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l'ITLE 
OPTICAL ARTICLES FOR WAVELENGTH 

CONVERSION· AND THEIR MANUFACTURE AND USE 
.. FIELD OF THE INJEBTION 

This invention relates to optical art.icles. and 
. . . . '· 

more particularly to optical articles useful for 
wavelength conversion. 

10 BACJ{GBQUND oF THE INYENAION 

Considerabl• effort bas recently ~een directed 

... ··. '\. 

toward developing optical systems such as 
communi~ation systems using optical· waves. A 
challenge often. e~countered in the design of such 

15 systems is the efficient generation of opti~al waves 
with wavelengths which are particularly suitable for 
use in such systems. For· example, while efficient 
laser gene~ating of i.nf rared· waves is conanonly 
available, the direct·generat.ion of certain more 

20 desirable ~aves having shoiter wavelengths is often 
. . . ,· 

considerably more difficult. 
One approach to providing waves.with more 

desirable wavelengths has been wavelen9th conversion 
whe.reby. articles ·containing an optical medium are 

25 used to at least partially con~ert optical waves 
inciO.ent to the medium to optical waves.havi~g a 
different wavelength. For example, a frequently used 
wavelength conversion process involves second 
harmonic generation where an incident optical wave is 

30 ~~rected ~hrough a medium (e.g., a nonlinear crystal) 
in which optical waves having wavelengths 
corresponding to the second harmonic.of the 
wavelength of the .incident optical WF ·:e are generated 
by interaction between the medium and the optical 

35 waves. 
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Tl".Pically in optic·al articles for wavelength 
conversion, waves of suitable wavelength are 

. . 

generated over the length of the m~dium. It is well 
known in designing such articles that unless means 
are provi"ded for inhibiting destructive interfer.ence 
between_the.waves gen~tated at· various-points.along 
the medium length, ~h~ . effici_ency of wavelength 

10 conversion schemes such as second harmonic generation 
cal) be seve~ely limited. Accordingly, there is 

"generally a need "to employ some technique to control 
the effects of such dest~uctive interference. 

I,i somewhat more· tbeo·retical ·terms, ·wavelength . 
15 con~ersion. ·systems may be generally addressed in 

ter.ms of a propagation constant k for ~ach o_f the 
iiiteract1ng optical waves in the conversion medium. 
For the .purposes of this description, k for e•ch 
optical wave may be defined as equal to 2'11'n/A, where . . 

20 . n is.the refractive index .of the medium and A is .the 
wayelength · of the wave. ·In view of. the inverse 
,relationship between the ·propagation· constant and the 
wavele_ngth, and· the fact ·that the refractive index 

. . . 

cari be different fo~ opti~al wave~ of different 
25 frequencies, the propagation constant for each of the 

interacting optical wa~es in the conversio.n medium 
clii clearly be different. 

Generaliy, for wavelength conversion the sum of 
frequencies of the interacting incident waves.is 

30 equal to the sum of the frequencies o·f the waves 
generated by the· interaction. To minimize the 
destructive interference between waves generated in 
the medium, it bas generally been considere"d 
desirable that "the ·sum of 'the propagation constants 

35 of the interact.ing incident waves also closely 
approximate _the sum of the propagation constants of 

t~· ~·· '. '·. 
··~··. 

w . 



WO 91/09339 . PCT/US90/07053 

•. 
3 

the waves generated by the interaction. In other 
words, .. for the opt~cal waves involved in the 

s wavelength conversion, it bas been.considered 
· desira6le for efficient wavelength conversion that 

the difference between the total propagation 
constants for the incident waves.· in the medium and 

.the total propagation constants for the waves 
10 generated in the medium (i.e., the Ak for the medium) 

·be about zero.' Adjusting a.wavelength conversion 
.systern to a condition where Ak is about zero is known 
as phase· matching. 

Ari optic:a·1 parameter of some interest in 
15 wavelength conversion syst.ems for. a particular medium 

is the coherence length, cob, which is generally 

20 

25 

30 

35 

211' 
defined as For conditions where Ak is about 

Ak 
zero, it is evident that the corresponding cob is 
r~latively large. 

For purposes of further illustration, in a 
normal.phase matching process involving the nonlinear 
interaction of three beams in a crystal system where 
two beams of _incident optical waves .having respective 
frequencies w1 and·w2 and respective wavelengths ).1 
and ).2 are directed through a medium (e.g., a ~rystal 
or a composite material) hav"ing a refractive index 
n(w) which varies as a functi'on of the Qptical wave 
.frequency, to generate optical waves having a 
frequ~ncy w3 and a wavelength ~3 , a beam propagation 
constant k is defined for.eachwave beam as equal to 
2wn(w)/)., and a Ak for the· crystal system is 
represented by the relationship: 
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The maximum output intensity occurs in such a 
system when under conditioQs where the phase system 

10 is· matched (i.e .. , Ak is zero). -The intensity of 
output for a phase matched system generally increases 
in proport1on to. h2, the square of the crystal 
length, h. 

15 

·For· second harmonic 
ftequerici~~_w1 and w2 are 
h~lf of the frequency w3 • 

wavel~ngths ~l and l.2 are 

generation systems the 
taken as equal and as one 
Accordingly, the 

twice. ·the wavelength l.3 and 
4.k for . SeCOlld h·a.rmonic. 9E!neration . systems· may be 
represented in· terms of the above example, by the 

20 relationship: 

25 

30 

35 

The coherence length for such secon~ harmonic 
generation systems may thus be represented by the 
relatio~ship: 

cob • • • 

·An alternate example of a wave conversion 
scheme involves generating two waves with wavelengths 
l.5 and l.6 from a single input wave· of wavelengths l.4·• 
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Several techniques have been demonstrated or 
proposed for ach_ievin9 efficient phase matching. 

s (See, for example,· F. A. Hopf et al., Applied 
Classical Electrodynamics, Volume II, Nonlinear 
Optics, John Wiley & ·sons., 1986, pp. 29-56.) Th~ 

most common· of .these are the angle and temperature 
tuning techniques used in nearly all current 

10 applications such as second harmonic gene~ation and 
sum and difference frequency generation. In ang~e 
t-UDing Of ~Ulk material SUCh 8S 8 Single C~yStal I the 
orientatipn of -th~ crystal· rela~ive to the incident 
light is· adjusted to 11chieve' phase matching. The · 

15 technique is generally considered inappropriat~ for 
use in articies such as waveguides which by nature of 
their design must be oriented in a particular 
direction wi.th regard. to incident. waves. Temperature 
tuning relies· on the temperature df!pendence of the 

20 birefringence of the material and may be used f.or 
· waveguides as well as bulk material. However., for 
many materials the temperature"dependence of the 
birefringence is iarge and, although temperature 
tuning is po.ssible for waveguides in these materials, 

· 25 a· hi_gh degree of temperiture control must be provided 
(e.g., +/- l°C). In optical materials.where the 

-tbperature.dependence of the biretringence is small 
(e~g., ltTiOP64), although a high degree of 
temperature control is_ necessary, the range of 

30 wavelengths over which temperature tuning is possible 
for waveguides is small. 

. . 
Phase matching for second harmonic generation . 

using periodic variations· i~ the refractive index to 
correct for the fact that.Ak is not equal to O, can 

35 be accomplished by reflecting back both the 
fundamental and second harmonic beams in such a way 
that the reflected beams are phase matched (see, for 
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example, s. Somekh, "Phase-Interchangeable Nonlinear 
Optical Interactions in Periodic Thin Films,• Appl. 

5 Phys. Lett., 21, 140 (1972)). As with.the methods 
above, t.he intensity of the second harmonic output 
increases· with the square. of· the length of the , 
material used. However,. since only a small fraction . . . 

of the beams are reflected, the overall e~ficiency of· 
10 this method is even less than the methods 4iscussed 

above. 
Other •quasi" phase matching techniques have 

been _demonstrated which involve periodic domain_ 
revers_al_s' or· interna1 reflection (see J. A. Armstrong 

15 ·9·t al., •.Interactions between Light Naves in a 
Nonline_ar· i>ielectr.ic•, J?hys. Rev., 127 '· 1918 

.. 
(1962)). For example_, Ho.pf et al., supra, discloses 
at page 52 segments of nonlinear optical material 
where the nonlinear optical coefficient is modulated . 

20 at a_ period equal to the coherence lt;tngth for the 
. . .. • . . I: 

wa~es in the material~ . 
Other moduiated waveguide schemes have been 

describ_t!d·in the_art which _can give phase matching by 
using l~~gths of adj~cen~ materials whicih are equal 

25 .to t"he coherence length. However, these periodically 
·modulated schemes can be :very sensitive to waveguide . . . . . 

parameters,_· such. as waveguide depth and modulation 
. per_iod, ·and are not highly -e_fficient with respect to 
conversion. 

30 There remains a need for wavelength conversion 
,. ·schemes ior eff i.c:iently convert.in; fundamental 

~pti~al w~~es to useful alternate wavelengths. 
§QMMARY. OF .THE INJEHTION 

This inventi_on is based on the discovery that 
35 wavele~gth conv~rsion can be accomp~ished by using a 

series of sections of optical materials wherein the 
·--
~---~ 
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differences in the refractiv€ indices ·and the section 
lengths are balanced to control the effects of 

S destructive interference through the series such that 
the optical waves are phase matched at the end of the 
series even though.they are not phase matched in.the 
individual sections. Balanci~g the section .lengths 
and r~f ractive iridices re~uires that the length of 

·10 each section (i.e~, h1) is less than its coherence 
2tr 

15 

20 

25 

30 

length (i.e.,· ) for the waveleng~h conversion 

system; and that the refractive indices of· the 
sections be such that.the sum for.the series of the 
product of ~he length. and Ak for e~ch-section (i.e., 

Aki) is equal t~ about zero (i.e., EAkihi • 0). 
. . i 

A ·process for wavelength conversion is provided 
in accordance with _this invention which comprises ·the. 
step .of directing the incident optical waves for 
wavelength conversion through a series of aligned 
sections of optical.materials for wavelength 
conversion, saf~ sections being selected.such that 
the s~m for the s~ries of sections .of ~~e product of 
the length of each section in the dire.:-cion of" 
alicinment_ (i.e._, h1) and the Ak for that section 
(i.e~, Aki) is equal to about zero, (i.e., 

J:Akih.i = o)· and such that the length of each 
i .. 
section is less than its coherence length 

(i.e., 
2tr 

---i.) • ·The Ak for each section is ·the 
Aki 

difference between t·he sum of the propagation 

35 constants for the incident waves for ~he wavelen9th 
conversion system in that section and the surn of .the 
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propagation constant for the generated waves for the 
wavelength conversion system in that section: and the. 

211' 
coheren9e length for each section is --- for. that 

Ak . 
section.• The process may be used to generate -beams 
having a certain wavelength from two incident beams. 
Alternatively, ,the process may be used to generate 
two beams fro~ one· incident beam.· .. A preferred use of 
the wavelength.conversion process, however, is-for 

··second ·harmonic generation, wherein the generated 
,;,aves have a·wavelength whic-h is one-half.the 
wavelengt~ of _the incident beams. Generally, e.ither 
at least one of ·the section materials is optically 
nonlinear, or"a layer-~~ nonlinear optical material 
.is provided adjac!!nt to the series of sections during 
wavelength cobversion, or both. 

_Optical articles are_provi~ed in accordance 
with this invention f;or use in a wavelength 

. ' . . ~ . 

conversion system. ·The articles comp~ise at least 
one optical. conversion segmen~ consisting ol a s~ri.es 
of aligned sections of ·op~ical materials for 
wavelength conversion, wherein said ··sections are 
selected $0 tba.t ·the sum of the product of the length 
of each sectio.n (i.e., ·bi) and the Ak for that 
sec~ion (i.e., Aki,) .is equal to about zero, (i.e., 

;Aki hi . a O_) and . the length· of each sectio·n 
1 

·· is less than its coherence length (i.e., 2w/6ki). 
Optionally, the optical article further comprises a 
layer of nonlinear optical.material adjacent to said 
optical conversion segment. Embodiments are provided 
in accordance. with this i.nvention wherein at least 
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one of the section materials is nonlinear; wherein 
each section is constructed of nonlinear optical 

5 material; and wherein the sections are constructed of 
optically linear material and/or of optically 
nonlinear material and a layer of nonlinear optical 
mate~ial is provi.ded adjacent to the opt.ical 
conversion segment. Prefer.red optical materials are 

10 single crystal materials of the formula 
Ki-zRbxTiOM04, where z is from O to 1, and M is P or 
As, and single crystal materials of said formula 

.where the cations of said formula are partially 
replaced by at least one of Rb+, Tl+ and cs+. 

15 For a segment having p sections of respective 
lengths h1, b2, ••• h~, •• ~hp characterized as having 
a series of propagation constants k1 , k2 , •••• ki, 
••• kp for each. of the optical waves in the wavelength · 
conversion system wherein ki • ·2wni (to)/)._, and ni (io) 

20 and>. are· respectively the refractive indez in the 
section and ·wavelen;th,· a Ak is provided for each 
section which corresponds to the difference between 

· the total propagation consta·nts· for the incident 
waves for the wavelength conversion system in the 

25 section and the tot•l propagation constants for the 
generated waves for the wavelength conversion system 
in the section. In accordance with this invention, 

_the sections for each seg•ent are selected so that 
the sum Ak1h1 + Ak2h2 + ••• Ak1h1 + ••• 4kphp for the 

30 '-egment (i.e., the sum h1Ak1 for the series, or 
~Ak1h1) is equal to about zero, and each section· 
1 

length h1 is less than • 
4ki 

35 



W091/09339 PCT/US90/07053 

10 

A preferred embodiment involves second harmonic 
generation wherein at least one of the materials in 

5 the series bas a nonlinear optical coefficient which 
is non-zero. 

Certain embodiments_ are provided where the. p 
. ·s.ec_tions may be cha~acteri.zed as either one s~gment 

having g adjac~nt·sec~ion pairs (i.e~, p • 2q). 
l·O wherein the sum 6ki-l bi-l + 6kihi for each pair is 

about zero, or q·adjacent _segments of· 2 sections each 
. . 

wherein· in each. segment the sum Ak1h1 + Ak2h2 is 
about zero. 

Channel waveguides cons.tructed in accordance 
15 with. this in~ent·ion. can be used to improve optical 

waveguide df!vices which comprise at l~a_st one channel 
waveguide., means to couple an incoming optical wave 
into said . channel wa·veguide and means to couple an 
outgoing wave out of· said channel waveguide. 

20 This.invention further provides .. a process for 
. _prepar~ng an opt_ical article. One process for 

preparing a channel ~a~eguid~ foz a wavelength 
·conversio·n sys·tem in accordance with ~his invention 
comprises the· steps .. of: ( 1) providing a z-cut 

25 substrate of single crystal material having the 
formula .K1_xRbzTiOMo·4 wherein x is _from zero to one 
and M is P or As, said substrate including an . 
optically smooth surface with a selected portion at 
which- it i·s suitable to· form a channel waveguide; 

I , , . , 

30 (2) providing a molten salt containing cations 
,. ·selected from the group consisting of Rb+ I cs+ ana 

Tl+ in an amount efficient to provide upon exposure 
to said waveguide portion at a selected temerature 
for a selected time sufficient cation replacement to 

35 change.the index of refraction with respect to the 
inde~ of refraction of said substrate; (3) applying a 

This Sheet Has 8 
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masking .material on said substrate to provide a 
~attern of align~d areas along said waveguide portion 

s of said optically smoo.th surf ace which are 
alternately maske~ with a material resistant to said 

. . . . 

molten salt and unmasked (the lengths of said masked 
and unmasked areas being suitably selected·to provide 
phase matching in accordance with this· inven.tion); 

10 (4) immersing said masked substrate in said molten 
salt at said selected temperature for said·seleted 
time, thereby providing cation replacement in said 

.. 
unmasked· areas; (5) removing the masking material 
from said substrate; and (6) f.inishing· said substrate 

. 15 to .Provide a. clean waveguide with polished waveg.uide 
input.· and output faces. 

BRIEF DESCRIPTION OF THE DBAWINGS 

Figure l is ·a· schematic dra~ing of• an apparat1:1s 
for wavelength ~on~ersion in •ccordance with this 

20 ·.invention. 
Figure 2 is a perspective view of· a wave.9uide 

for wavelength con•ersion in accordance with this 
invention. 

. Figure 3 is a perspective view of the aligned 
25 sections of nonlinear optical material provided by 

the waveguide of Figure 2. 
·Figure 4 ·is a ·perspective view of another 

waveguide for wavelength conversion in accordance 
with this invention. 

30 Figure 5 is a section view along section 5-5 of 

35 

Figure 4 •. 
Figure 6 is a perspective view of another 

waveguide for waveguide conversion in accordance with 
this invention. 
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Figure 7 is an illustrative plot of a 
·e:alcuiatea relationship between depth an.d refractive 

s index ~ismatch for different waveguide width~ . 
. DETAILED DESCRIPTION OF THE INYENTION 

In-·accordance with. this invention ·me·ans ar~ 

· provided wbich· are suitable· for at. least partially . . 

converting optical waves having one wavelength~ into 
·10 optical wives of a. di·fferent wavelength. In general, 

during wavelength conversion the sum of the 
frequencies of the incident waves· and the sum of the 
frequencies of .the generated waves is equal •. 

· Accordingly·,.· for wavelength ·conversion syste~s where 

. · 1s· waves of frequency w1 •nd wavelength. >.1 are used. 
along w_ith ·waves of f~equ_ency w2 and wavelength >.2 to 
ge~erate wave~ of _frequency w3 and wavelength >.3 , ~3. 
is equal to the sum of .,l and 1112: .. and for wavelength 
conversion. systems W~ere Waves ·of . frequency W4 and .. 

20 wavel~ngth >.4 are u~ed to 9en~ra_t.e wave.s of frequency 
1115 ·and waveleng~h >.5. ·along with waves of frequency .,6 
and wavelength >.6, .,4 is equal to the sum of w5 and 

w6. 
A process.for wavelen9th conversion is provided 

25 in accordance.with this· invention which comprises the 
. step· of directing the inc.~dent· optical waves. for 
wavelength conv.•rsion. through a series of aligned 
sections of ·optical ni'5terials for wavelength 
conversion, said sections being selected such that 

30 the sum for the series of sections· of the product of 
the length of each section in the direction of align­
ment and the Ak for that section is equal·to about 
zero, and the length of each section is less than its 
coherence length. As further discussed .. below Ak for 

35 each section is the difference between the sum of the 
propaga~ion constants for the incident w~ves for the 
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wavelength conversion· system in that section and the 
sum ot the propagation constant for the generated 

s waves for the wavelength conversion system in that 
section, and the coherence length for each 

10 

15 

20 

25 

30 

35 

'• . 2..r; 
section is for that section~ The prodess may 

··.• 
Ak 

be used to generate beams having a certain wavelength 
from two incidental beams. - Alternatively, tbe 
.Process may be used to generate two betims from one . . -
incident beam. A preferred use of the wavelength . 
conversion process, however, is for second harmonic 
gene.ration., wherein the generated waves have a 
wavelength which.is one-half the wavelength of the 
incident beams. 

The optical articles·of this invention for use 
in a wavelength conversion system comprise at least 
one optical conversion segment co~sisting of a·series 
of aiigned sectforis ~f optical materi•ls for 

·wavelength conversion. The .series may be represented 
as a plurality of· p aligm~d adjacent sections of 
optical materials, m1 , m2 , .• •• mi, •• ·lllp· Each 
section has by a.length hi in the direction of 

_alignment and a refractive·indez .n1(w) which varies 
as a function of frequency ,., of the optical waves 
~assing therethrougb. The difference between the· 
total propagation constant c;>f tbe incident waves for 
each aligned section and the total propagation 
consta~~s for the waves generated for each of the 
aligned sections defines a Aki fo~ the secti~n. In 
accordance with this invention, the sections for each 
of saiCl ·segments are selected so that the sum of the 
product of Ak for a section and the length h for said 
section over the segment (i.e., 4k1h1 + Ak2h2 + 

••• Ak1h1 + ••• Akphp) is equal to about zero; 
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and each h~ is less than --
1 6ki 

It is ~esireable that the J:Akihi be as·c1ose to 
. . i 

zero as practical. · It should. be understood,. however, 
. . 

that perfect· balance of ·.the optical characteristics 
and section lengths is difficult to achieve, and that 
the advantages· of this invention can be achieved so 

· iong as J:Ak· h · is maintained in the range of abo.ut . . 1 1 
1 

zero: that ls the overall coherence length. over_ the 
entire· ·wavelength conver.sion path is greater than. the 
length of .the wav~length conversion path itself. An 
approach·to designing wavelength conversion paths to 
achieve this balance· is to actually calculate the Ak 

. . . .. 

and section·length for each section. In this 
: . . ·. ·' . . .· .. · . . . . 

approach~ an advantageous balance· is considered to 
occur.when the sum over tbeentire wavelength 
conversion pa~h ·of the products of the.Ak of each·· 
section with tlie ·1ength for tf1at section has an 
~bsolute value less t~ari 211'. Preferably the 
·resulting total of said product over. the wavelength 
conver·sion path is less than l'll'/2; ·and most 
prefe~ably it is less than 'II'. 

Accordingly I for optical ·arti.cles of this 

30 . 

inv.ention having a· number (N)- of opti.~al conversion 
segments in sequence, with the segments 1, 2, ••• and· 
N respectively having p1, P2' ••• and PN sections, it 
is desi~eab.le that each ~egment.be design~d such 

35 

that J:Ak1h1 for the wavelength con.version system 
. . i .· 

·segment has. an absolute value .less. than 2w/N, so that 
the sum' of the product of Ak with section lengths for 
the total number of ·sections, P1+P2+ ••• +pN, in the 
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wavelength conversion path remain about zero in the 
sense described above (i.e., has an· absolute value 
less than 2w). Preferably, tAk1h1 for each segment 

i . 
has an absolute value less than l.Sw/N, and most 
prefe·rabi"y J:Ak1h1 has an. absolute value less than w/N • 

. i . . 
Use of this approach may be .exemplified by 

ref e~ence to the optical article in accordance with 
this invention in the form of a waveguide as 
illustrated in Figure 6. In Figure 6, a single 
crystal.of ltTiOP04 (22) has a series of sections 
including a plurality of· aligned sections (57), (59), 
(61), (63), (65), and (67) of XTiOP04 wherein the 
cations have been partially. replaced by Rb+ 
alter~ating with a plurality of aligned sections 
(58), (60)~ (62), (64), (66)_ anti (68) of ltTiOPo4 

·. wh~rein the cations have been ·pattiall;r replaced 
either by Tl+ or by~ mixture of Rb+ and :Tl+. In 
this embodiment rubidium and/Or thallium cation 
substitution in ltTiOP04 in the manner s~own insure 
substantially complete guidance of the wave on .the 
optical path through the waveguide. 

The sections in Figure 6 are sized such that 
"the. optical article has a first optical conversion 
·segment repre~ented by the aligned sections (57) and 
(58); a second optical conversion segment represented 
by aligned sections (59) and (60); a third optical 

rconversion segment represented by aligned sections 
(61.) and (62); a fourth optical conversion segment 
represented by aligned sections (63) and (64); a 
fifth optical conversion segment .represented by 
aligned sections (65) and (66); and a sixth optical 
conversion •egment ~epresented by aiigned sec~ions 
(67) and (68). Thus, in this simple illustrative 
case the number of optical conversion segments, N, is 

JiHl11ii1ilmnr 
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6 and the number of .sections for each segment, p, is 
. · 2. . The summation of the product of .the Ak times. the 

s _length of each section over all of· the six optical 
conversion segments must have an absolute·value less 

. . 

than 211' and to ensure ·this 1 ·the summation Of ttie. 
product 'of. the Ak tim~s ·the · 1ength of each ~ectio~ . 
for e_ach one of th• six optical conversion segments 

10 preferably bas . an ·absolute value of less th·an 21'/N 

(i.e., in this simple c~se, less ·than·w/3). One can 
see that as.the number of optical conversion segments 
in the optical. path grows the summation of the. 
product of the Ak tiines the· _leng·th ·of ·each section 

15 for each of the optical conversion segments must bave 
an absolute value approaching o. As a practical 
ma_tter the n1,1mber of optical. conversio~ segments . . . 

. along the optical _path can be on the ·order of 

hundreds so that the zero produc~ s1immation is 
20 .approached.· · 

. . 

As a ·practicat matter,_in many cases .because of 
limitations on the ·pteeisio~ associated ~ith 
~repating a serles of sectf~ns for use-i~ this· 
invention (including _pre·par:ing the ·optical materials 

25 t·hemselves) one may wish to confirm that the desired 
balance or the Ak'' and section lengths have been 
achieved by. observing that "the overall coherence. 

. . . . . 

30 

35 

length over the -entire wavelength conversion path is 
greater than the length of said path. J;n some cases, 
one can observe the overall coherence length directly 
from examination of the weak scattering of waves 
along the ·length of the wavelength conversion path~ 

Clearly, for iAk1hi to.be about zero, the Ak.for 
. i . 

a port·ion of the sections of the series must be of a 
different sign than the Ak for other ~ections (i.e.,. 
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at least one Ak must be positive and at least one Ak 
must be negative). Indeed a process for wavelength 

·5 . conversion·is p~ovided in accordance with this 
invention whic.h comprise~ the step of directing the 
incident optical waves for wavelength conversion. 
-through a wavelength conversion path having a series 
of aligned sections of. optical materials for 

10 wavelength conversion; at least one of said optical 
materials having a Ak which is positive for said 
w~velength .conversion; at leas~ one of said optical 
·materials having a Ak which is negative for said 
wavelength conver.sion; and the series of sections 

15 being selected such _that the sum of the products of 
the lengths of each sectio~ of material having a 
negat~ve Ak with its Ak is balanced with the sum of 
the products of the lengths of each section of 
material having a .negative Ak with ~ts Ak so that ~he 

20 .overall coherence .length ove_r the .,avelength 
conversion path is greater than the length of the 
wavelength conversion path. Preferably, for 
efficient w~velength conversion, a section having· a 
Ak of one sign should be adjacent to at least one · 

25 section having a Ak of the opposite sign. 
For eza~ple, in a section wherein two beams of 

~cident optical waves having respective frequencies 
w1 and w2 · and r·especti ve wavelengths. 'A1 and 'A2 are 
directed th.rough a medimn (e.g·., a crrstal or a 

30 ,composite material) having a length h1 and having a 
refractive indez n1(w) whi~h. varies as a function of 
the op_tical wave frequency, to generate optical waves 
having a frequency· w3 anQ a wavelength l.3 , a beam 
propagation constant k is· defined for each wave beam 

35 as equal to 2wn(w)/l., and a 4ki for the section is 
represented by the rei"ationship: 
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Ak. • 
1 

2wn1 (co3 >. 
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• 

In.accordance with the process ~f this 
invent.ion, the .inci(!ent optical waves of. such 
wavelength.conversion systems (having frequencies w1 
~nd w2) .a~e directe~ through a series of ~ections 
selected such that the· su1n of h1Aki for the series is 
equal to about zero. The optical conversion segments . . . 
·for optical articles u-sing such. wavelength conversion 
systems consisting of-a series of sections select~d 
such that· the sum of h1Ak1 ·for the series is about 
zero • 

. In the ease of second harmonic generation, w1 
and .02 are equal and are each one~half· of '°3• 
Accordingly, for. secopd h~_rmonic generation, the Aki 
for eic.h ~~ction may be repre.sented by· the · · 
r~lationship: 

Ak. • 
1 

Alternatively, in·a· section where a beam of 
incident optical .,_aves having. a. frequency w4 and 
wavelength 14. is directed through a me~ium having a 

30 length hi a~d having a. refractive· in~ez ni (co) which 
' varies· as a function of the optical wave frequency, 

to generate.two beams. ~f optical waves havfng 
respective fJ'.equencies w5· and w6, an(l respective 
wavelengths >.5 and >.6 -~ a beam propagation consta~t ki 

35 is defined for each wave.beam as e.qual to 2wn1(co)/>., 
and a Aki for that section is represen~ed. by the 
relationship: 
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2wn1 (w5) · 2wn1 (w4 ) 

A5 A4 

ln acco_r(lance with the. process of this. 
·invention, the incident optical waves. of such 
wavelength conversion systems (having frequency w4) 

. 10 are directed through a series of sections such that 
·the sum ot.h1Aki ·£or the series is equal to about 
zero. The optical convers-ion segments for optical 
articles using such wavelength conversio~ systems 

. . . .. . .. 

cons"ist of ·a ·series of sections selected.such that 
15 the sum of hiAki for the series is about zero •. 

20 

In any cas·e, a coherence length coh1 is ·defined 
for eacµ section by the equation: 

coh. • . . 1 -Ak . i 
• 

In accordance with the process of this 
invention, each of -t_he section·s in the series through 

· 25 which the incident op_tical waves of the wavelength 
conversion system a~e ·dire.cted bas a i"ength ·hi which 
is iess than its coherence length coh1. The optical 
co_nversion segments for optic~l articles using such 
wavelength conversion systems consist of sections 

30 ha~ing lengths hi which are less than their 
respective coherence. lengths coh1 • 

For certain embodiments of thi·S invention the p 
sections of optical ·materials may be characterized as 
q pairs ~f a~jacent secttons of optical materials, m1 

35 and m2, m3 and m4 , ••• mi-land m1, ••• m2q-l and m2q 
(i.e., p - 2q) each sectio_n: being characterized by 
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corresponding lengths, h1, h2, ••• hi, •· •• h2q' 
corresponding refractive indices, n1, n2, •••• ni, 

s ... n2q and corres~onding propagation constants 
associated with each wavelength of the wavelength 
conversion system-,. k1 , k2 , •••• ki, ••• kp, and the 
materials are selected ·so that for each pair of 

. . 

sections of material mi-l and mi the sum of Aki-ihi-1 
10 and Akihi is a.bout zero. In this· case phase matching 

occurs at the end of the first pair, at the end of . . . . . 

the second pair, etc. Segments.may be used in 
series; and accordingly, an optical article (e.g., a . . . 

waveguide) comp.rising. a: segment wherein the sections. 
15 are paired as above may also· be viewed •f!S. using a g 

.. 
adjacent segments of 2 sections each. (i.e., N • q). 

In gener~l, th~ lengths, h1 , h2, •••• hi, ••• hp 
·~re.much less than the coherence length and typically 
are each in the· range of 0.25 to SO µm and are often 

20 each 1 µm or more. In practice, the ratio of 
adjacent section lengths (i.e., h1_1:h1) is bsually_ 
in the range of 1:20 to 20:1. Typical se_ction widths 
are between about .0.2 µm and 50 _µm and typical 
section depths a.re between about O .1 pm and 50 µm. 

25 Both line•r and nonlinear mate~ials can be used 
in accordance wi.th this invention. In certain 
embodiments at least one.section of each segment has 
a non-zero nonlinear optical coefficient. Typically 
each section will be constructed of nonlinear optical 

30 materials •. 
Pref erred optical materials for the optical 

articles of this invention for use in a wavelength 
conversion system include crystalline materials 
selected from single crystal material having the 

35 formula K1-zRbzTiOM04, where z is from 0 to 1 and M 
is selected from the riroup consisting of P ·and As and 
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single crystal· materials of said formula where the 
cations of said formula ari:-. partially replaced by at 

5 least one of Rb+, Tl+ and cs+. For practical 
reasons, when using materials of said formula wherein 
th~ cations have been· partially replaced and xis 
about o.a or more,. the replacement cations preferably 
include cs+; Tl:" or both cs+ and Tl+. As indicated 

10 by U.S. Patent No .• 4,766,954 the use of divalent ions 
(e.g., ca++, .sr++ a·nd Ba++) with Rb+~ Cs_+ and/or Tl+ 
ions can provide a wide degree of control of 
refractive index. The divalent ions,_as well as Rb+, 
cs+ and/or Tl+ ions can exchange with the monovalent 

. . . 

15 c.ations of substrate material {e.; .• , the x+ ions of a 
ltTiOP04 ~ubstrate). Examples of articles using the 
materials of this invention include an article having 
a. single crystal of KTiOP04 which has been modif i~d 
(e.g., by cation exchange) to provide a waveguide of 

20 sequent_ial s_ections of kTiOPC>4 and sections ~<>£ 
Ki-zRbzTiOM04 where z is not zer.o, and an article 
having·a single crystal of KTiOP04 which has been 
modified to provide a waveguide of sequential 
sections of ltTiOP04 and sections of ltTiOP04 where the 

25 cations are partially replaced by a mixture of Rb+ 
. . . 

and Tl+ ions or a mixture of Rb+, Tl+ and Ba~+ ions. 
Optionally, a layer or film (e.g., an oriented 

Langmuir-Blodgett film) of· nonlinear optical material 
may also be provided adjacent to the segment to allow 

30 interaction.using the evanescent comp':>nent of optical 
waves. An additional embodi~ent of this invention is 
a waveguide or other optical article, where 

;Aki-hi is about z!!ro and none of the optical 
1 . . . 

35 material!! of· constructi.on are nonlinear ~a, i.e.,· 
have a nonlinear optical coefficient which is .not 
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equal to. zero. In this case, phase matched 
wavelen~~h conversion is o6tained in accordance wi~h 

S the invent~on by coupling the evanescent component of 
the incident began into an adjacent· layer of 
nonlinear optical material and coupling back the: 
. . . . 

evane·scent component of the waves generated in said 
nonlinear optical mater1,1. 

10 Selection of optical m~terials of construction 
and design parameters such as section width and depth 
enables the production of optical articles having the 

. . . 
desired nonlinear o.ptical properties and substantial 
conversion efficiency w'ithout extreme sensitivity t:o ·· 

15 processing parameters such as temperature, time, and 
depth·of waveguide. For example, the section depth 
for waveguides of a particular material may be 
selected so that the Ak of th~ se~~ion is relatively 
insensitive·~~ processing ~onditions such as 

20 temperature. 

25 

30 

35 

There· is believed t.o be actu.al.ly no theoretical 
limit as to bow many sections.of optical materials 
make up the optical article, as· long as the length of 
each section is less than its coherence length and as 

long as for each.segment J:Akitii is about zero. 
. . .i . 

For· waveguides, the· number of sections provided can 
depend ~n such factors as the optical materials.used 
and the waveguide.length. A range of about 400. to 
1000 sections can be provided in a typical s.o mm 
long waveguide. Longer waveguides can have up to 
10,000 sections, or even more. However, articles 
comprising optical conversion segments of only two 

. . 

sections ate also considered to be within the scope 
of this invent'ion. 

Another example of o~tical elements using a 
linear material such as yttrium aluminum garnet 
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(i.e., YAG or Y5Al5o12) or A1203 uses a single 

crystal fiber grown with different orientations, with 

s the orientation changing so that. the J:6kihi is about 
. i 

10 

15 

20 

25 

30 

35 

zero condition is met. Then, wavelengt~ conversion 

can be a~h-ieved by propagating the· fundamental beam 

down the fiber and having the f ring~ng fields 

interact with an oriented· nonlinear film or layer in 

optical con.tact with the fibe~, as in a . 

Langmuir-Blodgett film. Another ezample of an 

optical element in !l!Ccordance with the. inventio.n is 

one formed as a series of platelets .stacked one on 

another of a nonlinear bire~ringent material, ~uch as 

LiNbo3 or 3-met~yl-4-methozy nitrostilbene, where the 

plates are alternat~~y.oriented (e.g., in orientation 

a or orientation b) ~u~h _that 6kaha + Ak~hb is about 

zero. Another form of this optical element embodies 

platelets of nonline.ar. material (i.e., ma> oriented . 

. i:n. the s~me· directiQn and separated by a linear 

· transpa.rent film _or adhesive material (i,.e., mb) such 

that -Akah~ + 6kbhb is about zero·, where a refers to 

the.platelet and b refers to the transparent film or 

adhesive. 
The invention may be employed for waveguide 

structures, bulk applications and under cer.tain 

circumstances, _for mixed _guided and unguided wave 

systems. ·In mixed systems, each unguided length in 
. . . 

t~e wave ~ropagation direction should be less than - . 

the defocusing length of the wave in the material to 
. . . 

minimize radiation losses between the.guide sections. 

The insto~t invention may be used to improve an 

optical wavegu:.::ie device comprising at least one 

channel waveguide, means to couple an incoming 

optical wave into said _channel waveguide and means to­

couple an optical outgoing optical wave out of said 
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channel waveguide. The device is improved by using 
an articie in accordance with this invention as the 

s waveguide therein. 
Employment of the instant invention is 

illustrated by reference to the apparatus (10) shown 
in Fig\lre. ·1 whe~eiti optical waves emitted by laser 
(12) ·at one wavele"ngth "may be used to generate waves 

io· at another wa.velength. Lens (13) is used to focus 
the optical waves e~itted.by laser (12) into a. 
waveguide. (14) ·constructed in accordance with this 
invention. Wavelength-conversio~_occurs ~ithin the 
wav,guide (14) and a second lens· (17) is provided to 

·15 coliimate the optical waves emerging from the 
waveguide. A filter (18) is provided in the 
arrangeme_nt show~ to fi~ter out the remaining optical 
waves which h·ave the waveleng~h of the emitted _waves, 
while allowing the optical waves of the desired 

20 wavelength which . were generated . with.in the waveguide. 
. .. . . : . . 

(.14") to pas~· .through. Thus, for example, if laser 
(12) is a Nd YAG laser ·used to generate polarized 
light at wavelength ·1.06 µm, ana·the waveg.uide {14) · 

is construc.ted in accordance with this invention for 
25 second har"monic generation using such incl.dent light, 

·the f ilte.r .(18) would be adapted to allow optical 
waves .of wavelength 0.53 "µm to pas·s through while 
optical waves of wavelength 1.06 µm are filtered from 
the co.llimated beam which emerges from the 

30 waveguide. A device incorporating the apparatus of 
Figure 1 (i.e·. the laser (12)., the waveguide (14), 
the filtet_.(18),- and the lenses (13) and (17) is 

. conside.red ·to be an· article within the scope of this 
invention. Indeed, waveguides such as waveguide (14) 

35 are themselves considered to be articles within the 
scope of t·he invention.· 
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One embodiment of a waveguide of the instant 
invention is shown by the waveguide for second 

s harmonic generation illustrated at (20) in Figure 2. 

The waveguide (20) as shown comprises a block (22) of 
crystalline material into which are embedded sections 
(24}, (25), (2·6), (27) and (28,), all of another 
crystalline material. Normally.at ·1east one, and 

10 pref er ably both of the ma teri'als has nonlinear · 
optical properties. The se~tions (24), (25), (26), 
(27.) and (28) are aligned between the top of the 
article (30) and the bottom of the article (32), such 
that s·aid embedded sections along with the portions 

15 . of block (22) aligned therewith comprise 8 

waveguide. The waveguide is designed so that during 
operation, incident beams of° optical waves enter .the 
waveguide at the upper surface (34) of .section (24) 

·at the top (30) of .the article (20).. The incident 
·20 beams are aligned: so that optical waves pass through 

each of the embedded sections (24}, (2S), · (2.6}, (2·7) 

and.(28) as well as sections represented by the 
portions of block (22)° in alignment with said 
embedded· sections, and then exit from the bottom (32) 

25 of blodk (22). 
Accordingly, as further.illustrat~d by Figure 

3, the waveguide embodied by Figure 2 is designed so 
. . 

that beams passing therethrough; .Pass through a 
number of sections comprised ·of one material 

30 represented by blocks (24), (25), (26), (27) and 
(28)., and an equal number of sections comprised of 
another material represented by the portions at block 

- (22) in alignment therewith. 
A ~eans of preparing a channel waveguide of the 

35 · type illustrated in Figures 2 and 3 in accordance 
with this inventi·on is to modify a single crystal 
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substrate of the formula K1-x RbxTiOM04, wherein x i 
from O to ~ and M is P or As or a ~i~gle crystal 

5 substrate of said formula where the cations of said 
formula have b~en P.artially replaced by at least one 
of Rb+ I Tl+ and cs+. . P.ref erably the cation exchange: 
provides ·at least about O. 00025 diffe.rence between 
the surface index of refraction of.cation exchanged 

10 sections and the surf ace index of refraction of the 
substrate.. Preferred sub~trates are those of said 
formula. Use of these substrates for producing · 

. ... . 

channel waveguides is well known in the art, and· -· 
reference is. ·made to u.s. Patent No. 4,740,265 and -. . . . . . . 

is· u.s .. Patent· No. -.4,766,954 which are both hereby· 
i~corporated herein in their entirety. · A typi-cal 

.. 

subs~rate for.use in producing waveguides is a 
. . 

crystal of KTi~Po4 , whe_re x is O and M is P (i.e., 
•KTP"). 

20 As described in u.·s. I;'atent No.' 4,740,26.S and 
U.$. Patent No. 4,766,.954, the use of s_ubstrate 
~asking allows replacemen·t of catlons of on~ · 
optically •mooth surface-by ions selected from at 
least .one of Rb+ and cs+ and Tl+ and a resulting 

25 change in the surf ace ind~x of refraction with 
respect tQ the index at refraction of the starting 
ftbstrate. in .. accordance with the instant invention, 
a_reas . along the portion. of the crystal substrate 
surf ace used f ot. forming the desired channel may be 

30 alternately'masked and.unmasked during cation 
replacement s_o that. the r·esulting channel consists of 
a series of alig~ed sections which alternate between 
original substrate (e.g., ltTiOP04) ,and substrate · 
mat~rial in which .cations have been replaced, (e.g., 

35 lt1~xllbzTiOP04 .. w~ere x is not zero). Standard 
photolit~ographic techniques may· be used to provide 
the desired masking. For example, a mask of 
protective material (e.g.~ Ti) may be applied over 
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t ··e surf ace of the crystal substrate with a pattern 
~~nerated therein to allow, upon suitable exposure to 

s a molten salt, formation of sections of a second 
optical material by cation exchange. After cation 
rep~acement tbe remaining protective material may be· 
removed. 

One process for preparing a ch•nnel waveguide 
10 for a wavelength conversion system in accordance with 

this invention comprises the steps of: (1) providing 
a z-cut substrate of crystalli~e material (i.e., a 
single crystal) having the formula Ki-:.zRbzTiOM04 
wherein z is from zero to one. and M is P .or As, said 

15 substrate including an optically smooth surface with 
a selected portion. at which it is suitable to form a 
channel waveguide; (2) providing a molten salt 
containing cation_s selected from the group consisting 
of Rb+, cs+ and Tl+ in an amount efficient to provide 

20 upon ezpo~ure to said wa_veguide portion at a selected 
temerature for a selected time sufficient cation 
replacement to change the ·index of refracti·on with 
respect to the index of ref~action of said substrate; 
(3) applyirig a masking material on said substrat~ to 

25 

30 

provide a pattern of aligried areas along said 
. . 

waveguide portion of said optically smooth surf ace 
which are alte"rnately ~asked_ with a material 
resistant to said molten salt and unmasked; (4) 
immersing said masked substr.at• in said molten salt 
at said selecte_d t~mperature for said seleted time, 
thereby providing_c~tion replacement in said unmasked 
areas; _CS) removing the masking material from said 
sub~trate; .and (6) finishing said substrate -to 
provide a· clean waveguide with polished waveguide 

35 input and output faces. In this process the length 
of said masked and unmasked areas is selected such 
that after said cation replacement in the unmasked 
areas, a channel waveguide is provided at said 

~~~~~~~~~-
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pQrtion which· comprises at least one optical 
conversion segment.consisting of a series of aligned 

.5 . sections of optical materials; and such that the sum 
for the series of.section of the product of the 

. le~gt.h o·f each :section ·and the ·Ak for· that section is 
equal to about zero, and.the length of each section 
is less than its coherence length; wherein the Ak for 

10 each section is the difference between the sum of the 
propagation ·conl$tants for the incident waves for the 

. . . 

wavelength conversion system in that section and the 
sum of the·propagation constant· for the generated 
.waves "for said wavelength conversion system in that 

· 15 section, and th~ coherence length for each ·section 

20 

25 

211' 
is for th,at section. Thallium containing 

·-Ak'. 

substrates .Ci .e., subst1;ates o.f the formula 
J1_~RbzTiOM04 wherein.the cations of .said formula 
have been partially ·replaced by Tl+) are also 
considered suitable.. KTiOM~4 (i.e., z is zero and M 
is P) is a preferred substrate. 

Ict'P substrates may be-. provided. in accordance 
with step (1) by cutting and polfshin9 al mm thick· 
z-cut substrate (i.e., to provide a single crystal· . . 
with an optica"lly smooth surface). A masking of Ti 
may be provided in accordance with step (3) in 
conformance with standard photolithographic 
techniques by sequentially applying Ti on the 

30 . substrate; applying a photoresist material over the 
Ti.and curing the photoresist; providing a_photomask 
having the desired pattern and contact exposing the 
photoresist through the photomask; removing the 

35 
exposed portio·n· of the photoresist; and etching away 
the Ti beneath the removed pbotoresist; and ~emoving 
the unezposed.photoresist, so that the patterned Ti 
masking remains. Typically, the substrate will be 
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end polished before it is inunersed in the molten 
salt; and washed after removal of the salt. 

s Typically the substrate is finished in accordance 
with step (6) by polishing it. After the Ti mask is 
removed,.the waveguide may be suitably mounted sp · 
that·a laser beam may be directed therein. 

It should be. recognized ·that ·the Ak for each 
10 section ·in which cations have been exchanged in 

accordance with this process for waveguide 
preparation.can be. varied somewhat by changing the 

. . 
section width and/or depth, ·and may also vary 
somewhat as a function of replacement ion type and 

15 concent.ration. 1'ccor(lingly, one may wish to prepare 
a number of waveguides having various widths, etc. to 
determine o~timum design for _a particular wavelength 
conversion system us-ing particular materials • 

. To further illustrate the processing latitude. 
20 affor.ded by this invttiltion and the relationship 

between· waveguide :depth and refractive index 
mismatch, An, one skilled.in the art can calculate 
the refractive indez: .mismatch, i.-e., An, for second 

. . . 

harmonic generation in KTiOP04 (ltTP) with 
25 y-~ropagation '.(i.e., An• 0~5 (nz:(w) +.nz(w)) -

Dz(2w), where. Dz:(.w) and nz_(w) are .re·spectively the 
tifective refractive indexes of the incident optical 
wave.of frequency..; for z: ~olarization'and z 
polarization and Dz:(2w) is the effective refractive 

30 'indez: of the· generated optical wave_ of frequency 2w 
for z:-polarization) as a function of guide depth for 
various wave9uidewidths,·usin9 the methods described 
in M •. J. Adams, •An Introduction to Optical 
Waveguides", (John Wiley & Sons, NY 1981). Using 

35 this approach the effective mode indice~ for the 
lowest order spatial _modes at l • 0.532 and 1.0~4 pm 
were calculated. In the calculation, an exponential 
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index profile in the depth directi·on was assumed. 
The r~fractive_ indices _used for XTP are ·nx • 1.7399 

5 and ni; • 1 •. 8296 at ). • 1.064 pm ·and Dz • l. 779 at ). • 
0.532 pm, as disclosed in J. D. Bierlein and H. 
Vanherzeele, J._Opt •. Soc •. Am., B, &, 622-633· .. (i989)~. 

: . . 

For pl_anar Rb-exchanged. waveguides the surface index 
. . 

has been me•~ured. to be.· nx·· 1.7644, nz • 1.8511 at). 
10 • 1.064 pm and Dz • 1.8042 at l. • o·.532 pm. Tbe 

result Qf the calcu~atiou is si.own in Figure 7. At 
zero waveguide .depth, the·An equals-the bu~k KTP 
substrate value for_y-propagation •. The ~orresponding 

·coherence length is 92. µm·. For the Rb.;:.exchanged 
·ls . vuides I tJie cutoff for· le 064 pm wavelength is at 8 

depth of 2.0 µm. At ·infinite depth the An would 
corresJ)ond to that for bulk RbTiOP04 (RTP). A 

minimu~ occurs in the 2 to 3 µm depth range, which is 
· nea·r ·the ra.nge· for the wave9uidefcl prepared in 

. . 

20 accordance wi.th this invention ·(see Example 1 .. herein 
. below)~··· For · •. Clept~. of. 4 µm and width (W) of 5. p~, 
from:Fi~ure 7, 4n1 (~.e.~ the 4n fo~ ~he cationically 
exchanged sections) • -o.·.0022 and 4n2 (i.e._, the An 
for. the ltTP sec.tions) • o.ooss. · With the length of 

25 the XTP sections. h2 • 1.3 pm phase matching would be 
predicted to ·occur in accordance with the teachings 
of this invention.when the length ot the cationically 
exchan9ed sections. h1 • 3.4 pm, which is in 
substantial agreement with the actual experimental 

30 value found inExample 1 below (i.e~, 4 11m). 

35 

_Figure 7 illust~ates the practical advantage of 
using waveguides segmented in ·accordance with the 
teachings of this invention relative to uniform 
waveguides for achiev.ing phase matching for second 
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harmonic generation. S-ince a.minimum occurs in the 
An vs. depth curve1.· near this minimum very little 

5 change in An is expected with changes in processing 
conditions, such as exchange time or temperature, 
which change guide depth. SQlecting this minimum, 
phase matching.is achieved by adjusting the length of 
each section of the optical conversion segment such 

10 that h1An1 + h2An2 is about equal to zero. In 
contrast, for a uniform waveguide, i.e., ·a waveguide 
without the segmented structure taught in this 
invention, wnere phase matching requires that An be 
about equal to zero throughout the entire wav~guidej 

15 one i~ not free to select the guide depth and, as a 
. . 

result, a small processing change affecting waveguide 
depth t1:ill give a much larger change .in An and, 
hence, processing latitude will be much narrower. 

·Another advantage of using waveguides segmented in 
. . 

20 . ·accord·ance with- this invention· is that· these 
wav•guides permit noncritical phase matching even 
though phase matching at 1. 064 1.un in bulk KTP is 
critical. 

Another embodiment of a device for.wavelength 
25 conversion is illustrated at Figures 4 and S. 

The waveguide device·(40) as shown comprises .a 
block (42) of linear cr7sta~line material into which 
are embedded sections (44), (45), (46), (47) and 
(48), all of another linear crystalline·material. 

30 ·The sections (44), (45), ·(46), (47) and (48) are 
aligned between the top of the article (SO) and the 
bottom of the article (52), such that said embedded 
sections along with the p~rtions of the block (42) 
aligned thereby comprise a waveguide. A film of 

35 nonlinear optical material (56) is provided in device 
(40) adjacent to the waveguide of linear optical 

.· . This Sheet Ras B 
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materials. The waveguide device is design~d so that 
during operation, the.incident beams of optical waves 

S enter the waveguide at the upper surface (54) of 
s~ction (44) at ·the top (SO) of the deviee (40). The 
incident beams:. are aligned so that ·optical waves, pass 
·thr~ugh each of the embedded ·sections · ( 44), ( 45), 
(46)., (47) and (48) as well as sections represented 

10 .by the portions of the block (42) in alignment with 
said embedded sections, and then.exit.from the bottom 
(52) of the block (42). It.s the optical. waves ·pass 
through the embedded sections and said portions. of 

block (4~) in alignment therewith,.the evanescent 
15 co_mp~nent of the incident beam couples into the film 

(56) wherein w·aves of a_ ·different wavelength are 
generated;·and the evanescent component of the waves 
generated.in th~ film (56) i~ c~upled b~ck· in~o the 

. aligned sections of iine~i opttcai material·. 
20 .wavequide devices having a film of nonlinea·r· 

optical ~~terial as illustrated in Figure~ 4 and S 

may ·be prepared by modifying a single cry.stal 
substrate to provide an optically smooth surface 
thereof, a channel consfsting o_f a series of al~gned 

25 sections which alternate between original substrate 
material and another· optica·l material: and after the 
channel has been provided,_ providing a .thin organic 
film along the surf ace bY the Langmuir-Blodgett 
method. .one metho~. of providing ·a thin organic fil~ 

' . . 

30 includes spreading a monolayer o·f an amphiphillic 
compound that possesses a large hyperpolarizability 
on· the water surface in a Langmuir trough, and 
compressing the ~onoiayer to a sui.table surface 
densi.ty (or surface. pressure). By. repetitively 

35 dipping and.withdrawing the segmented waveguide 
substrate into and out of the monolayer-clad_water 
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while keeping the surface density (pressure) 

const•nt, the molecules may be transferred, monolayer 

5 by monolayer, to the segmented waveguide surface. 

The thic~ness of an LB film is controlled by the 

number of dipping-withdrawing CfCles. LB films 

.·consisting of alt~rnat·e mon:olayers of two compounds 

may also be obtained by using two Langmuir troughs --

10 eac~ cov_ered with _a monolayer of one compound. (See, 

M •. Sugi, Langmu~r-Blodgett films -- a Course Toward 

Molecular Electronics:a Review, Journal of Molecular 

Electronics, -Vol. 1, 2-17 (1985) and U.S. Pa~ent No. 

4·_1792I208) o 

15 Practice of .the invention will become further 

apparent from the following non-.limiting Examples • 
. QAMPLE 1 

A hydrothermally grown ltTP crystal (obtained 

from th~ Airtron Division of -Litton Systems) wa.s · 

20 ·first .cut into approximately. 1 nun .thick z-plates, 

polished and coated with about 1000 A of Ti by 

thermal evaporation. A photoresist (Shipley #140J) 

was spin coated onto the Ti and heat cured for about 

l hour at 110°C. The-cured photoresist was then 

25 contact exposed through a photomask containing the 

desired waveguide patterns. The exposed photoresist 

was removed and 'the_. Ti coat~ng revealed beneath the 

removed photoresist was chemically etched using a 

solution of EDTA, H2o2 and NH40H so that the ltTP 

30 "Substrate was•selectively revealed. The remaining 

photoresist was then removed·and the Ti-masked 

substrates were end polished. 
A series of periodic w·aveguide patterns were 

generated in the Ti mask for the purposes ·of allowing 

35 preparation of Rb-ex~hanged waveguide sections 

alternately with sections of the bulk ItTP. The 
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·masked substrates provided·36 different waveguide 
patterns having in the order about 400 to 1000 

S sectio~s. ~hese patterns consisted of open areas 
with widths that vary in 1 "m steps f·rom · 4 to 9 "m 

: and, in the beam p~op~gation direction, again in.l µm 
. step lengths r·anging from 1. 7 to 4. '· µm with 1. 3 µin 
Ti separations, ~.e., segmented waveguide.periods of 

10 · from 3 to 6 µm. The: waveguides were orient·ed for y 

propagation in .the KTP. 
The· masked.substrates were end polished to give 

a total guide length of approximately·s·mm and ion . . . . . . 

exc~ang.ed in a molten salt bath consisting of 3 inole 
15 \ Ba(N03) :.97 mole\ RbN03 at a temperature ·of 330°C. 

Several channel depths were stu.died by systema.tically 
varyin·g the exchange time from 45 to 90 minutes. 
This ion exchange process· results in Rb channel 
waveguides with ·charac~eristic de"pths that range .from 

20 · about 3 to 4_µm~ After exchange, the Ti mask was 
·removed. 

The second ha.rmoni,c generation. conversion 
eff icien.cy was m~·asured using endf ire coupling of a 
cw diode pumped randomly polarized 48 mw, 1.064 "m 

25 Nd:yttrium-aluminum..;.garne~ (YAG) laser thtough a io 
x, o·.25 NA. objective •. ·The coherence. iength for the 
JO'P section for this wavelength conversion system was 
considered abo.ut 91 µm and· .the coherence length for 
the Rb exchange sections of .this wavelength 

30-· ·conversion ~as considered to be about 190 µm. 

·35 

The measured second batmonic generation output 
as a· function of guide width for a guide period of 4 
µm and ion exchange time.of 90 minutes showed Type II 
phase matching baving·a peak in the second ltarmonic. 
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generati"on output near a 6 pm guide width with a peak 
width ·(~) of less ·than l. 5 pm • 

. Examination of the weak scattering from the 
guide surface showed the second harmonic generation 
to inc~ease CC?nt_inually with propagati~n distance 
indicating that, for this guide, the overall 
coherence length.was greater than the guide length 

10 and phase· matching thus was 4emonstrated·. Based upon 
thi.s observation, the su1n of the Ak.b for the sections 
over the .. entire waveguide was determined to be less 
than ,, • Fo.r other waveguide patterns, having 
different widths and ·periods and or'ders of magnitude 

. . . 

15 lower second harmonic generation conversion . . . . 

efficiencies,· se~eral coherence iengths were observed 
. . 

and phase matching_ was not achieved for this 
wavelength. 

The mazimum·conversion efficiency observed 
20 measured was .15:1:4 \tw/em2. 

The temperature ~f the waveguide_exh~biting 
phase matching was_ varied and phase matching was 
de~onstrated for room temperature· (i.e.; -about 2s 0 c 
to about l2S°C) (i.e., a range of about l00°C). 

25 EWPLE 2 

A flux grown KTP crystal was obtained from . 
China (Research Institude for Crystal Growth, 
Beijing) and wa~ cut, pollshed and-masked using a 
proce•s, ·propagation ditection and mask generally in 

30 accordance with the·procedure of Example l. ·This 
sample was treated in a RbN03 molten salt bath at 
370°C for 45 minutes. (The ionic conductivity of 
f luz grown ltTP is significantly (lOOX - lOOOX) larger 
than hydrothermally grown ltTP and. hence the 

35 processing conditions are different). Of the various 
patterns., phase matched second harmonic generation at 
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for a guide width of 6 µm and a 
This conversion efficiency was 

EXAMfLE 3· 

A hydrothermally grown .KTP crys_tal (o_btained 
from Airtran Division of Litton Systems) was prepared 
lising the same ~utting, po.iishing and masking proces·s 

10 as for Ezample 1 excep~ that the mask was oriented 
.for z-propagat;ion rathet than y-p_ropagation. This 
sample wa_s treated in a RbN03 :TlN0_3 :8a(N03)2 bath of_ 
mole ratio '5:4:1· at 360~C-~or 1 hour. Phase matched. 

. . 

SHG at 1~319 µm (Nd:YAG) was observed for a 7 µm · 
ls g~ide width wi~h-a 4 pm.pitch, (i.e., use of th~ bath 

cont•ining Tl adjus~ed the waveg~ide surf ace 
.refractive index for phase matching at 1.319 µm 
· r•ther than ~.064 µm). 

i>artic·u1ar ·embodiments of the invention are 
. . 

~O included in .the ezamples •. Other embodiments will 
beco~. appa_rent to . those skilled in the art from 8· 

consideration o·f the specification or practice of the 
invention disclosed herein. It is· understood that 
modifications and variations may be practical without 

25 depart~ng from th~ spirit and scope of the novel 
concepts of this invention~ It is ftirther understood 
that the invention ·is. not co.nf ined to the particular 
formulations and examples .he~ein illustrated, ·but it 

. . 

embraces such _modifi_ed forms thereof as come within 
3q the scope of the following claims. 

35 
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.1 ': I If Ill~ 1111~ ll~rnl!l II If II 
What is claimed is: 

1. A process for wavelength conversion 
comprising the step of directing the incident optical 
waves for wavelength ·conversion through a series of 
aligned sections of optical mateiials f~r wavelength 

10 conversion, said sections being selected such that 
the sum for the series of sections of the product of 
the leng.th of each section in the direction of 

. . 

alignment and the Ak for that section is equal· to 
about zero, and such that the len.gth of. each section 

15 is less than its coherence length; wherein the Ak for 
each.section is the difference between the sum of the 
propagation.· constants for t~e incident waves for the 
wavelength conversion system in that sec.tion and the 
sum of the propagation constant for the ·.generated. 

20 waves for the ~avelength conversion system in .. that. 
sectiQn, and the coherence length for each 

25 

30 

35 

2'W 
section is for that section; and wherein either 

Ak 
at least one of said materials is opti~ally nonlinear 
or a layer of nonlinear optical ~aterial is provided 
adjacent to s·aid serie·s during wavelength. c·onversion, 
or both. 

·2. A process for wavelength conversion in 
accordance with Claim 1 wherein a Langmuir-Blodgett 
film is provided adjacent to said series during 
wavelength conversion. 

3. The p-rocess for wavelength conversion in 
accordance with Claim 1 wherein each section is 
constructed of nonlinear optical materials. 
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4. A process for· wavelength conversion in 
5 accordance with Claim 3 wherein incident waves of 

frequencies ~l -and ..,2 are u~ed to generate waves of 
frequency ~3; •nd ··.wher~in w3 is equal. to the sum. of 
w_1 and .w2 • 

10 s. A process for wavelength conversion in 

15 

accordance with Claim 3 wherein incident.waves of 
frequency w4 is used.to generate waves of frequencies 
w5 and w6 ; . and wherein w4 is equal to the sum. o.f ..,5 
and ~6 • 

6. A proc;:ess for waveleng~b conversion in 
accordance with Claim 3 wherein second harmonic waves 
of". the incident. optlca_l waves are generated.· · 

·. 20 .. 7. A process f·or wavelength conversion in 
accordance with Claim 3 _wherein the aligned s~ctions 
are pairs of adjacent ·sect.ions of· optical, materials 
selected such that for each pair· the su:m o.f the 
produ_ct of the length of one section and its Ak 

25 together with the product of th~ length of the other 
section arid its Ak ~s about zero. -

$. · A process f.or wavelength conversion· in 
accordance with Claim 7 wherein incident waves having 

30 a wav_elength of 1. 064 pm are . used to gener.ate second 
harmonic wav"es, and wherein the optical ·waves are 
diredted thr~~gh a wa~eguide havi~g alternating 
sections of ltTP and rubidium exchanged KTP. 

This Sheet Has Been Replaced 
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9.. A process for second harmonic generation 
in accordance with Claim 8 wherein ·the waveguide 

s width.-is about 6 µm, the length of each KTP section 
is about· 1.3 µm and the length of each-rubidium 
exchanged section i.s about 2. 7 . µm; and wherein the 
XTP.is hydrothermally grown. 

10 10. A process .for wavelength conversion in 
accordance with Claim 3· wherein the length of each 
section is in the raJlge of 0.25 µm to SOµm. 

11. · A.process for wavelength conversion 
. . . 

15 comprising the step o~ directing the incident optica~ 
waves for wavelength conver~ion through a wavelength 
conversion p~th having a s~~ie~ ~f allgn~d $ectitins 

. . 

of optical materials .for wavelength conversion; at· 
·1east.one of said optical materials· having a Ak which 

20 is :positive for said wave.length. conversion; at least . . . 

one ·of said ~ptical m~terial~ having a Ak ~hich ~s 
positive for -said wavelength conversion; at least one 
of said op_tical ma~erials. having a Ak which is 
negative_ for. said wavelength conversion; and ·the 

25 series of sections-being selected such that the· sum 
of the products of the lengths of each section of 

. . . 

material having a positive Ak with ~ts Ak is balanced 
with the sum of the products of the ~eng_tbs of each 
section of material having a negative Ak with its Ak 

. 30.. so that the overall coherence length over the 
wavelength conversion path is greater than the length 
of the wavelength conversion path. 

12. An optical art:.:cle for use in a 
35 wavelength conversion system, said optical article 

comprising at least one optical conversion segment 
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consis~in9 of a series of aligned sections of optical 
materials for wavelength conversion, wherein said 

5 sections are selected so that .the sum of the product 
of the length of each section .and the 6k for that 
section is· equal t:o·about zero, ·and the length of· 

. . . 

each section is ·1ess than its coherence length; 
wherein the 6k for each section is the difference 

·10 between the sum of the propagation constants for the 
. . 

incident waves for· the wavelength conversion system 
i.n that section and the sum of the propagation 
·constant for the. generated waves. for the wavelength 
conversion system in that section, and the coherence 

15 2Y 

·20. 

25 

30 

35 

length for each section is for that section; 
6k 

and wherein either at.lea~t one of said materials is 
optically.n9nlinear or said article thereby comprises 
a 'liyer of nonlinear optical material ·adjacent to 
said se'gment, or ~oth. 

13. An optical article in accordance with 
Claim 12 wherein a Langmuir-Blodgett film is provided 
adjacent to said segment. 

14. The optical article in accordance with 
claim 12 wl;lerein. each section is constructed of 
nonlinear opttcal materials. 

i·s. An optical article in accordance with 
Claim 14 wherein the aligned sections are pairs of· 
adjacent sections of optical materials selected such 
that fo.r ·each pair the sum of the product of the 
length of one section and its 6k toget~er with the 
product of the length of the other section and its 6k 
is about zero. 
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16. An optical article in accordance with 

s Claim 15 having_ a·lternating sections of KTP and 
rubidium echanged ltTP. 

17. An optical article in accordance with 
Claim 16. wherein said. sections form a waveguide 

10 having·a width of about 6 µm; wherein the length of 
. ~~ch KTP section. :is. about 1.3 µm and the iength of 

each rubidium exchanged section is about 2.7 µm; and 
wherein the KTP is-hydrothermally grown. 

. . 

15 18. An optical article in accordance with 
Claim 14 wherein the length of each section is in the 
range of 0.25-µm to SO µm. 

· 19. Ari optical article i~ accordance with 
-· 20 · Claim l~ which is a wav·eguide comp~isi_ng alternating 

sections of a crystalline substrate having the 
formula ic1_xRbzTiOM04 wherein x is from zero to one 
and· M i_s P or As, and sections of substra~e material 
in which the cations of said substrate have been 

25 replaced by su.fflcient ca .. :i.ons selected from the . . . . 

group consisting of Rb+, cs+ ~nd T1+··to change the - . . surf ace index of the fractiori with respect to the 
indez of refraction of sa-id substrate. 

30 20. An optical article in accordance with 

3.5 

Claim 14 comprising alternating sections of single 
crystal KTiOP04 subst_rate ·and sections of substrate 
material in which the cations of said substrate are 
partially replaced by Rb. 
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21. An optical article in accordance with 
Claiml4 comprising alternating sections of single 

S· crystal JtTiOPo4 ·. s_ubstrate and sections of said 
substrate niater:ial wherein the cations are partially 

· replaced by. Tl and Rb •. 

22 •. ~n opt~cal. artic).e.in accordance with 
10 Claim 12.~herein.the optical materials are single 

crystal materials having·the formula Ki-zRbzTiOM04 
· wherein x is from O to l and· M is selected from P and . . .. . . 

As, and single. crysta_l _materials of said formula 
where· the cations have been· -replaced by at least one 

. 15 of Rb+, Tl+ and cs+. 

23. An optical article in accordance with 
·claim 22· whi.ch. i.s a modified single crystal of 
10'i.OP04 conta:ining.sections where the cations of 

20 1tTiOP04 hav~ been ~~r.~ially. l"f!placed by. at le-ast one 
·of Rb+ and Tl+. 

24. In an optical waveguide device comprising 
at least one. channel· wave~uide, means to couple an 

25 ~ncomin9 optical wave into.said channel waveguide and 
means to couple an outgoing wave out of said channel 
waveguide, ~be improvement wherein the channel 
waveguide is an optical article as provided in 

·30 

Claim 12. 

2s·. ·A process for preparing a channel 
waveguide for a wavelength conversion system 
comprising the steps of: 

(1) providing a z-.cut substrate of 
35 c·rystalline material having the formula Ki-zRbzTiOM04 

wherein x is from zero to one and M is P or As or 
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cr}".st~lline mate~ial having said formula wherein the 
cations have been partially replaced by Tl+, said 

5 substrate including :·an optically smooth surface with. 
a sele~ted portion at which it is suitable to form a 
channel waveguide; 

(2) ·. provi~ing a molten salt containing 
catiozis selected from the_ group consisti~g of Rb+, 

10 cs+ and Tl+ in an amount efficient to provide upon 
expos~re to said waveguide portion at a selected -
temerature for a selected time sufficient cation 
replacement to change the index of refraction with 
respect to the index of r~fraction of ·said substr~te; 

15 (3) applying a masking material on said 
substt~te to provide a pat~ern of aligned areas along 
said waveguide.portion of said optically smooth 
surf~ce which are ~lternatelj masked with a material 
resistant to said molten salt and unmasked; 

20 (4) inunersing said masked subst.rate in said 
molt.en salt at said selected temperature for said 
seleted time, "thereby providing cation replacement in 
said unmasked areas: 

(5) removing the masking material from said 
25 substrate; and 

(6) finishing said substrate to provide a 
clean waveguide with polished waveguide input and 
output faces; 
the length ~f said masked and unmasked· areas being 

30 rselected such that after said cation replacement in 
the unmasked areas·, a channel waveguide is provided 
at said portion which comprises at least one optical 
conversion segment consisting of a series of aligned 
sections of optical materials; and such that the sum 

35 for the series of sections _of the product of the 
length of each section an4 the ~k for that section is 

ii1i/IDitif Uiced · 
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equal to abou~ zero, and the length of each section 
is less than its coherence length; wherein the Ak for 

s each section is. the difference betwee·n the sum o·f th~ 
propagation const~nts for the incident waves for the 
wav.elength conversion system in that section and. t.he. 
sum of the. propagation con~t·ant: for the generated 
waves for . said wav~leng.th conversion system in that 

10 section, and tbe.coherenc:e length for each section 
211' 

15 

.20 

25 

30 •. 

35 

is --- for·that section~ 
Ak 

26. . The p~ocess ... of Claim 25 wherein the 
substrate of step· (1) has t;he formula x1_:z.Rb:z.TiOM04 • · 


