parametric
oscillator. The parametric oscillator, introduced by Chromatix in 1971, tuned from
less than 550 nm to greater than 4.8 um when pumped by the 659 nm, 561 nm,
532 nm, and 473.5 nm outputs of a frequency doubled Nd:YAG source. More than
50 of these tunable parametric oscillators were sold worldwide. Figure 2a shows a
photograph taken in 1971 of the red tunable cutput from t]ns parametric oscillator.
Figure 2b shows the tuning range of the LiNbOj; parametric oscillator. A few
these devices are still in operation today more than tweilty five years after their
introduction.

Early progress in nonlinear optics was held back by the lack of useful nonlinear
crystals. Research to discover new nonlinear materials pjrogrmsed slowly, limited
by the difficulty in finding crystals with adequate bire&iégence to achieve phase-
matching. One study discovered that of 22,000 crystals surveyed, fewer than 100
had adequate birefringence for phasematching. Of these,:only a handful could be
grown and prepared for characterization of their nonlinear optical properties. Nev-
ertheless, work in Europe and the United States led to the discovery of new classes
of nonlinear materials including LilOs, the semiconductors CdSe and proustite, and
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the chalcopyrites AgGaS,, AgGaSe;, ZnGeP; and CdGeAss. Progress in nonlinear
materials and devices was reviewed by Byer in 187322 |

The difficulty in discovering and developing new non%inear crystals led re-
searchers to revisit the idea first suggested by Bloemberge-r?Ei that phasematching
might be achieved by periodically altering the sign of the nonlinear coefficient
{quasi-phasematching). In 1968 Bloembergen took the steps 1‘1‘,0_ apply for and to re-
ceive a patent on the idea of quasi-phasematching.?® We will see below that twenty
years would pass before quasi-phasematching could be implémented in a practical

way.

(a)

Fig. 2. (a) Photograph of the first commercial tunable laser sourcefbased on a Q-switched,
frequency doubled, Nd:YAG laser pumped LiNbQ3 parametric oscillator introduced in 1971.
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Fig. 2. (b} Wavelength tuning range with temperature of the parametric oscillator when pumped
by harmonics of the Nd:YAG laser. {after Bysr Ref. 25] '

2. High Peak Power Parametric Oscillators and Applications

Although some efforts were applied to finding a practical abproach to achieve quasi-
phasematching, progress in the second decade of nonlinear optics was in the area of
high peak power nonlinear interactions based on blrefnngent phasematching. The
key to progress was the combination of improved nonlinear optical materials coupled
with improved laser sources. Research took place in many laboratories arcund the
world. I will summarize briefly the progress in tunable parametric oscillators at
Stanford and demonstrate their capabilities through dmcqptmns of applications to
remote sensing and to Coherent Antistokes Raman Spectroscopy (CARS).
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Fig. 3. (a) The 1.4 to 4.4 um infrared tuning range of the Nd:YAG pumped high-peak-power
LiNbO3 parametric oscillator. {b) Schematic of the parametric oscillatot cavity showing the grating
and etalon linewidth control elements. The & cm long LiNbOj crystal is mounted in the crystal
oven. The output is to the right through the sapphire output mirror, [after Byer Ref. 33]
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Remote sensing of molecular species in the atmosphere was reviewed by Kil-
dal and Byer in 1971.24 The requirements for wavelength tunability with linewidth
control, especially in the near infrared molecular ﬁngerpl%in't spectral region, led the
Stanford group to develop a high peak power tunable parametric laser transmitter
for remote atmospheric sensing.?® The research effort led in turn to the success-
ful demonstration of the unstable resonator Nd:YAG laser oscillator-amplifier that
operated Q-switched at up to 1 J per pulse at 10 Hz repetition rate.26 This high-
peak-power, near-diffraction-limited laser became thé pump for a parametric
oscillator?” followed by a parametric amplifier.?® The breakthrough in nonlinear
crystal technology was the growth of LiNbOj along the [0.14] crystalline axis which
led to 1.5 cm diameter by 5 cm long nonlinear crystals?® oriented in the phase-
matching direction. With the addition of linewidth cojjntrOI using an intracavity
grating in combination with a tilted etaion, the singly itesonant parametric oscil-
lator operated in a narrow bandwidth and even in a Sil;lgle axial mode which was
required for remote detection of molecular species. Further, the addition of a PDP-
11 minicomputer allowed automated tuning of the parametric oscillator over the
spectral range from 1.4 to 4.4 um. Figure 3a shows the 1.4 to 4.4 um tuning range
of the LiNbO3 parametric oscillator and Fig. 3b shows a schematic of the LiNbQ;
parametric oscillator resonator with computer controlled etalon and a grating for
linewidth reduction. ;

The Nd:YAG laser-pumped computer-tuned parametric oscillator was applied
to remote sensing of atmosphere including the detection of S502,% and CH4.*' Im-
provements in the tunable source led to simultaneous measurements of atmospheric
temperature and humidity using on-off tuning between tvévq levels in H, O vapor with
split ground state levels.®? Figure 4a shows the atmospheric absorption spectrum
of water vapor over a 775 m path in the 1700 nm region. Figure 4b shows the Lidar
measurement of atmospheric temperature and humidity over a four hour period
demonstrating the reliability of this first computer tunejd parametric oscillator.

Research in the application of the unstable-resonator-pumped computer-con-
trolled LiNbO3 parameteric oscillator was summarize@ and reviewed by Byer.®
The work led to the commercialization of the unstable resonator Nd:YAG laser by
Quanta Ray in 1976. The high peak power Nd:YAG laser oscillator-amplifier was
converted to higher harmonics in KDP and was used to pump a tunable dye laser.
The modern version of this laser continues to be used today for pumping parametric
oscillators.

The availability of tunable coherent radiation led to & research program to study
four wave mixing as a new form of spectroscopy for p_}qbing Raman active tran-
sitions in molecules. Called Coherent Antistokes Raman Spectroscopy or CARS
spectroscopy in the United States,® it was adopted as a useful approach for ex-
ploring Raman spectra at high resolution®® and under extreme conditions such
as supersonic expansions.’® Again the research at Stanford was conducted jointly
with visitors from Moscow. Dr. Lev Kulevskii visited the Stanford group in 1976
to explore high resolution cw CARS spectroscopy of ‘methane and of molecular
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Fig. 4. (a) Computer controlied LiNbQ3 parametric oecillator spectrum of water vapor abeorp-
tion lines taken over a 775 m atmosaphere path. The OPQ hnmdth was 0.1 cn~!. (b) Lidar
measurement of atmospheric temperature and absolute humidity over a four hour period. (see
Ref. 32 for details)
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Fig. 5. (a) Schematic of the apparatus for polarization CARS spectroscopy of liquid water. The
tunable source is a Nd: YAG pumped LiNbOg computer tuned OPQ. (b) Polarization CARS spectra
of liquid water with & the relative polarization angle as a parameter taken with, and without, a
quarter wave plste showing structure within the Raman band of hqyjd water. [after Ref. 38]
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hydrogen and its isotopes.3” Two years later, Dr. N1kola.1 Koroteev visited Stanford
and utilized the tunable parametric source to explore the spectra of liquid waier
using polarization CARS spectroscopy.®® Figure 5a shows the schematic of the po-
larization CARS experiment. Figure 5b shows theg polarization CARS spectra of
liquid water. Professor N. Koroteev recently served as the Vice Rector of Moscow
State University and is presently the director of the International Laser Center at
Moscow State University. ?

The scientific collaborations with scientists from Russia were facilitated by the
Vavilov conference on nonlinear optics held at the ﬁkademgorodok in Novosibersk,
Russia in 1976. That conference on nonlinear opjtics was attended by many of
the founders of field in Russia including R. V. Khokhlov, S. A. Akhmanov, A. L
Kovrigin, D. N. Klyshko, and A. S. Piskarskas. As|was tradition, all participated
in the Asian-Russia vs European-Russia football (soccer) match including Rem
Khokhlov. The author refereed the game. !

The research in high-peak-power parametric 1asers took a major step forward
with the development of beta barium borate crystals (BBO) in 1985 by Chen.®®
Chen visited Stanford in 1986 and brought with lnm BBO crystals for testing.
That led to the demonstration of efficient harmotilc conversion and to the first
BBO optical parametric oscillators pumped by the second and third harmonics of
the unstable resonator Q-switched Nd:YAG laser.4? Rmarch at Cornell University
by Professor Tang and his group led to early advancw in BBO parametric devices
and to improvements in the material properties. Progress in parametric oscillators
was reviewed by Tang et al. in 1992.4! Improvements in the growth and the optical
quality BBO led to the re-introduction of a conunercfa.l‘ tunable parametric oscillator
product by Spectra Physics in 1993. Continued progress in the frequency control
of the BBO OPQ by injection seeding led to the !apphcatlon of these, all-solid-
state tunable sources, to spectroscopy including CARS spectroscopy. ‘2 Today, BBO
parametric oscillators with their broad 0.41 to 2.5 um tuning range have virtually
replaced high peak power dye lasers as the preferred tunable coherent source.

3. High Coherence Continuous Wave Para.me?tric Oscillators

The introduction of laser-diode-pumped Nd:YAG solid state laser in 1985 43 led
to the invention and demonstration of a single frequency monolithic laser diode-
pumped ring Na:YAG laser oscillator®® with an oscillation linewidth of less than
10 kHz. This highly coherent laser opened the door to experiments in conti-
nuous wave nonlinear frequency conversion by resonance enhancement, including
intracavity*® and externally resonant second harmonic generation.*® For example,
a 40 mW single frequency nonplanar ring Nd:YAG laser was converted to 20 mW of
532 nm output in a monolithic resonant ring frequency doubler using MgO:LiNbO3.
The 20 mW, 532 nm second harmonic output then' pumped a cw doubly-rescnant
(DR-) OPO to yield 8 mW of tunable near infrared radiation.*’ Figure 6a shows a
schematic of the monolithic ring cavity MgO:LiNbQs OPOQ that utilized one total



Quasi- Phasemaiched Nonlinear Intéructions and Devices 559

total
Internal
raflacion

i

mmnr 147 ]

Rt
.mﬂfﬂ,eu

P . phassmatched out
T \Mgo:uubo, M2 |
(a)
doﬂbly
o
oubler ‘
r X F ‘\ \ 1
% | J !
navaal [\ | N TN
lasar { U T — 2 i
oven ovan -

(b)

Fig. 6. (a) Schematic of a monolithic doubly-resonant optical parametnc oscillator based on
MgO:LiNbO3. The DRO is pumped at 532 nm and oscillates in the 1000 to 1140 nm region in
a single axial mode at the signal and idler wavelengths. (b) Schemahc of the monolithic ring
frequency-doubler and doubly-resonant OPO based on MgO:LiNbO;. 40 mW of incident 1064 nm
from the Nd:YAG laser was converted to 20 mW of 532 nm which pumped the cw DRO and
generated 8 mW of single axial mode tunable output. [after Ref. 48] I

internal reflection bounce. Figure 6b shows the diode pumped Nd:YAG single fre-
quency laser, the monolithic frequency doubler and the moxmhthm ring resonator
MgO:LiNbO; doubly resonant OPO.

In 1989, Nabors et al4® demonstrated a < 20 mW threshold cw monolithic
LiNbO3; OPO with < 13 kHz linewidth and greater than 80% conversion efficiency.
This monolithic OPO operated stably and demonstrated phaselocked operation at
degeneracy, where the signal and idler frequencies of the OPO locked into a single
frequency at exact degeneracy, thus, demonstrating the ﬁmt frequency divider in
the optical region. The tuning characteristics of cw monqhthxc doubly-resonant
oscillator (DRO) were studied in detail by Eckardt et al%? Eckardt et al also
remeasured the nonlinear optical coefficients of many crysi:als setting a modern
standard for nonlinear coefficient values.5°

The design and demonstration of total internal reflection (TIR) parametric oscil-
lators was motivated by the desire for very low threshoid dev,1ces and for broad tun-
ability without the limitations of bandwidth imposed by dielectric mirror coatings.
SchillerS! designed and demonstrated a 1064 am cw pumped quadruply-resonant
QPO with a threshold of 0.4 mW. This device was pumped at the sumharmonic,
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1064 nm, which through TIR resonance led to efficient production of 532 nm. The
resonant 532 nm in turn, pumped a TIR OPO which oscillated with doubly-resonant
at the signal and idler waves near degeneracy. Dubbed the monolithic total-internal-
reflection resonator or MOTIRR, this device illustrated th:ajt low loss, stability, and
high conversion efficiency could be achieved in TIR structures. In similar work Serk-
land et al5? demonstrated a TIR-cw-pumped OPO based on angle phasematching
in LiNbO3s. The output waves at 2040 and 2225 nm weré resonant with a finesse
within the LiNbOj3 TIR cavity of greater than 6000. The low loss led to a cw
threshold of 130 mW despite the interaction length lim.ifations due to Poyniing
vector walk-off in the angle phasematched crystal. The monolithic nature of the
device led to single mode oscillation recorded for more than 20 minutes without
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Fig. 7. (a) A Schematic of a total-internal-reflection (TTR) optical p!aramet.nc oscillator pumped
by a cw 1064 nm Nd:YAG laser. The signal and idler resonator iceses are less than 0.1% round
trip leading to a pump threshold of 130 mW. (b) OPO output at the!signal and idler waves. The
output was stable for 30 minutes on a single axial mode of the signal and idler waves. [after
Ref. 52 ‘
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feedback control. Figure 7a shows the schematic of the monolithic LiNbO3 OPO
pumped by a cw 1064 nm laser source. Figure 7b shows*the single axial mode pair
at the signal and idler wave outputs at 2067 and 2193 nm, respectively. A eritical
feature of this TIR OPQ was the use of birefringence to gouple the pump light into
the resonator. |

The third area of progress towards highly coherent céntinuous wave parametric
oscillators was the first successful demonstration of a cw ?singly-resonant parametric
ascillator. The threshold of the singly-resonant OPO is approximately 200x higher
than for a doubly-resonant OPO at a comparable loss t;)ut the singly-resonant os-
cillator (SRO) offers ease of continuous tunability without axial mode jumps from
the cluster effect first noted by Giordmaine and analyzed in detail for the DRO
by Eckardt et al.® The high threshold of the SRO led ;A Nilsson to write in his
thesis that “a nightmarish dissertation might involve usmg a low power (Nd:YAG)
Nonplanar Ring Oscillator to injection lock a high power oscillator that is then
resonantly doubled to drive a cw, singly resonant OP0O." "88 In fact, this experiment
was successfully completed using a lamp pumped, 20W ¢ cw Nd:YAG laser injection
locked to produce 19 W of single axial mode output. 54 The laser was then frequency
doubled in an external resonant cavity using LBO to produce 11 W of cw 532 nm
output. The 532 nm was used to pump a KTP singly rmnant QPO which oper-
ated with a threshold of less than 4 W and generated 1. 9 W of cw ouput with 70%
slope efficiency. Further, the SRO operated in a single mna.l mode at the resonated
wave5 as predicted more than twenty-five years earlier by Harris.?

The progress in optical parametric oscillation and ahpliﬁca.tion was the focus
in special issues of the Journal of the Optical Soclet.y of America B edited by
A. Piskarskas of the Laser Research Center, Vilnius Umvemlty, Lithuania and
R. L. Byer of Stanford University.5® The articles featured the considerable progress
and achievements in parametric devices made during the previous two decades.
Progress in continuous wave parametric devices, pu.lsed high peak power infrared
tunable sources, visible parametric sources and spectroscopxc applications were co-
vered. A section of the special issue was devoted to synchronously pumped and
travelling wave picosecond and femtosecond parametric ‘devices, an area pioneered
by Piskarskas, Laubereau and Tang and actively pursued by Hanna, Ferguson,
Wallenstein and others.%®

A second special issue on Optical Parametric Dewc&s,iedned by W. R. Bosenberg
and R. C. Eckardt, was published in the Journal of the Optlcal Society of America
B, November 1995.57 The progress in parametric devu:a highlighted in that issue
included highly efficient devices; frequency control and spectroscopic applications;
picosecond and femtosecond synchronously pumped pa.ra.metnc devices; parame-
tric amplifiers, quantum optical effects and squeezing in pa.rametnc processes. Also
included was a contribution on quasi-phasematched ( QPM) optical parametric os-
cillators in bulk periodically poled LiNbO3.>® Progress|in QPM nonlinear optical
materials during the preceeding five years had allowed QPM parametric oscillator
devices to be demonstrated based on domain inversion 1n  ferroelectric LINbOa, The
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next section introduces quasi-phasematched nonlinear interactions and reviews
the early progress in quasi-phasematched matetials and devices.

4. Quasi-Phasematched Nonlinear Interactions

If the nonlinear interaction is not phasematched, the enei‘gy flows from the funda-
mental to the harmonic wave for one coberence length then reverses as the interac-
tion is out of phase. If the sign of the nonlinear coefficient lé reversed every coherence
length, ., then the nonlinear interaction continues to grow. Figure 8 illustrates the
phasematched interaction using birefringence and the dgasi—phasema.tched inter-
action for 1lst-order quasi-phasematching (QPM). Here };he nonlinear matertal is
assumed to be a ferroelectric crystal with spontaneous polarization F,. Upon
reversal of the ferroelectric domain indicted by the arrows in Fig. 8, the sign
of the nonlinear coefficient is also reversed. The advantages of QPM are the possi-
bility of phasematching in crystals that are not birefringelit but have large nonlinear
optical coefficients such at GaAs and ZnSe; the possibil.i;ty of utilizing the largest
nonlinear coefficient for the interaction and thus enhancing the nonlinear gain; and
the possibility of purposefully tailoring the spatially modujlated nonlinear coefficient
to achieve particularly useful interactions. The advantages of quasi-phasematching
motivated early workers to continue the search for practical approaches to peri-
odically reversing the sign of the nonlinear coefficient. . A brief summary of the
early work, and a detailed theoretical treatment of quasi—f:_ha.sematched interactions
is provided by Fejer et al%® A review of early progress in quasi-phasematched
interactions is presented by Byer.% ;

The theory for quasi-phasematched nonlinear interactions is an extension of
the theory developed for birefringently phasematched interactions.?® However the

QUASI-PHASEMATCHING

Fig. 8. The second harmonic intensity I3, vs propagation dmtﬂnoe in the nonlinear crystal in
units of the coherence length, Ic. The Phasematched and the 1st-order quasi-phaseratched (QPM)
interactions ate shown. P, is the spontaneous polarization of thé ferroelectric crysial. Inversion
of the spontanecus polarization corresponding to inversion of a ferroelectric domain, results in
inversion of the sign of the nonlinear optical coeficient.
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nonlinear coefficient is described as a periodic modulai;‘ed function of distance by

the Fourier series
m=og

d(z) = degt Z G exp(—ikm 2) (1)
m=—-eo
where d(z) is the periodically modulated nonlinear coefficient, deg is the effective
nonlinear coefficient for the propagation direction and polarization, and G,, is the
Fourier coefficient given by

Gm = (2/mn)sin(mnD) (2)

where D = [/A is the duty factor of the QPM reversed domain grating with { the
length of the reverse domain and A the period of reversal. Here k., = 2rm/A is
the grating vector of the mth Fourier component. ‘

For the QPM interaction the effective nonlinear coeﬂicient is

dQ = deﬂ' Gm ‘ (3)
and the wavevector mismatch is given by
AkQ=kp_ka—ki_km , (4)

where the indices p, s, and i refer respectively to the interacting pump, signal and
idler waves. For three wave nonlinear interactions the ffgquencia are related by
Wp = Ws + W . ‘ (5)

At degeneracy, 2w, = 2w; = wp and the pump frequency is the harmonic of
the fundamental frequency w,. For m = 1, or first order QPM intractions, the
wavevector mismatch becomes ‘

Akg =ky — ke — ki — 2m/A (6)
where the period A is twice the coherence length I, or
A=2=2n/(ky— ks — ki) (7)

For a domain duty cycle of D = 50% we find that the nonlinear coefficient for
the QPM intraction is given by
dg = (2/m)des . (8)
The coupled equations governing the three wave parametric interaction for QPM
phasematching are given by®®

dE, i, . !
G = ncia Bl exp(Bkqz) (9a)
dE: iy . |
T~ nclaEeEs exp(Akqz) {9b)
dBp _ iwp _Akg?
T2 = mrdqEabr exp(~kg2) (9c)
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In the limit of low gain, the single pass parametnc ga.m from Eq. (9) is given
1y 25:58:59

2w,w,da-,

G(L) = {E(L)/Es(0)}* = 1 ~ I, L2'31nc (AkeL/2) (10)

n,n,npsoc3
where I, is the pump intensity and L is the mteractlon length in the nonlinear
crystal. It was noted by Harris (3) that in the low gain limit, the parametric gain
and second harmonic conversion efficiency are equal asi ig expected.

Phasematching is achieved when Akgq is zero or

Akg = ky — ko — ks —21/A =0 (11)

assuming a first order interaction. The first three iterms of Eq. (11) are the
conventional phasematching condition which can be reached by the conventional
methods of using birefringence to offset crystal dlspersmn The QPM grating
vector in Eq. (11) offers the ability to phasematch the interaction by adjusting
the QPM grating period. This Hexibility coupled with the ability to select the
largest nonlinear coefficient for the interaction bnngs significant advantages to
quasi-phasematching,. |

To gain an appreciation for the scale of A consider second harmonic generation.
Let A be the fundamental wavelength, and ng and n;:be the indices of refraction
of the medium at the fundamental and generated second harmonic wavelengths.
Quasi-phasematching is achieved by changing the sign of the nonlinear coefficient
periodically to reset the m phaseshift of the noniinear interaction after a coherence
length defined by I, = A/4(ny — n1}. The coherence llength for second harmonic
generation from A = 1 um to the visible is approx:mately A/0.1 or ~ 10A. Thus,
inversion of the nonlinear coefficient is required apprommately every 10 microns
which precludes the use of a stack of plates approach to ,quas:-phasematchmg Early
work in QPM studied methods of inverting ferroelectnc domains in crystals such a
LiNbO;, LiTaQy during crystal growth.

Domain inversion during crystal growth was studled by Feng et gl in lithium
niobate melts doped with yttrium to enhance periodic inversion of domains at the
melt-solid interface. Crystals were grown with periodic ¢ domains adequate for second
harmonic generation. Later, Feisst and Koidl grew hthmm niobate crystals with
periodic domains appropriate for nonlinear frequency mucmg 52 Recently, Aleksan-
drovskii et al83 have extended the study of periodic domnm formation by growing
lithium niobate along the pseudocubic (0112) du‘echqn to obtain a flat interface.
Growth of domain inverted lithium niobate single crystal fibers® was reported by
Lu et al. in 1986.%% This work led to the successful growth of LiNbO; single crystal
fbers with 3 um spaced domains by Magel® that were used in early frequency
doubling experiments to produce blue light. ]

A significant step in device demonstration was taken by Jundt et al%7 who used
laser-heated pedestal growth® to prepare a 250 um d.mmeter single crystal fiber
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of LiNbO3, 1.24 mm long, with a domain spacing of 3.47 um. The sample was
antireflection coated and placed within an external resonant :Cavity to generate 2 W
of ew 532 nm output from a 4 W incident 1064 nm power from a Nd:YAG laser. The
circulating power incident on the lithium niobate single crystal fiber was 65 W ar
10 MW /cm?. The conversion efficiency in this externally resonant second harmonic
generation experiment reached 67%. For the first time, QPM lithium niobate had
operated in an efficient manner at average power levels in t;he Watt range.

It became clear in the late 1980’s that there were multlple, approaches to domain
inversion in ferroelectric crytals. Domain inversion by chemical diffusion of titanium
into the surface of a heated crystal of LINDO3 was suggestedi by Fejer following the
earlier observations in 1979 by Miyazawa,%® that tltamuni diffused into lithium
niobate gave rise to domain alteration during waveguide fabncatmn Nakamura®®
used titanium diffusion to fabricate a periodically domain mverted lithium niobate
sample for surface acoustic wave devices in 1986. Shortly thereafter, Lim et al.™
used titanium diffusion to periodically pole lithium niobate for second harmonic
generation to yield green and then blue output in 1989. Su.mlar results were obtained
almost simultaneously by Webjorn et aL™ Chemical dJﬂ’usmn _poling was extended
to KTP by Bierlein et al,”® and by van der Poel et al™ The diffusion of barium
jons into KTP led to domain periods of 4 pm which was adequate to phasematch
for the generation of 425 nm radiation.

Periodic poling by titanium diffusion uses lithographic patternmg to define the
periodic titanium metal array deposited on the crystal surface\pnor to diffusion. The
titanium diffusion process leads to well-defined domains located with a few microns
of the surface of the crystal and is appropriate for gnided wavg interactions. The first
demonstration of second hatmonic generation in qua.si~pha.se1§natched interactions by
Lim et al.™ utilized guided wave interactions in crystals poled by titanium diffusion,
followed by proton diffusion, to define the waveguide. Proguéss_ in the preparation of
the QPM material and waveguides is described by Lim et al™ A review of progress
in waveguide QPM materials and devices is presented by ‘Fejer 7 In the review,
Fejer develops the theory of waveguide QPM devices and Summarizes progress in the
preparation of QPM waveguide devices in LiNbOs3, LiTaOs ‘md KTP ferrcelectrics.
A schematic diagram and a photograph of blue generation i m a QPM waveguide is
illustrated in the review by Fejer on nonlinear optical frequency conversion.”®

Other methods were found to control domain inversion including the use of
pyroelectricity,”” and electric fields either applied du'ectly to the sample or by
electron beams.™ A significant breakthrough in domain inversion and control was
demonstrated by H. Ito™ who used electron beams to write domains in lithium
niobate and lithium tantalate with periods of 7.5 um. It was the success by Ito,
limited however by the slow writing speed of the electron beam approach, that led
Yamada et al.®° to investigate domain inversion by direct apphcatlon of an electric
field to metal electrodes deposited by lithographic processing onto the surface of
the crystal.
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Early work by Camlibel in 1969 had shown that electric ficlds could be used
to invert ferroelectric domains at 300 kV/cm appliegli field to lithium niobate and
other oxide ferroelectric crystals. However, dielectric breakdown and the lack of
domain control prevented progress toward QPM. A iseries of studies were under-
taken in Russia a decade later in 1978 by Evlanovfaaz as reported by Prokorov
and Kuz'minov® on electric field poling of lithium jni‘obate‘ Again, results were
suggestive but domain control was not achieved to the degree required for device
demonstration. The successful control of domain inversion via an applied electric
field by Yamada et al.® re-opened this promising approach to further study.

Interest in quais-phasematched interactions accelé‘r;tted in the early 1990’ to
include groups in Japan, the United States and Europe. Although domain modu-
lation during crystal growth produced samples adequéte for device demonstration,
the technique was not suitable to volume production of QPM material. Therefore,
a goal of the research programs was to develop a lithoé;'aphy-based patterning pro-
cess for creating inverted domains with controlled period and duty cycle. A longer
range goal was to mass produce at low cost, qua.si—pl;iasematched nonlinear chips
that could be engineered to optimize device performance.

Control of domain inversion and duty cycle prove;d to be much more difficult
than expected. However, persistence coupled with an understanding and modelling
of the electric field induced domain inversion process led to success in 1994 545,86

The steps taken to define an appropriate processing recipe for lithographic pat-
terned electrodes and room temperature electric field poling of LiNbO; are described
by Myers.”® Briefly, the wafer of LiNbO; is thoroughly cleaned, patterned and
coated with metal electrodes on the +2z surface to prcnjride electric field contact for
poling. The metal electrodes are overcoated with a thin dielectric layer to inhibit
growth of the domains between the metal electrodes. Tﬁesﬁeld is applied to the sam-
ple using a liquid electrolyte contact to achieve field u.ﬁiformity. Domain inversion
is initiated when the applied electric field exceeds the ccéelj-cive field of 21 kV/mm for
LiNbQOj3 at room temperature. The field is applied for t;xp:to 1 second duration by a
high voltage supply through a current limiting resistor of 100 M. Both the voltage
and current are monitored during the poling process. Domain inversion results in
a current flow to compensate the time-dependent change in the spontaneous pola-
rization P, = 71 uC/cm? for LiNDO3. A charge of Q =§-2P,A. where A is the area
of reverse domains, is delivered to the sample. For a properly configured circuit,
the poling current terminates on completion of poling at & domain duty cycle set
by the choice of the electrode width to spacing ratio. The domain duty eycle can
be controlled by the correct choice of electrode duty cyide and the applied field in
excess of the coercive field. It has been experimentally iobserved that domains can
be inverted without dielectric breakdown for properly;lprepared wafers. To date
poling has been accomplished in wafers up to 1 mm thickness.* Domains revert
to their original orientation or can be reversed repeatedly if the field is applied for
less than 50 msec. However, the inverted domain regions are permanent for fields
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Fig. 9. (a) Schematic of the electrode configuration for electric field poling of a ferroelectric
crystal. The ferroelectric domains can be reversed by the application of a sufficient electric field.
(b) Electric field poling circuit. Typically Ry = 100M$), Rum = 1GS), and V3 is set at 12kV for a
0.5 mm thick sampie of LiNbO3. During poling V; clamps at the ooé;:;c;ive voltage Ve. (c) Voltage
and current waveforms for poling a 3 mm diameter 0.5 mm thick I;.iNbOa sample. Section A is
poling under the metal electrode or liquid contact, Sec. B is poling inder the photoresist, and
Sec. C is after completion of poling. For a patterned device the voltage would be reduced to zero
at point D. [after Ref. 58]
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Flg. 10. (a) Quasi-phasematched optical parametric oscillators fabi-i ated using room temperature
electric field poling of 0.5 mm thick LiNbOy.

The bulk devices|are described in reference 58.
{b) A photograph of a 3 inch diameter wafer of LINbO; on which are agsembled for display various
OPQ device chips, i
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applied longer than approximately 50 msec after the completion of poling. The
dotnains are made visible by etching with hydrofloric acid or by observation through
crossed polarizers.

Domain periods of 10 to 30 microns suitable for infrared devmes were first gen-
erated in 2 mm lengths of 0.5 mm thick LiNbO3 in March, 1994 By May, 1995 the
QPM interaction length had been extended to 27 mm. By September of 1995, wafer
scale processing of lithium niobate was achieved and nonhnea.r device “chips” were
being fabricated with high yield and reproducible charactenstlcs in 0.5 mm thick by
50 mm long samples based on processing of 3 inch diameter L1Nb03 wafers.” Fig-
ure 10a illustrates the progress in room temperature electric ﬁeld poling of LiNbO3.
The 27 mm long sample produced in May, 1995 is special in that it contains 25 para-
metric oscillator QPM gain regions each with a different gratmg period. Figure 10b
shows the photograph of a 3 inch wafer of LiNbO3 on which are assembled a series
of QPM devices for display.

5. Engineered Quasi-Phasematched Nonlinear Devices
5.1. Guided Wave Quasi-Phasematched Nonlinear D:évjicea

The single-pass second harmonic conversion efficiency in blilk nonlinear devices
is limited by diffraction spreading of the focussed laser bea.ni For example, the
second harmonic generation (SHG) conversion efficiency for a confocal focussed,
5 cm interaction-length birefringently-phasematched crystal usmg the ds; nonlinear
coefficient (d3; = 4.3 pm/V) in LiNbOj3 is 1.0%/W. A 1 W ¢w input at 1064 nm
vields 10 mW of 532 nm output.

The single pass second harmonic conversion efficiency improves to 17%/W for
a 5 cm QPM interaction length with the daz nonlinear coefﬁcijefnt. Here we assume
that ds3 = 27 pm/V and that dg = (2/7)deq. = 14.4 pm/V for the first order
QPM interaction. The domain period for this QPM phasematched interaction is
A = 2on = 6.3 um. We will see below that for high power' laser sources, the
experimentally observed conversion efficiency for cw SHG in bulk QPM interactions
is 10%/W. For milliwatt power levels, however, the bulk interatf:tion QPM efficiency
remains low and other means must be used to reach high conversion efficiency.

The conversion efficiency can be improved by confining the field to a wave-
guide. The guided wave interaction allows longer interaction diatanc at high field
intensities by preventing diffraction beam spreading. Fejer™ ihas shown that the
conversion efficiency ratio for SHG in a waveguide to that for confocal focussing in
bulk is given by

n(waveguide) /n(confocal) = (L*/Aus) (u/27uL) = (A L)/ (mudus) (12

For a waveguide with an area A,,, = 25 um?, and an mteractlén length, L = 1 cm,
the conversion efficiency for QPM SHG is improved by a factor of 100 to 1000%/W
or 1%/mW. Thus, a 20 mW input beam coupled to the wavegmde is converted
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to the second harmonic, with 20% efficiency, yieldingfél mW at the output of the
guided wave QPM device. !

For nonlinear interactions in channel waveguides it : 15 customary to characterize
the interaction in terms of a normalized conversion efliclency

nzPZU/Pu =nnoerL2 : (13)

where P, and P, are the measured powers at the fundémenta.l and harmonic waves
and L is the interaction length. The normalized conversxon efficiency, nor, is usually
expressed in the units of %$W~lecm=2, The normahzed conversion efficiency is a
parameter that is independent of the input coupling :m_:o the waveguide. Loss due
to input coupling is taken into account by the reduced %fﬁndamenta.l power coupled
into the waveguide. The normalized conversion factor accounts for the effective
nonlinear coefficient, the modal overlap of the interactihg’ fields, and the overlap of
the fields with the QPM grating and it is an indicator of the quality of the guided
wave QPM interaction.

The first QPM SHG experiment by Lim et al™ used a planar waveguide fa-
bricated on the surface of periodically poled LiNbO3. ln that experiment, 1 mW
of input was converted to 0.5 nW output at 532 nm. The conversion efficiency was
5%W'cm~3/2 which is in reasonable agreement w1th the theoretically expected
conversion efficiency factor of 7% W~lcm—3/2 for the plana.r waveguide structure.

In a second experiment, the planar waveguide was replaced by a channel wave-
guide also fabricated on titanium diffused QPM Lle('?;_ The channel waveguide
SHG experiment report by Lim et aL7® doubled an 820 n'm tuneable dye laser source
to generate 410 nm in a 1 mm long interaction region.| The measured normalized
conversion efficiency was 37%W~!cm~2. The measu:ed normahzed conversion effi-
ciency was an order of magnitude below the calculated va.lue due to the triangular
shaped depth-dependant QPM domain structure and the consequent reduction in
modal overlap.

Improvements in conversion efficiency for SHG in gmded wave QPM interactions
were achieved in a number of laboratories around the woxl-ld. In 1992, the normalized
conversion efficiency factor of 157%W~cm ™2 was achieved in LiTaOj3 by Yamamoto
and Mizuuchi®® who generated 23 mW of blue light for 121 mW of input power.
Roeloefs et al% demonstrated 600%W ~'cm™2 normalized conversion efficiency in
KTP. The KTP interaction yielded 9 mW of blue output. for 74 mW of input power.
Yamada et al.% reached 600%W ~'cm~2 normalized conversion efficiency in electric
field poled LiNbO;. They generated 20.6 mW of blue output for 196 mW of input
power. :

Although these results were impressive they were yét to be demonsirated in a
reproducible manner. In particular, Bortz and Fejer! noted that the modal overlap
with the triangular shaped QPM domain structure reduced the conversion efficiency.
Further, the stringent fabrication tolerances on the wavfe’gtﬁde led to scatter losses
and modal loss in the waveguide structure. Lim et al? proposed that the waveguide
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problem could be solved by using a “non-critical” wavegmde design that was less
sensitive to fabrication tolerances. For example, a cr1t1cal waveguide design has
an allowable width variation of 2.7 nm, and a non—cnt:cal waveguide design has a
27 nm width variation tolerance which is within hthographm fabrication capability
for a guide length of 10 mm, ‘

Using the non-critical waveguide design, Bortz et al % <demonstrated a normal-
ized conversion efficiency of 204%W~1cm=2 for SHG of 9?6 nm radiation which is
one of the highest values reported for titanium diffused Q!PM material. The mea-
sured normalized efficiency agreed well with that predJcted The modal overlap of
the propagating fields in the waveguides and the tna.ngular domains of the diffused
titanium QPM structure kept the normalized efficiency from reaching the expected
values near 400%W~'cm ™2 for the TMgo mode and 675%W lem™? for conversion
to the TMp; mode. This work placed further emphasis on obtaxmng QPM domain
profiles uniform in depth with 50% duty cycle using polmgfby electric field in place
of titanium diffusion. J

Bortz et al® extended their work to the first demonstration of a QPM para-
metric oscillator and amplifier. The guided wave QPO/ OPA operated at single pass
gains of 4.1 dB corresponding to 18%W ! gain at a sxgnal wavelength of 1.55 um
when pumped by a 782.2 nm source. Parametric oscillation was observed at wave-
lengths between 1.4 and 1.7 um with a peak output. power of 700 mW for an incident
peak pump power of 7.7 W coupled into the waveguide.

Figure 11a shows the pulsed parametric oscillator output power and incident
pump power vs time. Figure 11b shows the tuning range of the parametric oscillator
vs the pump wavelength. This first demonstration of a QPM optical parametric
oscillator showed both wavelength generation and parametric gain that could be of
significance in the important infrared communications bands

The QPM waveguide OPO performance has been extended recently by Arbore®
who reported a singly-resonant optical parametric osczllator in a QPM guided wave
structure. In this case, electric field poling of LiNbO, was used to fabricate the
QPM structure. Parametric gains as high as 250%/W and an oscillation threshold
of 1.6 W was measured. Pump depletion of 40% was oﬁsérved With further
optimization of the waveguide the singly-resonant 05c1l.lator i3 predicted to have a
threshold of ~ 100 mW which is accessible to laser diode pumpmg

Recent progress in QPM waveguide devices has moved to QPM structures with
uniform domain patterns formed by electric-field poling at room temperature,3
pyroelectric induced fields,” and focused ion beam wntmg % The narrow accep-
tance bandwidth for blue generation by SHG let to resea.rch to control the diode-
laser wavelength by Bragg grating feedback combined mth QPM phasematched
SHG.*” In China, Duan Feng and Nai Ben Ming®® suggested the use of the
aperiodic Fibonacci series to define a superlattice with multlple wavelength con-
version and broad spectral acceptance bandwidth to acoommodate the laser dicde
bandwidths for SHG.
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Fig. 11. (a) QPM quided wave OPO output power and pump power vs time. The total OPQO
output power exceeded 700 mW with a peak pump power coupled into the waveguide of 7.7 W.
{b) The OPO signal and idler wavelength tuning vs pump wavelength. [after Bortz et al%4]

Progress in laser diode frequency doubling in guidedwave QPM-LiTaO3 was
extended by Yamamoto et al® who demonstrated 4.5§mW of blue light with a
13% conversion efficiency. A short time later two group:us in France demonstrated
a conversion efficiency of 450%/W or 1% for 2.2 mW of pump power in a 1 cm
interaction length for a LiTaO3 waveguide.!® Careful control of the laser diode
frequency was required for this experiment. By fabricating the waveguide in LiTaOs
with reduced proton exchange, Suan-Yan Yi et al.!%! reached a normalized efficiency
of 1500%/W, which is the highest reported to date, for waveguide devices. At this
efficiency 16 mW of input light was converted to 1 mW of 429 nm output in an
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8 mm long interaction region. In a different material, RTA an isomorph to KTP,
Risk and Loiacono!®? demonstrated 225%/Wcm? norma.hzed doubling efficiency in
a waveguide structure. 8.7 uW of blue at 437.5 nm wps, generated for 21.1 mW
of input. The advantage of RTA compared to KTP is that it can be electric-field
poled. '

The high conversion efficiency of guided-wave QPM ‘dewc&n allows the interac-
tion to be engineered. for other factors that may be 1mporf.ant in device performance.
For example, the narrow wavelength and temperature a.ccepta.nce of the nonlinear
interaction may limit practical applications of the QPM devices. Fejer et al®®
suggested in their theoretical description of QPM mteractxons that the phase syn-
chronism bandwidths could be artificially structured usmg Fourier synthesis. The
phasematching acceptance bandwidth is the Fourier transformatwn of the nonlinear
coefficient distribution or equivalently, the crystal length for a uniform nonlinear
interaction length. A QPM tuning curve, up to a scale factor dependent on the
dispersion, is shifted by the periodic modulation of the nonlinear coefficient and
has the same bandwidth as the nonshifted structure. The approach is to artificiaily
broaden the synchronism phasematching curve th.rough aperiodic modification of
the QPM structure.

This idea was experimentally demonstrated by Bortz et al!® An analysis
was presented by Fujimura ef al'® and extended by ! ;Mlzuuch.l et all% Details
of synthesizing novel tuning curves using non-uniform QPM gratings is presented
by Bortz.1%2

Figure 12a shows the theoretically calculated SHG tumng curves for a uniform
QPM grating and for a variably-spaced, phase-reversed QPM grating, and Fig. 12b
shows the experimentally measured tuning curves ﬁ'om waveguides with uniform
and variably-spaced phase reversed QPM gratings. :

Modulation of the QPM gratings can produce sxdebands and multiple phase-
matching peaks in addition to the principle phasematcmg peak. Thus multiple
output frequencies in mixers or parametric amplifiers can be generated. It is also
possible, and has been demonstrated recently, that chu'ped QPM gratings can be
used to compress frequency-chirped pulses while generatmg the second harmonic.
This is a fundamentally different approach to pulse compression using a nonlinear
interaction in a media with aperiodic QPM grating.1%¢ Control of the optical ra-
diation also can be achieved by spatial modulation of the QPM grating to achieve
modified spatial profiles of the interacting beams. G. lmeshev et al.!% have demon-
strated lateral patterning of the generated second harmomc spatial mode by using a
transverse spatially-varying QPM grating to generate a _ﬂat topped gaussian beam.

5.2. Bulk Wave Quasi-Phasematched Nanlinear?Dem'm

Nearly, simultaneously, with the demonstration of the first QPM OPO by Bortz
et al™ in a waveguide, Myers et al'% operated the ﬁ.rst bulk crystal QPM OPOQ.
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Fig. 12, (a) Theoretical and (b) experimental SHG tuning curves from waveguides with uniform
and variably-spaced phase reversed QPM gratings. [after Bortz Ref. 103]

The QPM OPO was pumped by a Q-switched Nd:YAGé}aﬂser and tuned over the
1.66 to 2.95 um spectral region. The threshold was appraximately 0.1 mJ, more
than one decade below the damage level of the QPM-LiNbOj3 crystal, and more
than a factor of twenty below the threshold energy of a birefringently phasematched
LiNbO3 OPO.?" The QPM-LiNbO; crystal was an electric field poled, 0.5 mm thick
sample with a 31 um period over the 5.2 mm interaction length. The low threshold
of the QPM-LiNbQ3 OPO has recently allowed OPO a.nd OPAs to be pumped by
microchip lasers with threshold pump energy near 1 uJ. Zahowsky'® has reported
OPA operation at 1 kHz repetition rate was a 25% conversion efficiency over the
tuning range from 1.4 to 4.3 um.
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The nanosecond pumped OPO was followed by a microsecond pulsed pumped
QPM OPO!? based on a 15 mm long interaction length electric field poled LiNbO3
crystal. This long-pulse, iow-threshold, singly-resonant (SRO) QPM-LiNbQO3 OPO
set the stage for a cw OPOs that were to follow.

The gain available for parametric interactions in QPM—LleO3 using the das
coefficient opened the possibility of low threshold operamlon for cw devices. The
first cw QPM OPO was a laser diode pumped double resonant parametric oscillator
(DRO).11! The laser diode pumped DRO operated near degeneracy at 1.96 um when
pumped by a 977.6 nm diode laser. The measured th:&ahold was 61 and 98 mW for
0.3 and 0.7% output couplers. The measured peak output powers were 34 mW and
64 mW for these output couplers at a pump power of 370 mW. This DRO showed the
expected instabilities from cluster effect; the requirement ot:’ simultaneous resonance
at the signal and idler beams.

The availability of QPM-LiNbO3; crystal opened the lpossxbzhty of difference
frequency mixing for tunable infrared generation. The ﬁrst mixing experiment by
Coldberg et 6l.1'? demonstrated the advantages of QPM—L;NbOg of high nonlin-
earity, and control over the phasematching condition. Sajnders et al113 used two
tunable diode laser sources mixed in QPM-LiNbO; to ge:i;e;‘ation 7.1 uW of out-
put tunable over the 3.6-4.3 um region. The work was ex:ténded by Balakrishnan
et al.''* who demonstrated 31 uW of tunable output at 4.3 um in QPM-LiNbO3.
In this experiment, the poling period of QPM-LiNbO; varied from 21.0 to 22.6 um
in the transverse direction to allow the phasematching to bie tuned. Petrov et all15
used a QPM-LiNbO3 mixer to generate tunable output in the 2160 to 2320 cm™!
region to detect CO, N2O and CO; with a detection sensi:tsivity of 5ppb m Hz~1/2
in ambient air.

The extension of QPM interactions to the visible and; ultraviolet require that
QPM periods be reduced from 30 um appropriate for infrared interactions to less
than 6 um required for second harmonic generation to the green or blue. One
approach to shorter periods is the controlled growth of Iithiuh niobate using yttrium
doped into the melt. Using this approach the group at Nan]mg University led by
Duan Feng and Nai-Ben Ming made steady progress in domaul control.}'® The
QPM-LiNbOQj3 crystals with domain periods of less tha.n' 3 um were grown and
used in experiments for SHG to the green and blue. In one experiment & 978 nm
laser diode with 500 mW of incident power was doubled to generate 1.27 mW of
blue.l!” QPM periods of 7.2 and 6.9 um were used for thu'd-order QPM SHG of
a modelacked Ti:sapphire laser to generate 9.7 and 2.9 mW of 390 and 385 nm
ultraviolet radiation for 770 mW of input power.!18 In a recent breakthrough, W.
S. Hu et al}'? showed that laser ablation growth of hthlum niobate, modulated by
a 70-75 V grid control voltage above the substrate, could! y1eld controlled domain
growth of LiNbQ3. This growth approach opens the possxbxhty of preparing {001}
oriented films with periodic modulations of the e-axis dxrectlon

Electric field poling of LINbO; and LiTaO3 has beeniunproved to the degree
that 3.6 um domain periods were demonstrated by Bamn et al1?® The resulting
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QPM-LiTaOj3 crystal was used to generate 3 mW of blue Iaif 2%/(Wem) conver-
sion for bulk interaction. Using proton exchange followed| by high-voltage pulse
electric field poling, Mizuuchi and Yamamoto!?! demonstraitod 3.3 um periods in
QPM-LiTaO3 which allowed the generation of 340 nm light in 'a second order QPM
interaction. LiTaQjs is known to be transparent to 280 nm %whjch opens the possi-
bility of efficient generation of ultraviclet radiation to the a'.bsorptlon edge. Using
corona discharge poling in bulk MgO:LiNbQ3, Harada and Nth”"2 demonstrated
poling of LiNbO3 and LiTaO3 at a 5.2 pm period. They ‘frequency—doubled’
790 mW diode laser to generated 6.7 mW of 490 nm output in a 6.5 mm long
MgO:LiNbQ3 sample. Kitaoka et al.*?® used electric field pohng of LiTa0; to from
a QPM-LiTa0; device 6.5 mm in length to generate 10 mW of green output from
an internally frequency-doubled laser-diode pumped Nd: Y\(O4 lager. The sample
did not suffer transverse mode distortion from photore&a(fiti:&e scattering. As a
final example, Risk and Lau’?* used chemical patterning wi:th electric field poling
to prepare QPM-KTP samples. The waveguide device generated 0.9 mW of blue
light with 91 mW of input for a normalized conversion efficiency of 24%/Wem?.
This process permits in-situ monitoring of the second hz:xrmonic power during
poling and the poling process is self-terminating.

The coupling of light into waveguides and the mode transformation in the non-
linear process with widely separated interacting wavelengths may have detrimental
effects on the efficiency of the nonlinear process. Chou et aI.125 have fabricated a
tapered periodic-segmented channel waveguide to ease the couplmg problem and to
control mode conversion for widely separated wavelengths. The segmented channel
waveguide has been used to stably launch 95% of the power into the fundamental
mode of a highly multimode (13 modes) guide. Further, the ‘setmented waveguide
is fabricated with two dimensional lithographic patterning followed by proton dif-
fusion. Coupled with lithographic patterning followed by electnc field poling, the
segmented tapered waveguide technology brings an 1mporta.nt capability to QPM
interactions.

Photorefractive scattering is well known in oxide nonlinear materials. It was
expected, and confirmed by analysis and experiments'?® th;at; the photorefractive
effects would be reduced in QPM materials. The resuit is that QPM-LiNbO; and
QPM-LiTa0O3 have a much higher resistance to photorefra.ct"ive damage than bulk
uniformly poled crystals. Residual photorefractive scattenng can be completely
removed by heating the sample to approximaterly 100 C as venﬁed in OPO expe-
riments by Myers et al.%®

The efficiency of nonlinear frequency conversion is mproved by the use of
high peak powers available from mode-locked laser sourcee . Further, extending
the wavelength range of mode locked lasers is important for many applications, In
1996, Purneri et al.'?7 used a mode locked Nd:YLF laser to study second harmonic
generation in QPM-LiNbO3. In a cw mode locked SHG experiment 330 mW of
green was generated at an average conversion efficiency of 5:2%. A QPM-LiNb(O4
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sample of 3.2 mm length was used for ‘frequency-doubling’ the 2.5 psec pulses. The
QPM grating with 6.35 um period was fabricated using electric field poling with
liquid electrolyte electrodes.

The picosecond pumped interaction was extended by Prunen et all?® to a
synchronously pumped OPO with pump wavelength of 523.5 nm and a tuning range
from 883 to 1285 nm. The OPO generated 200 mW of avera.ge output power within
a 10 psec pulse envelope. .The QPM-LiNbO3 sample was 3. 2 mm in length which
was suitable for the 2 psec pump pulses., Pump depletlon of 50% was observed
during the 10 psec duration of the macropulse. The synchmnously pumped QPM-
LiNbO3 OPO was extended to continuous wave operation by Butterworth et al.1%
Here the QPO was pumped at 1.047 ym by a mode locked Nd:YLF laser. Pico-
second pulses were tunable from 1.67 to 2.806 um. The .average output power
level was 120 mW with a slope efficiency of 61% at 75% pump depletion when the
oscillator was operated at three times threshold. The output: power stability of this
OPO was excellent with < 5% peak to peak variation. Asinoted by the authors,
synchronously pumped QPM OPQs are a promising, compagct and low cost source
of broadly tunable radiation.

The ultrashort pulse interactions were extended by Arbore et al.'3° who demon-
strated efficient frequency doubling of a mode locked erbmm-ﬁber soliton laser to
generate output at 777 nm with a 190 fsec pulsewidth. Arbore et al showed that
the characteristic interaction length for which the spectral a.cceptance of the SHG
process is the same as the pulse bandwidth is given by ’

Loax = (0.4402/ANARS (14)

where A is the full width at half maximum spectral widtﬁ of the puise and An,
is the group velocity mismatch between the harmonic and the fundamental waves.
For transform limited pulses that are chirp free Eq. (14) reduces to the transform
limited interaction length

L, = krcAn;? (15)

where 7 is the pulse duration k = 14 for sech? pulses. Alibore et all% define a
figure of merit (FOM) for phasematched SHG of ultrashort pulses as

FOM = d/(n*Any). 5 (16)

The larger nonlinear optical coefficient more than compensates for the increased
group velocity dispersion of QPM-LiNbO3. The FOM for QPM—LbeOa for SHG
of 1.56 um is 710 compared to 340, 42 and 12 pm?/V? far BBO LBO and LilOs.
For noncritically phasematched SHG interaction, the conversmn efficiency is pro-
portional to the FOM.

For confocally focussed SHG at L = Lmax the SHG eﬁcxency is 95%/nJ com-
pared to 6%/nJ for BBO, assuming a 100 fsec pulsemdth The large FOM of
QPM-LiNbQ3 make it the nonlinear material of choice for apphcatlon to femtosec-
ond devices such as harmonic generators, parametric generators and autocorrelatots,
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Fig. 13. (a) Spectral intenaity of the generated 190 fsec SHG pulses at 775 nm. Inset shows the
autocorrelation spectrum on a log scale. The solid curve represents the theoretical autocorrelation.
(b) Internal SHG conversion efficiency vs incident 1.56 um power. The dashed curve was abtained
by averaging space and time with the input pulses, taking into accnunt pump depletion. The solid
line is 1%/mW conversion efficiency.

Figure 13a shows the spectral intensity of the generated 100 fsec SHG pulses at
775 nm. The inset shows the autocorrelation on a loganthm.lc scale. Figure 13b
shows the internal SHG efficiency vs the internal average power at 1.56 um. The
solid curve is the 1%/mW conversion efficiency for reference. The large nonlinear
coefficient and the noncritical phasematching allowed by’Q‘PM.LiNbos yielded a
25% conversion efficiency for SHG of 100 fsec pulses while ; pmervmg the transform
limited spectral characteristics.

In an extension of the femtosecond SHG results, Galvanauskaa et al'3! demon-
strated the first femiosecond pumped QPM-LiNbO, pammetnc generator with
output tunable from 1 to 3 um when pumped by 777 nm: The OPO reached a
38% internal conversion efficiency when pumped by 220 n.I of energy. The 54 nJ

i
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parametric generation threshold was observed and efficient operatlon was obtained
at 200 kHz repetition rates. The output pulse length was measured by autocorre-
lation to be 300 fsec FWHM.

The operation of a cw singly-resonant parametric oscillat'or' (SRO) offers many
advantages in spectral control, conversion efficiency, tuning ra.nge and in stability.
However, as is well known, the threshold of a SRO is approxmmtely 200 times higher
than for 2 DRO with the same 1% round trip losses. Thus, j;o reach threshoeld for
a cw SRO requires QPM-LiNbO3 samples that are near thecretical performance
in parametric gain over a gain length of 50 mm. It is a conmderable challenge
to achieve uniform domain inversion with near 50% duty cycle for the required
interaction lengths. :

Progress in the study of electric field ferroelectric domam inversion by Miller et
al132 led him to develop a model that describes the optxmmed electrode pattern
and applied electric field to reach self-terminated electric ﬁe]d poling with near 50%
duty cycle. The model was first applied to producing 50 mm long QPM-LiNbO;
samples with 30 um periods suitable for IR OPO operation. |

Myers et al.'3% demonstrated cw SRO operation with a 3W threshold power for
a 1.064 ym Nd:YAG pump. The cw SRO used a 50 mm long QPM-LiNbO3 gain
element. The output power levels generated were greater than 2.5 W at 3.3 pm.
The device was tunable over the 1.4-1.6 and 3.1-4.0 um range. The SRO spectral
characteristics were studied by Bosenberg et al.13* As pred;cted by Harris® twenty-
five years earlier, the SRO operated in a single axial mode on the resonated signal
_ wave even when the pump was multiaxial mode. The cw SRO operated with less

than 1% amplitude Buctuation when the signal wave was of amgle axial mode. The
maximum output power was 1.25 W at 3.25 pm and036Wat 1.57 um for 13 W
of pump power.

Bosenberg et al!3® extended the cw SRO performance to achieve a remarkable
3% pump depletion for the Nd:YAG pumped QPM-Lbe03 singly-resonant OPO.
The SRO operated with 86% of the converted pump photons as useful idler photons
at 3.25 uym. This SRO was operated in both a standing wave and in a ring cavity.
The performace of the SRO was improved with the ring cavity conﬁg'uratmn reaching
93% pump depletion at 2.4 times threshold. The idler output. power reached 3.7 W
for an input pump power of 14 W. An internal etalon w1thm the SRO resonator
allowed tuning over a 5 cm™! range with discrete mode hops at each axial mode.
A multiple grating QPM-LiNbO; element with grating penods stepped in quarter
micron increments from 28.0 to 29.75 pm was also tested i m the cw SRO. Tuning
was achieved over a range from 1.45-1.60 and 3.95-3.25 pm by translating the QPM

crystal transverse to the SRO resonator axis.

The power of lithographic patterning of QPM—LleOg gam elements is illus-
trated by the multigrating QPM OPQO demonstrated by Myers et al!l3¢ Beginning
with a 0.5 mm thick wafer of LINbOg, Myers designed and then prepared an electric-
field poled 27 mm long interaction length QPM-LiNbOs chip w:th 25 QPO gratings,
each 500 ym wide. The grating periods ranged from 26 to 32 ym thus allowing
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Fig. 14. A photograph of the +z surface of a 0.5 mm thick QPM- LleOs multiple grating chip
etched in HF acid to reveal the domain structure. The lithographic mask consisted of 25 gratings
with periods from 2632 um stepa. On the right is an enlarged section of the 20 um grating. The
length of the finished gratings was 26 mm. :

tuning across the 1.4 to 4.8 pm spectral range when pumped by an acousto-optic
QQ-switched Nd:YAG laser source.

Figure 14 shows a photograph of a section of the QPM—Lle03 multigrating
domain array. On the left are seven gratings of 500 um mdth; _sgparated by 50 um.
On the right is an enlargment of the 29 um period grating, showing in detail
the exquisite uniformity of the electric field poling process.i'Figure 15a shows a
schematic of the experimental setup for the multigrating QPM OPO. The OPO
was tuned by translating the crystal perpendicular to the OPO resonator optical
axis. No realignment was needed and all grating sections joscillated with good
efficiency. Figure 15b shows the QPO tuning range vs the gratmg period. The tun-
ing gaps can be covered by a small shift in the crystal temperature In the future
the gratings can be fabricated with closer pitch spacing or with'a wedged pitch for
continyous tuning. This multigrating OPO had a threshold of 6 uJ for the 26 mm
interaction length. The OPO reached 70% pump depletion at § times threshold and
operated well below the damage level of the QPM-LiNbO;y crystal.

Continued progress in electric field poling by Miller et al*3? led to the prepa-
ration of a 5.3 cm long, 5.6 um domain-period first order QPM—LiNbOa sample
for bulk cw SHG of a Nd:YAG laser. Miller et al'*7 reported, single pass cw SHG
experiment generated 2.7 W of 532 nm ocutput for 6.5 W of 1064 nm input. This
42% single pass conversion efficiency is the highest reported 'co date and represents
a significant break through in nonlinear optical frequency conversmn Figure 16a
shows the temperature phase matching curve, The dats are‘data points and the
solid line is theory. The measurement showed that the QPM-L;_NbOa sample phase-
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Fig. 15. (a) Schematic of the multigrating OPO experiment showing 26 mm long multigrating
gain regions within the OPO resonator. Tuning was accomplished by transiating the gratings
through the pump beam. No realignment was necessary. {b) The multigrating OPQ tuning curve
through 24 grating sections that were phasematched. The tuning ranged from 1.36 to 4.83 um.
The OPO threshold was 6 uJ for the 7 nsec long Nd:YAG pump pulses.

matched over its entire 5.3 cm length and that the duty factor was near 50% since
the effective nonlinear coefficient was 14 pm/V which is 80% of the ideal value.
Figure 16b shows the SHG internal conversion efficiency and the generated SHG
power vs the internal fundamental power. The generated power reached 2.7 W
at a conversion efficiency of 42% for single pass cw second  harmonic generation.
This result led to the possibility of directly ‘frequency-doubling’ laser diodes for the
generation of red, green and blue output for display applications.
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Fig. 16. (a) Quasi-phasematching temperature tuning curve for a 5.3 ¢m long 6.5 pm domain-
period first order SHG experiment. The dots are experimental data and the sclid line is theory
showing that the crystal phasematched over the entire interaction lengtli with an effective nonlinear
coefficient of 14 pm/V which is 80% of the ideal value. (b) Internal seoond harmonic generation
efficiency and output power vy incident internal fundamental power. 2.7; W of 532 nm was generated
for 6.5 W of incident power for a 42% conversion efficiency. This is the hlghest single pass conversion
efficiency for cw SHG reported to date.

In a related experiment, Batchko et al'*® demonstrated a 532 rm cw-pumped
single-resonant OPO based on the same 5.2 cm long first order QPM-LiNbOj3 sam-
ples. The cw SRO had a threshold of less than 1 W and operated with a 64%
quantum efficiency. At three time threshold the pump depletion reach 60% and the
idler output power was 0.9 W. Work is contiming on this lOPO with the goal of
intracavity frequency doubling the signal wave to generate blue and the idler wave
to generate red for possible application to RGB dmplays.“"”;
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6. Future Directions

Progress in QPM nonlinear materials and fabrication ca.i_)ability has led to the explo-
ration of other nonlinear interactions and applications. For example, the generation
of squeezed light was demonstrated by Anderson et al.’ “‘0 ‘and by Serkland et al.'#
in 1995. Serkland et al. used a QPM-LiNbQOj gulded Wave parametric amplifier
pumped by 0.5 W of peak power at 532 nm. The expenment demonstrated 14%
squeezing which correlated well to the measured pha.sei sensitive amplification and
40% detector efficiency. In a recent experiment, Lovenng et al.'*? demonstrated
noiseless optical amplification in a QPM-LiINbO; phasé-sensitive optical paramet-
ric amplifier. Work is now in progress on improved squeezmg using the recently
prepared electric field poled QPM-LiNbO; gain elements

The large nonlinearity of the QPM interaction allaws the possibiity to revisit
the idea of applying cascaded second order nonlinearity to demonstrate phase shift
and optical switching as first proposed by Stegemanniixi 1988.14% Asobe et all%
used sum and difference frequency interactions in a QPM-L1N bO3 crystal 10 mm in
length. Optical switched was observed for gate power lev‘els of 2 kW. Vidakovic et
aL1%® measured values for n**°*® of 2.38 x 107*% and ~2.37x 10~ 3 in the cascaded
¥} interaction in QPM-LiNbO3. These values are one order of magnitude larger
than for KTP and three orders of magnitude larger th:;n for silica fibers.

The QPM interaction can also be applied to beam !cont.rol beam focusing and
to beam steering. The ability to lithographically pattern the QPM structure allows
the consideration of prism and lens arrays for these apphcatmns Chiu et ql146
demonstrated beam deflection in QPM-KTP with prisma arrays. Yamada et al.}4”
bave demonstrated lenslet arrays for focal length control optical switching, and
beam deflection. These early results show that the poss;blhtm for extending the
use of QPM interactions to control optical beams is open for further exploration
and development.

The inversion of ferroelectric domains to penodxcally invert the sign of the
nonlinear coefficient is one example of modulating a matenal to achieve an en-
hanced nonlinear optical interaction. Materials can be taxlored at various scales
ranging from the atomic to the microscopic and by va.nio_qa means including modu-
lated growth, modulated structure, and patterned growth}‘ For example, significant
progress has been made in the growth of quantum well structures for enhanced
nonlinear coefficients in the infrared since the first quanil;um well nonlinear response
was measured by Fejer et al in 1989.14% In recent work, H. C. Chui et al*4° have
demonstrated tunable mid-infrared generation by difference frequency mixing of
diode laser wavelengths in InGaAs/AlAs quantum wells. The nonlinearity of the
quantum weils was measured to be 12 nm/V or more tha.n 65 times the bulk non-
linear response of GaAs for the near infrared mixing procul A CO; laser was
frequency doubled in the intersubband quantum wells w1th an effective nonlinearity
of 52 nm/V. These resuits indicate the possibility of QPM device interactions in
the mid-infrared using the large nonlinear response of the quantum well structures.
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At a large scale, patterned growth of periodically inverted GaAs has been
proposed by Angell et al'>® Laterally patterning the (I11) and (100) oriented
regions of CdTe on GaAs provide a means of achieving quasi-phasematching in
these semiconductor materials. The patterned CdTe layer ifs‘ sjhown to be a suitable
template for the growth of wide gap ZnSe and ZnTe. In a si"ftﬁ]a.r vein, Yoo et all5!
used wafer bonding to create an alternate template substra.te for the growth of a
periodic crystal inversion to achieve quasi-phasematching in Al1GaAs. The results
are potentially applicable to wavelength division multlplexmg networks.

Finally, at the macroscale, Gordon et al.'5? proposed to wafer bond alternately
inverted GaAs plates for quasi-phasematched interactions in/ the mid-infrared. Early
results showed the QPM interaction would remain in phasematched for nine layers.
Recent results have led to wafer bonding losses being reduced\to less than 0.1% per
layer and to a stack of wafer bonded material with 30 to 50 layers being prepared.
Wafer bonded QPM GaAs offers the possibility of high average power nonlinear
frequency conversion. Further, wafer bonded GaAs is an opﬁich]ly isotropic medium
with a very wide angular and temperature acceptance range which may prove to be
useful for infrared generation and infrared up-conversion apphcatmns

These examples of alternate materials systems for qua.sl-phasematchng show
that there remain opportunities for further progress. The! abxhty to engineer the
nonlinear material to meet the application and to optimize tlix‘e‘nonhnear interaction
has led to rapid progress in both materials and devices. However, the leverage of
mass production made possible by lithographic patterning with subsequent domain
inversion has led to a rapid transition from nonlinear crystals that cost thousands of
dollars to nonlinear chips that cost less than one dollar each, For the first time, more
than thirty years after the first suggestion of qua.sz-phasematﬁ.hl‘ng by Bloembergen,®
nonlinear chips can be engineered and mass produced at a cost that is acceptable
for widespread consumer applications. It is too early to tell what devices will meet
future needs, but it is evident that the powerful tools developed for processing
silicon integrated circuits will have a lasting effect on nonlmear optics.
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