1 OPTI CAL ARTICLES;FCR‘MAVELENGWH CONVERSI ON AND THEI R MANUFACTURE AND USE
FI ELD OF THE | NVENTION This invention relates to opti cal /ﬂS@ﬁ(ﬁ@ﬂ nor e
parti cWQBINIIY optical articles uséful for wavel ength conver5| on.
BACKGROQUND OF THE | NVENTI ON Consi derabl e e}fort has recqpiiyx Reen directed.
t owar d devel opi ng optical systens such as connunlcatlon tems using
optical waves. A challenge often encountered in the desi gn of such systens
is the éfficient generation of optical Wedd&Ewith wavel engths which are

particularly.suitable for ‘OPTICAL ARTICLES FOR WAVELENGTH
5 . CONVERSION-AND_THEIR-MANUFACTURE AND USE
-EL1ELD OF THE INVENTION :
' Th1s invention telates to optical articles. and
more particularly to opt;cal articles useful for
~ wavelength conversion. ‘
0 BACKGROUND OF THE INVENTION
| Considerable effort has recently been directed
toward develop;ng optical systems such as
'communxcatzon systems uszng optzcal waves. A
e challenge often encountered in the design of such
v 1s systems is the efficient gene:atzon of opt;cal waves
with wavelengths which are part:cularly suitable for
use'in shch systems. Fpr'example. while efficient
laser generating of infrared waves is commonly
| available, the direct'generation of certain more:
20 desirable waves havxng shorter wavelengths is often
| 'con51derab1y more d1££1cult. | o
One approach to prov;ding waves thh more
desirable wavelengths has been wavelength conversion
whereby_afticles'containing an optical medium are
25 used to at least partially convert optical waves
~ incident to the medium to optical waves_hsvipg a
different wavelength. For example, a frequently used
waielength'conversion process involves second -
hatmonic'generatien where an incident optical wave is
30 dxrected .hrough a medium (e.g., & nonlinear crystal)
in which optical waves having wavelengths
corresponding to the second harmonic of the
wavelength of the incident optical w:ve are generated
by interaction between the medium and the optical
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use in such systems. For exanple, ‘while efficient | aser generating of
.i'rnfrared waves is commonly avail able, the direct generatlon of certain nore
desirabl e WO8V0033% ng shorter wavel engths is often consi der alRGI/HSPY/07053
difficult. One approach to providing waves w bh nore desirabl e wavel engt hs
“has been wavel ength conversi on whereby articles containing an opti-cal
medi um are used to at least partially convert optical waves incident to the

medi um-to opti-cal waves pied1aydinf Qﬂzftmcwvei—emlés fEQrwﬁvé'IBh%’tlﬁ
frequently used wavel e “conver si on process invo ve second harnoni c

generatlon wher e aﬁ°9ﬁ€g 83Ap. opaves ok uitah ?eU?EE eRe&bgRI® nedi um -
(e.g:, alﬂﬂﬂlﬁeargéﬁé§§EEB over the length of the medium. It is well

known in designing such articles that unless means
are provided for inhibiting destructive interference
between the waves qenerated at various points ‘along -
" the medium length, the efficiency of wavelength
10 conversion schemes such as second harmonic generation
can be severely limited. Accordingly, there is
'generally a need to enpioy someﬂtechnique to control
the effects of such: destructive interference.
In somewhat more theoret1ca1 terms, wavelength.
15 conver51on ‘systems may be generally addressed in
' terms of a propagation constant k for each of the
interacting optical waves in the conversion medium.
For the purposes of this description, k for each
'optical wave may be defined as equal to 2wn/A, where
201- n is the refractive index of ‘the medium and X is the
| 'wavelength of the wave In_view of the inverse
relationship between the nropagEtion-conStant and the
- wavelength, and the fact that tne refractive index
~ can be different for optical waves of different
_25 ~ frequencies, the propagation constant for each of the
' interacting optical waves in the conversion medium
c3h clearly be different ' . _
Generally, for wavelength conversion the sum of
: freqﬁencies of the interacting incident waves is
30 equal to the sum of the frequencies of the waves
fgenerated by the interaction. To minimize the
destructive interference between waves generated in
the medium, it has generally been considered _
‘desirable that the sum of ‘the propagation constants
35 of the interacting incident waves also closely
approximate the sum of the propagation constants of
-
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in which optlcal waves havi ng wavel engt hs corresponding to the second
harnoni ¢ of the wavel ength of the incident optical were are generated by

I nt er acligPgy/hg¥3geen the nedium and the optical waves. 2 POIUSS8/0§053n
optical _articles for wavel ength conversion, waves of suitable wavel engt h
are generated over the length of the nmediud It is well known in designing
such articles that unless neans-are provided for inhibiting destructive

interference the waves generated by the interaction. 1In other
words, for the optical waves involved in the
5 wavelength conversion, it has been considered
- desirable for efficient ﬁavelength 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 gehe:ated in the medium (i.e., the Ak for the medium)
~ 'be about zero. Adjuftihg-a_wavelength conversion
‘system to a condition whete.Ak is about zero is known
as phase matching. '
An opt:cal parameter of some interest in
15 wavelength conversion systems for a particular medium
' is the coherence length, coh, which is generally
. ' 2w | - _
h defined as .Ak - For conditions where Ak is about
- io_ ‘zero, it is evident_that the corresponding coh is
relat1ve1y large.
For purposes of further illustration, in a
normal’ phase matchzng process 1nvolv;ng_the nonlinear
 interaction of three beams in a crystal system where
25  two beams of incident optical waves having respective
frequencies w; and w, and respective wavelengths 3,
and A\, are directed through a medium (e.g., a dt?stal
or a composite material) having a refractive index
n(w) which varies as a function of the optical wave
30' frequency, to generate optical waves having a
frequency w3 and a wavelength A3, 8 beam propagation
constant k is defined for each wave beam as equal to
Zun(u)lk, and a Ak for the crystal system is
'tepresented by the telatzonsh:p
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bet ween t he waves generated at various-points along the nedlun1length t he

. efficiency of wavel ength conversion schemes such as second har o
gener at i onW@A/14083¥verely linmted. Accordingly, there is gen ﬁ@”@/ﬁ@%ﬁ

to empl oy sone technique to control the effect4 of such destructlve

“interference. In somewhat nore theoretical terns, wavel-ength conversion
systens may be generally addressed in terms of a propagation constant k for

- each of the interacting optical waves in the conversion nedium For the

pur poses of this description, k for each optical wave may be defined as

equal to 2[err]n/[err], where the refe | ind tfie nedi um-and
[err] is the \N&ﬁ/el ength ojkthem I novi m M

A A Mo
\ - The maxzimum output inteasity occurs in such a
system when under conditions where the phase system
10 is mstched (i.e., Ak is zero). The intensity of
' output for a phase matched system generally increases
in proportion to h2 the square of the crystal
length, h. - .
‘For second harmonic generation systems the
15 frequencies w; and wy are taken és equal and as one
' half of the frequency wy. Accordingly, the
‘wavelengths X and %, are twice the wavelength A3 and
Ak for second harmonic generation systems. may be "
tepresented in terms of the above example, by the
20 _relat1onsh1p. '

Ak P (ﬁ( )(-;)
. = n{w -N : .
N N Mt

3
25 . The coherence length for such second harmonic
generatxon systems may thus be represented by the
relat;onshxp'
30 _ _' COh = == ‘:.)‘? - - 0.511 - .
' : _n(u3)-n(w1)_ n{wy)-n(w,;)

‘An alternate example of a wave conversion
scheme involves generating two waves with'anelengths_
: A5 and Ag from & single input wave of wavelengths Aqe
3s - - |
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rel ati onshi p between the propagation constant and the wavel ength, and the
fact that the refractive index can be different for optical_waves

f
di f f er eWO 91/68389nci es, the propagation constant for each ofPWéJS!‘H?@Pé%ti ng
optical_ waves in the conversion mediumcangclearly be different. Generally,
for ‘wavel ength conversi on the sum of frequencies of the interacting
I nci dent. waves is equal to the sumof the frequencies of the waves

generated. by the int esee_ékauht%haii@ués_zmém maraléfnbnetirratt@d‘ QEence
dosi rabl 6 t hat RFRPSSRAOFOFHAcHISTATE iefe TRt Bhdse’ mERRT et ng
i ncident wayes @66, cfogcexample, F. A. Hopf et al., App;ied'
Classical Electrodynamics, Volume II, Nonlinear
Optics, John Wiley & Sons, 1986, pp. 29-56.) The
most common of these are the angle and temperature
tuning techniques used in nearly all current
10~ applications such as second harmonic generation and
sum and differehce fréquéncy deneration. In angle
tuning of bulk material such as a single crystal, the
orientation of-thg'crfstél'rélative to the incident
~ light is adjusted to achieve phase matching. The
15 techniﬁﬁe is gené:ally'consideted inappropriate for
' - use in articies such as_wéveguides'which by nature of
their deSign'mmét be oriented in a particular ,
direction with rega;d,to incident waves. Temperature
| tuning relies on the temperatute'depehdence of the
207 birefringence of the méterial and may'be used for _
_waveguides as well as bulk material. However, for
‘many materials the temperature dependence of the |
birefringence is large and, although temperature
~ tuning is poSsibleffbr waveguidés,in these materials,
25 a high degree of temperature control must be provided
(e.g., +/- 1°C). 1In optical materials where the
-tEmperaturé'depepdehce of_the'birefringénce is small
(e.g., KTiOPO4), 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 in the refractive index to
correct for the fact that Ak is not equal to 0, 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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approxi mate the sum of - t he propagati on constants of 3 the waves

- generated ﬁy h@& ipteraction. In other words, for the optical 70
i nvol ved i NQ el ength conversion, it has been considered S|rggle

_efficient wavel ength conversion-that the diffétence bet ween the total

~ propagation constants for the incident waves in the nmedium and the total

propagation constants for the waves generated in the nmedi um(i

[err]k for the medPAPPE.afouomaksi. Affhesendn Qxﬂﬂﬂ*%ﬁﬂﬂr
'Optxcal Interactions in Periodic Thin Films," Appl.

5 Phys. Lett., 21, 140 (1972)). As with the methods
above, the intensity of the second harmonic ontpot
_ increases with the square. of the length of the .
.materzal used. However, since only a small fractxon
of the beams are reflected. the overall efficiency of
10 th:s method is even less than the methods discussed
. _above. _ ’
' Other 'quasi" phase matchzng techniques have
h been demonstrated which involve periodic domain
reversals.orlinternal reflection (see J. A, Armstrong
15 et al., 'Interactions between Light Waves in a
| ' Nonlrnear D:electric". Phys. Rev., 127, 1918
(1952)) For example, Hopf et al., supra, dzscloses
- at page 52 segments of nonllnear optical material
_'-- where the nonlxnear optzcal coefficient is modulated_
20  at.a period equal to the coherence length £or the
'waves in the mater1al._ '
. Other modulated wavegu:de schemes have been
descr1bed 1n the art which can give phase matching by
' uszng lengths of adJacent materials which are equal
25 to the coherence length However, these per10d1ca11y
o modulated schemes can be very sensitive to wavegu1de
parameters._snch:as_wavegu1de depth and modulation
_period, and are not highly efficient with respect to
conversion. . . |
30 " There remains a need for wavelength conversion
“ schemes for efficiently converting fundamental
optical waves to useful alternate wavelengths.
. - SUMMARY OF THE INVENTION
This invention is based on the d1scovery that
35 .wavelength conversion ‘can be accomplished by using a
| serzes of sect;ons:of_optical materials wherein the
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systemto a condi ti on where [err]k is about zero is known as phase

mat chi ng. An optical paraneter of sone interest in wavel ength conversion
systens

ticular nmediumis the coherence | ength, ccjncrmhsgnt’oms:;
~genera||y ferr defined as For gonditions mhere Ak is about .
[err]k zero, it is evident that the Corresgonding coh-is relatively I|arge.
For purposes of further illustration, in a normal phase matchi ng process

her od b BBk RFRReRR. TR rALK R PEERChS, B e st 50
lengths are balanced to control the effects of
5  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. Balancipg‘the section.lengths
and refractive indices requires that the length of
10 each section (i.e., hy) is less than its coherence
' ' 2w
length (i.e., -

) for the wavelength conversion
kg
- system; and that the refractive indices of the
_ sections be such that the sum for the series of the
15 product of the length and Ak fqr each section (z.e..
ak;) is equal tqlabdut zero (i.e., LAkjh; & 0).
: : : : b & .

A process foi wavelength conversion- is provided

in accordance with thzs invention which comprises the.

. step of directing the incident optical waves for
‘wavelength conversion through a series of al;gned '
sections of optical materials for wavelength
conversion, saic sections being seleéted ‘such that
the sum for the ser1es of sections of * product of -
the length of each section in the.d;:e-tzon of
alignment (i.e., h;) and the Ak for that section
(i.e., Aki) is equal to about zero, (i.e., |

20

25

LAk;h; & 0) and such that the length of each
i . ' . o
30 éection is less than its cohgrencé length

2%
(i.e.,

). The Ak for each séction is the
Akj '

difference between the sum of the propagatxon
35 constant; £9r thg incident waves for the wavelength
conversion system in that section and the sum of the
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frequencies [err] and [err] and respective wavel engths [err] and [err] are

~directed tfr a.medium (e.g., a crystal or a conposite natg*ﬁ?h Wals)
a refractigéyyﬁﬂggwn([err]) whi ch varies as a function of the op |%%?a%§§e_

_frequency, to generate optical waves having a8 requency [err] and a

“wavel ength [err], a beam propagation constant k is-defined for each wave

beam as equal to 2[err][n([err])/[err], and a [err]k for the crystal system
is represented by pnopaeh&nnanﬁqstant4fqert e generated waves for the

wavelength conversion system in that section, and the.

2w

coherence length £or'each section is for that

Ak
.section" The process may be used to generate beams
having a certain wavelength £rom two 1ncident beams.
io_ Alternatively, the process may be used to generate
two beams from one incident beam. A preferred_use of
the wavelength.convers;on process, however, is for
"'second harmonic generation. wherein the generated
- oaves_haie a wavelength which is one-half the
15 wa#elength_oflthe incident besms. Generally, eitner
at least one of the section materials is optically
nonlinear,'Or'a layer of nonlinear optical material
is prov1ded adjacent to the series of sections during
wavelength conversion, or both.- _
20 Optical articles are prov1ded in accordance
“with this invention for use in a wavelength
conversion system. ‘The articles comprise_at least
one optical. cbnversibn segment consisting of a series
of aligned sections of optical materials for
25 wavelength conversron, wherein said sections are
selected so that the sum of the product of the length‘
of each section (i.e., h; ) and the Ak for that
~section (i.e., Aki) is egual to about zero, (i.e.,

tAk h; & 0) and . the length of each section
30
- is less than its coherence length (i. e., 2w/8ky) .

Optionally, the optical article further comprises a

layer of nonlinear optrcal material adjacent to said

optical conversion segment Embodiments are provided
as in accordance.with.this invention wherein_at least

_—'—’_——‘————__’__—'-—-‘—
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The maxi num out put intensity -occurs in such a systen1mhen under conditi ons
where the phase systemis matched (i.e., [err]k is zero). of
out put WO X 8 HOPI¥se natched system generally increasesi|1p$£€9¢¥#@ﬂﬁ?%y
the square of the crystal |ength, h. For s@cond harnonic generation systens
the frequencies [err] and [err] are taken as equal and as one half of the

frequency [err]. Accordingly, the wavelengths [err] and [err] are twi ce the
wavel-engt h [ errénend£| the] seckicematetialenis pondimearns whemedn may be

represented in §grfPsgbith 4 oS e foa e ABn1 i Bl Eal ° 1
' 5 material; and wherein the sections are constructed of
' _optiéally linear material and/or of optically
honlinear material and a layer of nonlinear optical
' mater;al is prov:ded adjacent to the optical
) conversion segment. Preferred optical materials are
10 single crystal materials of ‘the formula
K;.xRbyTiOMO4, where x is from 0 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*, T1* and Cs*.
15 For a segment having'p-sgcﬁions of respective
- lengths hy, hy, ..fhi,'..;hp characterized as having
a series of propagation constants 3% kz. cesskys
...k for each.of the optical waves in the wavelength
_ -conve:szon system wherein k; - anl(u)ll, and n;(w)
20 and A are respect1ve1y the refractive index in the
section and wavelength, a Ak is provided for each
sect;on which corresponds to the difference between
"the total propagation constants for the incident
waves for the wavelength conversion system in the
25 section and the total propagation constants'fo:'the
~ generated waves for the'wavelength conversion system'
in the section. 1In aéco:danée'with this inﬁention.
‘the sections for each segment are selected so that |
the sum Akjh; + Akphy + ...4ksh; + «++8kphy for the
30 gegment (i.e., the sum h;jAk; for the series, or

;Akihi) is equal to about zero, and each section’
i

2%

length h, is less than

35
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The coherence | ength for such second:harnonic generation‘systens nay t hus

~ be repr ese%&% % H:e relationship: [err] An alternate exanpl elFI 53
conver si on R33NV ol ves generating two waves w th wavel engt’hs [err and

[err] froma single input wave of wavel engthsiperr]. 5 Sever al
" techni ques have been denonstrated or proposed for achieving eff|C|ent phase
natchlng (See for exanple F.. A Hopf et al., Applied
_ : A preferred embodiment involves second harmonic

generation wherein at least one of the materials in .

5 the series has a nonlinear optical coefficient which
is non-zero. ' | |

‘Certain embodiments are provided where the. p
7sections may be characterized as e:ther one segment
having g ad;acent section pairs (i. e., p= Zq) _

10 wherein the sum Akj_jbj_j + Akjh; for each pair is
ahout zero, Or q'adjacent ‘segments of 2 sections each
wherexn in each segment the sum Aklhl + Akyh, is
about Zero.

_ - Channel waveguides constructed in accordance
15 with this 1nvention can be used to improve optical :

1 _jwaveguide devices which comprzse at least one channel
waveguide, means to couple.an incoming optical wave '
'into said channel wavegnide and means to couple an
outgoing wave out of said channel waveguide

.20 This 1nvent10n further provides a process. for h
o .]preparing an optical article One process for
preparing a channel waveguide for a wavelength
conversion system in accordance with this 1nvention
comprises the steps of: (1) provzding a z-cut

25  substrate of single crystal material having the

' formula K;_xRby TioMO, 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
vhich~it-is suitable to form a channel waveguide:'

30 (2) providing a molten salt containing cations
_'dselected from the group consisting of Rb*, Ccs* and
1+ in an amount efficient to provide upon exposure
to sazd waveguide portion at a selected temerature
for a selected time sufficient cation replacement to
35 change the index of refraction with respect to the
' index of refraction of said substrate; (3) applying a

. This Sheet 14
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Crassical El ectrodynami cs, Volune |1, Nonlinear Optics, John WIey & Sons,
1986, pp. 29-56.) The npbst common of these are the angle and tenperature
t uni ng “@bﬂﬂﬂﬁﬁ@s used in nearly all current applications R IBShd
har noni ¢ generati on and sum and differenceyirequency generation. In angle
tuning of bulk material such as a single crystal, the orientation of the
crystal relative to the incident light is adjusted to achi eve phase

mat chi ng. The tﬁsbnmgemategﬁmr an ys@b@ssdbsEdateamr Qrowide f®r use in
o el o8 SUCh 2SpbRAEULSR Wil W el UhFoRh BRTH siSRU R o PEion
Tenperaturestunoﬂgsaedlegumcaltytsmnmtnlsusfdeeewudmhaaﬁethe :
alternately masked with a material resistant to said
molten salt and unmasked (the lengths of said masked
and unmasked areas being suitably selected to prov1de :
. phase matching in accordance with this’ invention);
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 .
: £rcm'said substrate, and (G) finishing said substrate
.15 to ptovide a clean waveguide Wlth polished waveguide
'input and output faces. '
BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a schematic drawing of an apparatus
_ for wavelength conversion in accordance with this |
20 .invention. | |
_ Figure 2 is a perspective view of a waveguide
for wavelength conversion 1n accordance with this
1nvent10n .
) 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 8 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
Figure 4. '
Figure 6 is a perspective view of another
waveguide for waveguide conversion in accordance with
__"this invention. '
35 |
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birefringence of the material and may be used for wavegui des as well as

- bulk material.. However, for many materials the tenperature dependence of
t he birefriwQ®we3ss | arge and, although tenperature tuning i sPEDLSIOIETOSDr
wavegui des in these materials, a high degree gh tenperature control nust be

* provided-(e.g., +/- 1[err]C). In optical naterlals where the tenperature
dependence of the-birefringence is small (e.g., KTiOPderr]), although a

hi gh degree of tenperaturg g rply gsaﬁe;ggﬁgﬁyath%(yygga&f yavel engt hs
over which tenperature tuning iIs pg Si gr wavegui des 1s snmal|l. Phase

mat chi ng. for secon® &k PBﬁhggl g tween, dlepthy and  sefrectire
refractive index tdndex mismatch for different waveguide widths.

.DEIAILED_DEEQRIEIIQH_QE_IHE_IH!ENIIQH
. In- accordance with this invention means are
"_-prov1ded which are suitable for at least partially
converting optical waves having one wavelength, into
10 optical waves of a different wavelength. In general,
a during wavelength conversxon the sum of the
frequencies of the incident waves and the sum of the
'frequenczes of the generated waves is equal.
'Accord1ngly, ‘for wavelength.convers1on systems where
15 waves'of frequency vy and'wavelength Xi are used
along w1th waves of frequency uz and wavelength A to
generate waves of frequency u3 and wavelength A3, w3 .
is equal to the sum of w) and wy; and for wavelength'
converszon systems where waves of frequency wg and’
20 wavelength LY are used to generate waves of freguency
. Wg and wavelength 15 along wrth waves of freguency wg
and wavelength g, wg is equal to the sum of wg and
Wg . _
o A process_for_wavelength conversion is provided
25 in accordance with this invention which comprises the
.step of directing the incident cptzcal waves for _'
-'wavelength conversion through a series of aligned
. sections of optical materials 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 egual to about
zero, and the length of each section is less than its
coherence length. As further discussed belcw Ak for
35 each sectxon is the difference between the sum of the
propagation constants for the incident waves for the

. This Sheet 1.
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correct for the féct that [err]k is not equal to O, can be acconplished by

reflecting back both the fundanental and second harnoni c be i a
way t hatWOrd/9838?ect ed beans are phase matched (see, for i@’k%?m 37

Sonekh,_“Phase-rnterchangeable Nonl i near Cb%?cal Interactions in Periodio
Thin Filnms," Appl. Phys. Lett., 21, 140 (1972)) As with the nethods above,

the intensity of the_second harnnnlc out i ngre the s [0 of
the | ength of thWaKELEPELD GORYELSHRN, FY s%?mcé” Eﬁ?i sﬁd%ﬂ on | ® of

the beans are reéhﬁCbedthth@napagadidﬁfeansoantofor the generated
5 waves for the wavelength conversion system in that

~section, and the coherence length for each
2w

"~ gection is -for that section; The'process may

Ak .
be used to generate beams havrng a certain wavelength .
from two incidental beams. Alternatively, the '
process may be used to'geuerate two beams from one
incident beam. A preferred use of the wavelength
conversion process, however, is for second harmonic
generation, wherein the generated waves have a
wavelength which is one-half the wavelength of the

" incident beams. o

The optical articles of this invention for use
in a wavelength conversion system comprise at least
one'optical conversion ‘segment consisting of a series
of aligned sections of optical materials for

'wavelength conversron. The series may be represented
as:a_plurality of p aligned_adaacent sections of
optical materials, my, Mg, ..My, ...my. Each
section has by a length h; in the direction of
alignnent.and a refractive index ni (w) which varies
‘as a function of frequency w of the optical waves
passing therethrough. The difference between the
total propagation constant of the incident waves for
each aligned section and the total propagation
constants for the waves generated for each of the
aligned sections defines a Ak; for the section. In

. accordance with this invention, the sections for each
of said aegments 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., Akjih; +.Ak2h2 +

«o.Bkijhy 4 ...Akphp) is equal to about zero;

10
15
&
| y
30

35
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this nmethod is even |ess than t he nethods di scussed above. O her "quasi"
" phase mat chin technlques have been denpnstrated which involv

donaln r eV %Y/

09339 internal reflection (see J. A Arnstrong ?Fngggg)ﬁoﬁ

"I nteractions betmeen Light Waves in a Nonlinggr D electrie", Phys. Rev.,

127, 1918 (1962)).

For exanple, Hopf et al., supra, discloses at page 52

segnents of nonlinear optical material where the nonlinear optical
coefficient is nodul ated at a-period equal t ogtghe coherence length for the
waves in the materigya. egeﬁnﬁlcig PesdMhghet—in SPI E Vol 11 48 "Nonli near

Optical Properties of Mat eri at s" 1989 dISC|OSQ& a wavegui de for optical
frequency conversion conpr|5|ng

10
15
20

25

.30
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It is des;reable that the 8Ak h be as close to
3 :
zero as practical It should be understood, however,

that perfect balance of the opt1ca1 characteristics
and section lengths is difficult to achieve, and that
the advantages of this inventlon can be achieved so

- long 8s tAk h is maantained in the range of about

Zero: that 'is the overall coherence length over the
entire wavelengtb conversron path is greater than the
length of the wavelength conversion path itself. Aan
approach”to'designing'waéelength'conversion paths to
achieve th;s balance is to actually calculate the Ak

and sectzon length for each section. 1In this

approach, an advantageous balance is consxdered to.
occur ‘when the sum over tbe_entzre wavelength
convetsidn-path'ofjthe products of the Ak of each
section with the length for that section has an

" absolute value less than 27. Preferably the

resultzng total of said product over. the wavelength
conversion path is less than 3x/2; and most
preferably it is less than w.

- Accordxngly, for optical artacles of thzs
1nventzon havzng a number (N) of optlcal conversion
segments in sequence, with the segments 1, 2, ... and
N respectively baving Py, P2, ... and py sections, it
is desxreable that each segment be designed such

that EAkzh for the wavelength conversxon system

-segment has an absolute value .less than 2v/N, so that

the sum of the product. of 4k with section lengths for
the total number of sections, py+Pg+...+py. in the
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segrment of non-linear optical material where the non-Ilinear optical
coefficient is nodulated for a period equal to the coherence |ength for the
respect piGofR)¢8s9 i N the material. O her nodul ated wavegui dePETIUSHL0M08Y e
been described i n.the art which can give phgse matchi ng by using | engths of
adj acent materials which are equal to the coherence |ength. However, these
periodical |y nodul ated schenes can bé very sensitive to wavegui de

par anet ers, sucmas?\ﬁ@ugew éenﬂt%tttémp%m@%éﬁwa a%h%dze%d ﬁ{ q:m@t

hi ghly eff|C|en ct to conversjon. There renmains a need for
wavel engt h convesensa §§ﬁ§ﬁé§eﬂorﬁmﬂ KRty Béﬁvéﬂt Pﬁ’goflt!ﬂ@aﬁ'é‘k‘%ﬁ

5 less than 2w). Preferably, zAk h; for each segment

has an asbsolute value less than 1.5w/N, and most
preferably tAkih has an. absolute value less than w/N.
i

Use of this approach may be exemplified by
16 reference to the optical article in accordance w;th
this invention in the form of a waveguide as
~illustrated in Figure 6. 1In Figure 6, a single
crystal of KTiOPO4 (22) has a series of sectiens
R including'a'plnrality of aligned sections (57), (59),
15 (61), (63), (€5), and (67) of KTiOPO4 wherein the
cations_have been partially replaced by Rb*
alternating with a niuraiity of aligned sections
(58), (60). (62), (64), (66) .and (68) of KT10P04
_ .wherein the catzons have been part1a11y replaced
g0 either by T1* or by a mixture of Rb* and T1*. 1In
this embodiment rubidium and/or thallium cation
substitution in KTiOPO,; in the manner shown insure
~ substantially cpmplete'guidanee of the wave on the
eptical path through the waveguide.
25 : . The sections in Figure 6 are sized such that
' the optical article has a first optical conversion
‘segment represented by the aligned sections (57) and
(58):; a second opticel convereion segment represented
by aligned sections (59) and (60); & third optical
56 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
a5 conversion segment represented by aiigned sections
(67) and (68). Thus, in this simple illustrative
case the number of optical conversion segments. N, is

T
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7 optical waves to useful alternate wavel engths. SUVVMARY OF THE | NVENTI ON

- This invention is based on the discovery that wavel ength conversi on can be

acconpl i ShadO®E/a938Ng a series of sections of optical nateri al BCTHUIS/T08he
differences in the refractive indices and the ggction | engths are bal anced

"to control the effects of destructive interference through the series such

that the optical waves are phase matched at the end of the series even

though they are not éplante the clumbemn aﬁesemtiiansluﬁbrseet:hosegumitan(p.ngls he

secti on Iengths 2. The summation of the product of the Ak times the .
5 length of each section over all of the six optical
conversion segments must have an absolute value less
than 2v and to ensure thxs, ‘the summation of the.
*product of the Ak times the ‘length of each section :
. for each one of the six optical conversion segments
10 prefetably has ‘an absolute value of less than Zw/N
(i.e., in this simple case, less than: w/3). One can
'see,that as the number dfncptical'convetsion'segments
in the optical path grows the summation of the
" product of the Ak times the length of each section
15 for each of the optical conversion segments must have
an absolute value approaching 0. As a practical
matter the number of opt1ca1 conversion segments
_along the opt:cal path can be on the order of
hundreds so6 that the zero product summation is
20 .approached. . : . |
' As a nractzcal matter. in many cases because of
limitations on the precision associated wlth
preparing a series of sectiens for use .in this
invention (including preparing the optical materials
25 themselves) one may w1sh to confirm that the desired
- balance or the Ak's and section 1enqths have been
sach;eved by observing that the overall coherence
length over the entire wavelength conversion path is
greater than the length of said path. 1In some cases,
30 one can observe the overall coherence length dxrectly
from examination of the weak scattering of waves
along the length of the wavelength conversion path.
Clea:ly, for EAR ihy to be about zero, the Ak . for

a portion of the sections of the ser1es must be of a

35 - gifferent sign than the Ak for other sections (i.e., .

~
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and refractive indices requires'that the length of each section (i.e.,
h[err]) is less than its coherence 2[err] length (i.e., -------- ) for the

wavel engigdogpensgr sion [err]k[err] system and that the r ef IRCE/US90/07053 €S
‘of the sections be such that the sumfor t series of the product of the

| ength and Ak for each section (i.e., [err]k[err]) is equal to about zero
(i.e., [err] [err] 0). A process for wavel ength conversion is provided in

accordance W th Jii fedd¥ coheOBK MY HEDILLElve Tadd at least one Ak
' must be negative). Indeed a process for wavelength
.5 . conversion is provided in accordance with this
invention which comprises the step of directing the
incident optical waves for wavelength conversion.
through a wavelength conversion path having a series
of'éligned-secfions of optical materials for
10 wavelength conversioh: at least one of said optical
materials having a Ak which is positive for said
| wavelength conversion; at least one of said optical
“‘materials havihg'a Ak which is negative for said
wavelength conversion; and the series of secfioné'
15 being'selected such that the sum of the products of
the lengths of each section of material having a
negative 4k with its. Ak is balanced with the sum of
the products of the lengths of each section of
material having a negat:ve Ak with its Ak so that the
20 overall coherence_length over the wavelength
-conversion path is gteatet than thehlength of the
wavelength conversion path. Preferably, for
efficient wavelength cénversion, a section having a
4k of one sign Should be adjacent to at least one -
25 section having a Ak of the opposite sign.: ‘
For example, in a section wherein two beams of
tncident opticél'waveé having reséective freguencies
w; and wy and fespective'waveiengths A, and A, are
' directed'thfough'a medium (e.g., a crystal or a
30 rcomposite matetial) having a length h; and hav1ng a
' refractive index n; (w) which varies as a function of
the optical wave frequency. to generate optical waves
having a frequency'u3 and a wavelength.l3,'a beam
propagation constznt k is defined for each wave beam
35 as equal to 2wn(w)/A, and a Ak; for the section is
represented by the relationship: |
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8 The process may be used to generate beans having a certain wavel ength
fromtwo incident beans. Alternatively, the process nay be used to generate
two beans fWORKMBI nci dent beam A preferred use of the wavel BEF(HS90/07053
Lonversi-on process, however, is for second har &8ni ¢ generation, wherein the
generated waves have a maveLength which isone-half the wavel ength of the

i nci dent ~beams. CGenerally, either at |east one of the section materials'is
optically nonlinear, or a layer of nonlinear optical material is provided

adj acent to the series of segigy Qprlngzﬁﬁv Leyot Baponyensi on, or both.
Opti cal artlcleg argkprQV|de Qe nce.iELEp u&4i£g&h|on as defined

e | A3 S 2,

. : In accordance with the process of this
'invention, the incident optical waves of. such

_ wavelength_conversion systems (having fregquencies w,
and w,) are directed through a series of sections
selected such that the sum of hjAky for the series is
egual to about zero. The optical conversion segments'
for optical articles using such. wavelength conver51on
systems consisting of .a series of sections selected
such that the sum of h Ak; for the series is about

- Zero.

10

15

In the case of second harmonic. generation, “1
and @, are equal and are each one-half of wj.
Accordingly, for second harmonic generation, the Aks

for each section may be represented by the
relationsh1p° '

: 21’( )
25 Aki - 'xag”-ns¢3)i. n(u%i).
Alternatively, in'a'section where a beam of
incident optical waves having a frequency wy and
| wavelength 14 is directed through a medium having a
30 length h and having a refractive index ni(m) which
varies as a function of the optical wave frequency,
to. generate two beams of optical waves having
respective freguencies wg and g, and respective
wavelengths Ag and 16' a beam propagation constant ks
'35 is defined for each wave. beam as equal to 2wn;(w) /2,

and a Ak; for that section is represented by the
relationship°

20
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claim12 for use in a wavel ength conversion system The articles conprise -
~at- | east "one optical conversion segnent consisting of a series of aligned
sections oWOP1408339 materi al s for wavel ength conversion, wher PATAIBH/07053
.sections are selected so that the sumof the pygeduct of the Iength of each

“section (i.e., hi) and the [err]k for that section (i.e., [err]k[err]) is-
equal to about zero, (i.e., [err] [err] 0) and the l'ength of each section
is I'ess than its coherence length (i.e., 2[err]/[err]k[err]). Optionally,

the optical article further g (5.9 a | o) (@f ) NoRirhIgar, Yoptical material
“adj acent to said opAkgak con nanL__Ené Q prOV|ded in

| accordance witls this fnvention V\megel n at Ienét 4
In accordance with the process of this
1nvention. the incident optical waves of such
. wavelength conversaon systems (hav;ng frequency wy)
.10 are directed through a2 series of sections such that
“the sum of hjAk; for the series is equal to about
zero. The optical conversion segments for optical
articles using such wavelength conversion systems
_ consist of -a series of sections selected such that
15 the sum of hjak; for the series is about zero. ,
- in any case, a coherence length coh; is defined
for each section by the equation._-

' ' - --2« :

in accordancenwith the process of this
. invention, each'of,the sections in the series through
25  which the incident optical waves of the wavelength
'~ conversion system are directed has 2 length h; which
'is less than its coherence length ¢ohj;. The optical
conversion segments for optical articles using such
| wavelength conversion systems consist of sections
. . 30'. having_lengths;hi'which are less than their
‘Tespective coherence lengths coh;.
For certain embodiments of this invention the p
sections of optical‘materials may be characterized as
pairs'of'adjacent sections of optical'materials, my
35 and msy, m3 ‘and mg, ...Mmj_3 and my, cesMaq.y and myq
(i.e., p = 2q) each section ‘being characterized by
I —
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9 one of the section materials is nonlinear; wherein each section is

constructed of nonlinear optical material; and wherein the secthpﬁggﬁe
const r uwiOell/69338pt i cal |y |inear material and/or of opti cal P

material and a |ayer of nonlinear optical n2@erial is prOV|ded adj acent to
t he optical conversion segnent. Preferred optical materials are single

crystal -materials of the fornula Klerr]Rb[err]Ti O\/%err] where x is fromO
to 1, and Mis Pcorrasponding nigrathssthy.nhperi-al 10f-9wh2§mnnula wher e

the cations of S@difesﬂaﬂéiﬁﬁE%éf¥£é€4+¥ indices, nj, Ny, «...N4,

_5 '--n2q and corresponding propagation constants
_associated with each wavelength of the wavelength
conversion system.‘kl, ks, °'°'k1' ...kp, and the

..materials are selected so that for each pair of
sections of material m;_y and ml the sum of Ak;_ihi. 3

10 end Aksh; is about 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 aqcordingly,‘an optical article (e.g., a
‘waveguide) cgmptisinghafsegment_wherein the sections.

15 are paired as abbve may elso be viewed as using a g
adJacent segments of 2 sections each (i.e., N = q)

In general, ‘the lengths, h;, hz, '°°'h1' ...h
"are much less than the coherence length and typ1ca11y
are each in the range of 0.25 to 50 pym and are often

20 each 1 pm or more. In practice, the ratio of o

: ad:acent sectlon lengths (i.e., h3_3:hy) is usually
in the range of 1 20 to 20:1. Typical section wldths
are between about 0.2 ym and 50 um and typical '
section depths are between about 0.1 um and 50 pm.

25 Both linear and nonlinear materials can be used

| in accordance wzth this invention. 1In certain
embod;ments at least one section of each. segment has

- a non-zero nonlinear optical coefficient. Typxcally'

_ each section w111 be constructed of nonlznear optical
30"'mater1a1s. _
Preferred opt;cal mater;als for the optical .
'articles of this invention for use in a wavelength
egnverSion system include crystalline materials
selected from single crystal materiel having the
35 formula K;_,Rb,TiOMO,, where x is from 0 to 1 and M
' is selected from the group consisting of P and As and
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repl aced by at |east one of Rb+, TI+ and.Cs+ For a segnent having p

sections of respective |engths h[err], hferr], ...h[err],
charact YO RWI3Y having a series of propagation constants krGFh'S"Jé?’é’ﬁ?]
.k[ere], ... k[err] for each of the optica?lwaves in the wavel ength

conversion systemwherein k[err] = 2[err]n[err]([err])/[err], and
nferr]([err]) and [err] are respectively the refractive index in the
section-and wavel shaghe grystalk mateninlsief spidafnrouds whene Ghe

corresponds to t héagiéﬁgr azceatiat R TE 496 abaewaaw r@ip 1GREd Y Saf Or

t he incident waves he wavel ngth conver si stemin the section and
the total probagal®BBtcORE: it §bf or The 3RA 5% ed FePrRGtigd wavel ength

conversion systenypisbiie,Swhendfsiny MWPEFPITS YE! Balld TorkeTd vlierein
the cations have been partially replaced and x is
~ about 0.8 or more. the replacement cations preferably
. include Cs*, T1* or both Cs* and T1*. As indicated
10 by U.S. Patent No. 4,766,954 the use of divalent ions
(e.g., Ca**, sr*+ and Ba**) with Rb*, Cs* and/or Tt
jons can provide a wide degree of control of
refractive index. The divalent ions,_as well as Rb*,
~ Cs* and/or T1* ions can exchange with the monovalent
‘15  cations of substrate material (e 9., the K* ions of a
KTiOPO, substrate) Examples of articles using the
" materials of this invention include an article having
a single crystal of KTiOPO4 which has been modified
_(e.g..,by cation exchange) to provide a waveguide'ofl'
20 seguential aectiens of KTiOPO, and sections .of |
' Ky_yRb,TiOMO, where x is not zero, and an article
having a single crystal of KTiOPO, which has been
modified to provide a waveguide of sequentiai
~ sections of KTiOPO4 and sections of KTiOPO, where the
25 cations are partially replaced by a mixture of Rbt
‘and T1* ions or a mixture of Rbt, Ti+ and Ba*t ionms.
- Optionally,'a layer or £film (e.g., an oriented
Langmuir-Blodgett £ilm) of nonlinear optical material
may also be provided adjacent to the ‘segment to allow
30 '.interaction using the evanescent component of optical
' waves. An additional embodiment of this invention 1s
a waveguide or other optzcal article, where

gAkihi is about zero and none of the optical
i :

35 materialsfof'construction are nonlinear per se, i.e.,'
have a nonlinear optical coefficient which is not

—_—
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the sections for each segnent are selected so that the sum
*[err]k[err]h[err] + [err]Kk[err]h[err] + ...[err]k[err]h[err] +.
.[err] k[ O¥OMI09839 for the segment (i.e., the sum h[err][er rPETAISY0/67963
. the series, or [errk[err]h[err]) is equal to adut zero, and each section
2[err] length h[err] is less than ------ [err]Kk[err] A preferred
enbodi ment - i nvol ves. second harnoni ¢ generation wherein at |east one of the
materials in the seegeslhte. &emon| i Adarthis icese cophasei matchedch is

non- zér.o. ' . wavelength conversion is obtained in accordance with
5 the invention by coupling the evanescent component of
the incident began into an'adjacent'laYer of
non11near optical material and coupling back the.
evanescent component of the waves generated 1n said
nonl:neat optical material. .
10 - Selection of - optzcal materials of . construction
and design parameters-such as section width and depth
‘enables the production of optical articles having the
desired nonlinear optical properties and substantial
~ conversion efficiency without extreme sensitivity to
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 the section is relat1ve1y
1nsensitive to ptoce351ng cond:tzons such as
20 temperature. : . .
' | There is belzeved to be actually no theoret1cal
11mit as to how many sections’ of optical materials
make up the optical ertxcle, as long as the_length of
each sectibn'is less thsniits coherence 1ength and as
25 long as for each segment LAk h1 is about zero _
For waveguxdes, the: numbe: of sections provided can ;
depend on such factors as the optical materials. used
and the waveguide length A range of about 400 to
30 1000 sections can be provided in a typical 5.0 mm
long waveguide. Longer waveguides can have up to
10,000 sections,'or even more. However, articles
compr1s1ng optxcal convetsion segments of only two
sections are also conszdered to be w:thzn the scope
‘35 of this invention.
Another example of optical elements using a
linear material such as yttrium aluminum garnet
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Lertain embodinents are provided where the. p sections may be characteri zed
as either one segnent having q adjacent section pairs (i.e., p = 20q)

wher-ei [err]k[err]h[err] + [err]Kk[err]h[err] for peT/U$/07053
—ahout 5%@36"@%5% adj acent segments of 2 sections each wherein in each
segmeni the sum[err]k[err]hferr] + Ak2h2 4% about zero. Channel wavegui des
constructed in accordance with this I nvention can be used to inprove

opti cal wavegui de devigces whigh rlse at st_one cha neI vegui de,
means to couple(hnerncghpngrogb lﬂ%&?ﬁrﬁiﬂ@ilﬁ SERafin&i "WQG%gU|ge and

neanstto C?UD|ﬁcéﬁseﬂlgeibﬁrWQwahﬂwxﬁhSﬂﬂttehenbebrdanQMmbns;erth
' nvention #rt eﬂePEQXEn%§t§J%“§K§§5I£E so that the 2Ak jhj is about

zero condition is met. Then. wavelength conversion
can be'achieved by propagating the fundamental beam
down the fiber and having the fringing fields
interact with an oriented nonlinear film or layer in
optical contact with the fiber, as in a
'Langmuir-Blodgett film. Another example of an
optical element in accordance with the invention is
' one formed as a series of platelets stacked one on
- another of a nonlinear birefringent material, such as
LiNbO3 or.3-methy1—4-methoxy_nrtrcstilbene, where the
plates are alternately_oriented (e.g., in orientation
a or orientation b) such that Akgh, + Akphy is about
zero. Another form of this'optical element embodies
_platelets of ‘nonlinear material (i.e., my) oriented.
.in the same ‘direction and separated by a linear
-transparent film or adhesive material (i.e., mb) such_
that -Akghg + Akbhb is about zero, where a refers to

the platelet and b refers to the transparent film or
adhes1ve

10

15

20

25 The invention may be employed for waveguide

structures, bulk applications and under certain
circumstances, for mixed guided and unguided wave
systems. In mixed systems, each unguided length in
the wave propagation direction should be less than
the defocusrng length of the wave 1n the material to
minimize radiation losses between the guide sections.

~ The instaat inVention may be used to improve an
optical waveguide 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

30

35
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preparing an optical article as deflned in claim25. One process for

- preparing a channel waveguide for a wavel engt h conversi on- system

accor dancew® 21409389 s i nventi on conprises the steps of: (1) prBWéﬁJw/ﬁms:‘
~ z-cut substrate of - single crystal natérial hagyng the fornul a

" Klerr]Ro[err] TiOMJ err] wherein x is fromzero to one and Mis P or As,
sai d substrate including an optically snooth surface with a sel ected

portion at which iichannell tméi;ﬁméornmechawele i3y GG e ed Dy pﬁQYnél ng
a nolten salt contalnln% ti ons %gleg q]bo% ggugonSJStlng gLe
Gt and T e i n an MOBRCIATS I ACTOERBERATLEHo FH s AATEAELO8LE
wavegui de portison @bw@guﬂdgnﬁnhtémmerature for a selected tinme sufficient
cation replacenent to Employment of the instant invention is
v;llusttated by_reference'to_the apparatus (10) shown
in Figure 1 wherein optical waves emitted by laser
~ (12) 't one wavelength may be used to generate waves
10 st snother_wavelength; Lens (13) is used to focus
' the optical waves emitted'by laser (12) into a .
waveguide_(l4)'constrncted in accordance with this
invention. Wavelength conversion occurs within the
_ 'waveguide (14) and a sécond lens (17) is provided to
.15 _coll1mate the optical waves emerging from the
' waveguide. A filter (18) is provided in the
arrangement shown to filter out the remaining opt1ca1
‘waves whzch have the wavelength of the emitted waves,
_ while allow1ng the optxcal waves of the desired
-_20',-wavelength wh:ch were generated within the waveguide
| J_(l4) to pass through Thus, for example, if laser
-(lZ)lis-a Nd YAG loser'used'to generate polarized
light at wavelength 1.06 ym, and the waveguide (14)
is constructed in accordance with this invention for
25 second hefnonic generation using such incident light,
the filter {18) would be adapted to allow optlcal
. waves .of wavelength 0.53 pm to pass through while
' optical waves of wavelength 1.06 pm are filtered from
the collimated beam which emetges from the
30 waveguide. A device incorporating the apparatus of
. Eigure'I (i.e. the laser (12), the waveguide (14),
the f£ilter.(18), and the lenses (13) and (17) is
considered to be an article within the scope of this
~invention. Indeed, waveguides such as waveguide (14)
35 'are themselves considered to be articles withzn the
' scope of the invention.

i '\



change the index of refractlon Wi th respect to the i ndex of refraction of
sai d- subs) 9H09339( 3) appl ying a REPLACEMENT SHEET. 17 AUGPCISYS28/63053i ng
material on said substrate to provide a pattern of aligned areas al ong said
wavegui de portion of said optically snooth rface which are alternately
masked with a material resistant to said nolten salt and unmasked (the

engtis of said miskedyRndehRERTKER 0TS Wiy ithd *BEY eRE' RbE LAY
' invention is shown by the waveguide for second
5 -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), (26), (27) and (28), all of another
crystalline material. Normally at least ome, and
10 preferably both of the materials has nonlinear
optical properties. The sections (24), (25), (26),
(27) and (28) are aligned betﬁeen'the top of the
article (30) and the bottom of the article (32), such
that said embedded sections along with the portions
15 . of block (22) aligned therewith comprise a
waveguide. The waveguide is designed so that during
‘operation, incident beams of optical waves enter the
waveguide at the upper surfeéeV(Sd) 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), (25), (26), (27)
and (28) as well as'sections reﬁresented by'the
portions of block (22) in alignment with said
embedded-seotions, and then exit from the bottom (32)
25 of block (22). -
Accordingly, as further illustrated by Figure
3, the waveguide. embodied by Figure 2 is designed so
that beams passing therethrough, pass through 8
number of sections comprised of one material
30~ represented by blocks (24), (25), (26), (27) and
: (28), and an egqual number of sections comprised of
another material reptesented by the portions at block
. €22) in alignment therewith. '
A means of preparing a channel waveguide of the
35 type illustrated in Figures 2 and 3 in accordance
with this invention‘is to modify a single crystal
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et

_’,#phase—ﬁartﬁrﬁﬁ_rﬁ‘agggra;;;;p;;th this invention); (4) imrersing said

masked substrqﬁy;le3gaid molten salt at said sel ected tenperat urBCTAISHAN
selected tine, thereby providing cation replacenent in said unmasked areas;
(5) renoving the masking material fromsaid subs#®ate; and (6) finishing
sai d substrate to provide a clean wavegui de wi th polished maveQU|de I nput

Aranng of an appat at BUDPER ke BEc S, TOMPEIS) i s kbot SO ecc eI, £
invention. Figure 2 i $rompor tpedl iasd \M cs o armasegnldesingleacdystah
conversion in accgrda %s@&a@ thlfssaid formula where the cations of said
" formula have been partially replaced by at least one
of Rb*, T1* and Cs*. Preferably the cation exchange
provides -at least about 0.00025 difference between
the surface index of refraction of. cation exchanged
10 sections and the au:face.index of refraction of the
subétrate._ P:eferred'subetrates are those of said
formulatu Use of these'subst:ates for producing -
channel waveguides is well known in the art, andj
reference is made to u. S Patent Ro. 4,740,265 and .
15° u.s. Patent No. 4,766, 954 wh:ch are both hereby
1nco:porated herein in their entirety. A typical
substrate for use in preducing waveguides is a
crystal of KTiOP04, where x is 0 and M is P (1 e.,
' "KTP").
20 as descrzbed in U.S. Patent No.' 4,740,265 and
U.S. Patent No. 4,766,954, the use of substrate
', masking allows replacement of cations of one
opt;cally.smocth.suriace-by ions selected.f:om at
| least one of Rb* and Cs* and T1* and a resulting
25 change in the surface index of refraction with
respect to'the index at'refraction of the starting
_ snbstrate. In accordance with the instant invention,
areas along the portion of the crystal substrate
surface used,fer.torming the desired channel may be
30 alternateIY’masked and unmasked during cation
teplacement s0 that the fesulting channel consists of
a series o£ al:gned sections which alternate between
original substrate (e. - RI1OPO4) and substrate
material in which cations have been replaced, (e.g.,
35 K;_xRb;TiOPO, where x is not zero). Standard
photolithographic techniques may be uaed to ptovide
" the desired masking. For example, 3 mask of
. protective material (e.g., Ti) may be applied over
_ , .
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invéntion. Figure 3 is a perspectlve view of the aligned sections of

nonl i near optical material provided by the wavegui de of Figqure 2. fh&ﬁge 4
s a pewgns09338 vi ew of another wavegui de for wavel ength 38#% 9

accordance with this invention. Figure 5 |§ a section view al ong section

5-5 of Figure 4. Figure 6 is a perspective V|em10f anot her maveQU|de for
maveQU|de conversion in accordance Mﬁth this invention.

t-e surface of the crystal substrate wzth a pattern
¢znerated therein to allow, upon suitable exposure to
5 a molten salt, formation of sections of a second
optical material by cation exchange. After.cation
replacement the remaining protective material'may be-
removed. ' " .
One process for preparing a channel waveguide
10 for a wavelength conversion system in accordance with
‘this invention comprises the steps of: (1) providing
a z-cut substrate of'crystallipe material (i.e., &
single crystal) having the formula Kl;tbeTiOMQ4_
| ‘wherein x is from zero to one and M is P.Ot'As, said
15 substrate including an optically smooth surface with
| a selected portion at which it is suitable to form a
channel waveguide; (2) ptov:dzng a molten salt
conta1n1ng cations selected from the group cons;stzng
~of Rb*, Cs* and Ti* in an amount efficient to provide
ZQ, upon exposure to saxd wayeguide portlon.at a selected
' temetature for a.Seiected time sufficient cation
replacement to change the index of refraction with
respect to the index of refraction of said substrate;
(3) applying_a maskingimateriallon said substrate to
25 provide a pattern of aligned areas along said
._wavegaide portioh of Said opticaliy smooth surface
which are alternately masked with a material
resistant to said molten salt and unmasked; (4)
1mmers1ng said masked substrate in said molten salt
30 at said selected tempetature for said seleted time,
| thereby p:ov1d1ng,catzon replacement in said unmasked
areas; (5) removing the masking material from said
substrate;laad (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
This Sheet Has Been Replaced. |
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12 Figure 7 is an illustrative plot of a calculated relationship between
depth and refractive index mismatch for different wavegui de w dths.
DETAI LED DA¥ORMO933N OF THE | NVENTI ON I n accordance with thi s PEALRINHT0S3

means .are provi ded which are suitable for at {@st partially converting
" optical waves having one wavel ength, into opti waves of a different
wavel ength. In general, during wavel ength conversion the sumof the

frequenci es of the b aeegsatwwgsc%p@ﬁp%réwe edbe Sheuprstay of the

generated waves is equal. Accor h conv rSron systens
wher e . conversion segment cons;sting of a series of aligned

5 sections of optical materrals. and such that the sum
for the series of section of the product of the
length of 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 constants for the 1ncident waves for the
wavelength conversron system in that section and the
-sum of the propagatron constant for the generated
waves for said ﬁavelength conversion system in that
15 .section, and the coherence'length for each"section_
2w '

is — for that section. Thallium containing
substrates (i.e., substrates of the formula
Kl_xnb £ TiOMO, wherein the cations of said formula
have been partially replaced by Tl*) are also
cons:dered suitable. KTrOMD4 (i.e., x is zero and M
is P) is a preferred substrate
KTP substrates may be- prov;ded in accordance
with step (1) by cutting and polishing a 1 mm thick:
- z-cut substrate (i.e., to provide a single crystal
with an optically shooth surface). A maskind of Ti
may be provided in accordance with step (3) in
;conformance with standard photolithographic
S _technrques by sequentially applying Ti on the
30_{ substrate; applyzng a photoresist material over the
Ti and curing the photoresist; providing a photomask
havrng the desired pattern and contact exposing the
photoresist through the photomask; removing the
exposed portion of the.photoresrst and etching away
the Ti beneath the removed photoresist; and removing
the unexposed photoresrst, so that the patterned Ti

masking remains. Typically, the substrate will be
_ e : —_— T
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waves of frequenéy [err] and mavelehgth [err] are used along wth waves of .
frequency [err] and wavel ength [err] to generate waves of frequency [err]

and vvavg%cﬁgg}gﬁégfrr], [err] is equal to the sumof [err] angictAiSob7o70ss for

wavel en sion systens where waves of frequency [err] and wavel ength
[err] are used to generate waves of frequen®y [err] and wavel ength [err]
al ong with waves of frequency [err] and wavelength [err], {err] is equal to

the sumof [err] and [err]. A _pr.ocess for wavel ength conversion is provided
in accordance w eRdt RP3iphednbesenmilt tsnipmeEsedninsthe molkencting the

inci dent optical ggages ah@r weshele WEte £ OFeR6$aNoEN LRIz A Ser | es of
al i gned sections_of optical materials for,ma¥flengt2 . ,
. s Typically the substrate is nished in accordance

with step (6) by polishing it. After the Ti mask is
removed, . the waveguide may be suitably mounted S0
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 p:oééss for waveguide
preparation can be varied soméwhat by changihg the
section width and/or depth, and may also vary
somewhat as a function of replacement ion type and
15 concentration. Accordingiy, one may wish to prepare
a number of waveguides having various widths, etc. to
determine optimum design for a particular wavelength
conversion system using pértiéular materials.
'To further illustrate the processing latitude
20 = afforded by this invention and the relationship
' betweenjaneguide;depth and refractive index _
mismatch, An, one skilled in the art can calculate
the refractive indéx,mismatch, i.e., An, for second
harmonic geneiation'in'KTiOPQA'(KTP) with
25  y-propagation (i.e., &n = 0.5 (ny(w) + ny(w)) -
'nx(Zw),.whete hx(w) and n,(w) ate tespec£ive1y the
Tffective téfiactive indexes of the incident optical
wave of frequency w for x polari;ationwand z
polarization and hx(Zw) is the effective refractive
30 “index of the‘gengrated’optical wavé.qf ftequency 2w
for x polarization) as a function of guide depth for
various waveguide widths, using the methods described -
in M. J. Adams, "An Introduction to Optical
Waveguides", (John Wiley & Sons, RY 198l1). Using
35 this apprbachithe effective mode indices for the
lowest order spatial modes at A= 0.532 and 1.064 um
were calculated. 1In the calculation, an exponential

This Sheet Has Been Replaced
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conversion, said sections being selected such that the sumfor the series

of sections of the product of the I ength of each section in the - direction

of align- W91/8838% he [err]k for that section is equal to abdREI/S00/0705%
the length of each section is less than its coherence |ength. As further

di scussed below [err]k for each section is the difference between the sum
of the propagation constants for the incident. waves for the 13

wavel engt h conver Sy q{he%/?dﬁf?if'et{'ﬁt tﬁ@ch'e%l?@ht&acﬂﬂnﬁstQgsﬂfngﬂagat i on
constant for the generat
The refractive indices used for KTP are ny = 1.7399
5 and n, = 1. 8296 at A = 1.064 pm and ny = 1. 779 at k -
0.532 ym, as dlsclosed in J. D. Bierlein and H.
Vanherzeele, J. opt. Soc. am., B, 6, 622-633.(1989);;
For-pienar Rb-exchahged_waveguides'the surface index
 has been measured to be ng = 1.7644, n, = 1.8511 at )
10 = 1.064 pm and ny = 1.8042 at A = 0.532 pm. The
| result of the calculation is_shown in Figure 7. At
.cero'waueguide depth, the An equals the bulk KTP
substrate value for y-propagation._ The cofreSpOnding
o "coherence length is 92 pm. For the Rb-exchanged
15 - guides, the cutoff for 1.064 uym wavelength is at a
' 'depthIOf 2. u pm. At infinite depth the An would |
correspond to that for bulk RbTiOPO4 (RTP) .
m1n1mum occurs in the 2 to 3 ym depth range, which is
. -[ueer the range_icr_the waveguides prepared in
20 accctdance'wifh this invention'(see Example 1 .herein
'_.below) " For a depth of 4 pm and width (W) of 5 um,
from Figure 7, an, (i.e., the An for the cationically
exchanged sections) = -0.0022 and An, (i. e., the An
- for the KTP sections) = 0. 0058.~ With the length of
25 the KTP sectzons. hz = 1.3 um phase matching would be
- predicted to occur in accordance with the teachings
of this 1nvention when the length of the cat1cn1ca11y
exchanged sections, h; = 3.4 um, which is in
substantial agreement with the actual experimental
- 30 value found in Example 1 below (i.e., 4 um).
o Figu:e 7 illustrates the practical advantage of
_uszng waveguzdes segmented in accordance with the
teachings of_th;s invention relative to uniform
'waueguides for aehieuing.phase:matching for second
35 : '
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waves for the mavelength'cbnversion systemin.that section, and the

coherence length for each 2[err] section is - for that The
processw@91/08339 k be used to generate beans having a certa?&%?@?hgﬂ
fromtwo incidental beans. Alternatively, e process nmay be used to
generate two beans from one incident beam preferred use of the

wavel ength conversion process, however, is for second harnonic generation,
ot n o SUARERE FoniENE enie S5 o WYl GpEplal bl the
for use An vs. depth curve, near this minimum very little
S change in An is expected with changes in processing
conditions, such as exchange time or temperature,
which change guide depth. Selecting this minimum,
_ phase'matching'is achieved by adjusting the length of
| each section of the optical conversion segment such
10 that hyAn; + hyAny is about equal to zero. 1In

| “contrast. for a uniform waveguide,'z e., a waveguxde'
without the segmented structure taught in this
inventzon. where phase match:ng requires that An be
about equal to zero throughout the entire wavegu:de,

- 15 one is not free to select the guide depth and, as a

| result, a small processing change affecting waveguide

depth will give a much larger éhange,in An and,
.~ hence, processing latitude will be much narrower.
" Another adﬁantage of using waveguides segmented in
. 20 .accordance w;th this 1nvent10n is that these
waveguides permit noncr1t1cal phase matchzng even
" though phase matching at 1 064 gm in bulk KTP is
critical. . .
Another embodiment of a device_for.waveiength

25 conversion is illustrated at Figures 4 and S.

The waveguide device- (40) as shown comprises a
_block (42) of linear crystallane material into which
are embedded sections (44), (45), (46), (47) and
(48),'&11 of another linear crystalline material.

30 “The sections (44), (45)., (46), (47) and (48)-are
aligned between the top of the article (50) and the
bottom of the article (52), such thet said embedded
sections along with the pqrtibns of the block (42)
aligned thereby comprise a waveguide. A £film of _

35 nonlinear optical material (56) is provided in device

a (40) adjacent to the waveguide of linear optical

This sp

\R
I



in a wavel ength conversion-system conprise at |east one optical conversion
. segnent consisting of a series of aligned sections of optical materials for
wavel engt h WEn9P%338n. The series may be represented as a pl ur BGT{USY/OTS3
al igned adj acent sections of optical materials, nferr], merr], ...nmerr],
: .nerr]. Each section has by a length.hi in 3Zhe dlrectlon of allgnnent
and a refractive index n|([err]) whi ch varies as a function of frequency
[err] of the optical waves passing therethrqough. The difference between the
t ot al - propagat i on cARkeFRals . nEhe WpueANife, devise da iesigned secthak

and the total propagfifiny C&péiaeisntowehsnmmtgwﬁéQslff@ptfésb Rbveke
ali gned sect | OnSS defe‘r?i?esr auLéar‘r’ v guihe Ii: tt % %%%elro surpace (54) of
- section (44) at the top (50) of the device (40). The
1ncident_beams.are aligned so that optzcal waves: pass
through 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)...As the optical waves pass
‘through the embedded sections and said portions of

" block (42) in'alignment Eherewith,”the'evaneScent

15 component of the incident beam couples into the £film
(56) wherein waves of a different wavelength are .
generated; and the evanescent component of the waves
generated in the film (56) is coupled back 1nto the

'.aligned sections of linear optical material.

20 - waveguide devices having a film of nonlinear
optical.material as illustrated in Figures 4 and 5
may be prepared by modifying a single crystal
substrate to provide an optically smooth surface _
‘thereof, a channel consisting of a series of aligned

- 25 sections which alternate between original substrate
material and another optical material; and after the
channel ‘has been provided, providing a ‘thin organic
film along the surface by the Langmuir-Blodgett
method. One method of providing a thin organic film

30 includes spreading.a monolayer of an amphiphillic
compound that possesses a large hyperpolarizability

" on the water surface in a Langmuir trough, and
compressing the monolayer to a suitable surface
density (or surface pressure). By repetitively

35 dipping and withdrawing the segmented waveguide
substrate into and out of the monolayer-clad water

This Sheet Has Been Re
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_accordance with this invention, the sectioons for each of said segnments are
sel ected so that the sumof the product of [err]k for a section and the

| engt h b #ﬁ gpd section over the segnent (i.e., [err]k[ePCIMUuss/p70s3
-s[err]k[err ?err + [err]k[err]h[err] +__.. [err]K[err]h[err]) I s -equa
to about zero; 14 . .1 2[err] and each BBerr] is less than ------- :

[err]k[err] It is desireable that the [err]k[err]h[err] be as close to

while keeping the surface density (pressure)
constant, the molecules may be transferred, monolayer
5 by monolayer, to the segmented waveguide surface.
The thickness of an LB film is controlled by the
number of dipping-withdrawing cycles. LB films
-consisting of alternate monolayers of two compounds
may also be obtained by using two Langmuir troughs --
10 each covered withea.monolayer'of one oompound. (See,
M. Sugi, Langmuir-Blodgett films —- a Course Toward
- Molecular Electronics:a Review, Journal of Molecular
Electronzcs, Vol. 1, 2~ 17 (1985) and U.s. Patent No

4,792, 208)
15 Pract1ce of the invention will become further
: apparent from the followzng non<11m;t1ng Examples.

- A hydrothermally grown KTP crystal (obta1ned
from the Airtron Division of Litton Systems) was -

20 '£1:st cut into approximately 1 mm thick z-plates,

- polisheo'end'coated with about 1000 R of Ti by
thermal evaporation. A'photoresiSt (Shipley #140J)
was spin coated onto the Ti and heat cured for about

-1 hour at 110°cC. The cured photores1st was then

25 contact exposed through a photomask containing the
desired waveguide pattetns. The exposed photores1st
was removed and;the,Ti coating revealed beneath the
removed photoresist was chemically etched using a
solution of EDTA, H,0, and NH,OH so that the KTP

30 ‘substrate was-selectively revealed. The remaining
'photoresist was then removed and the Ti-masked
substrates were ‘end polished.

A series of periodic waveguide patterns were
gene:ated'in the Ti mask for the purposes of allowing

35 preparation of Rb-exchanged waveguide sections
alternately with sections of the bulk KTP. The

EEEE————
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zero as practical. It should be understood, however, that perfect bal ance

~of the optical characteristics and section lengths is difficult to achieve,

-

and that t sqges of this invention can be achieved so | pop/s90/07053
[err]k[err]h[eérr] Ts maintained in the range of about zero: that is the
overal.l coherence length over the entire wavel 84gth conversion path is

- greater_than the length of the wavel ength conversion path itself. An
- approach to designing wavel ength conversion_paths tq achieve this bal ance

is to actual |y cal chegked sulshratesBroeidedn3feAdfh erantostavegniden. |n
this approach, an agéttedddOtavildNER theCorBedcaddulto 490r o VIBO0t he sum

ovef the_entipeswaveleggth con%8;3|qn.g€£h of the pr%F ct% of the [err]k qf

each _ . sections. These patterns consisted of open areas
: ~with widths that vary in 1 um steps from 4 to 9 um

- and, in-the-beam“ptopagation'ditection)'again in.1 pm
‘step lengths ranging from 1.7 to 4.7 um with 1.3 pm
Ti Separations._i,e,. ségmenfed waveguide periods of
10 from 3 to 6 ym. The waveguides were oriented for y
propagation in the KTP. _
_ | ‘The maskedlSuhStrates were end polished to give
a total guide length of approximately 5 mm and ion
exchahqed in a molten salt bath consisting of 3 mole
15 % Ba(NO3):97 mole% RbNO; at a temperature of 330°C.
Several channel depths were studied by systematically
' varying the excﬁange_time from 45 to 90 minutes.
This ion exchange process results in Rb channel
' waveguides with characteristic depths that range from
. 20 about 3 to 4 pm. After exchange, the Ti mask was
| removed. - -
- The secbnd.harmonib_generationiconversion
efficiency was measured using endfire coupling of a
- cw diode pumped randomly polarized 48 mw, 1.064 pm
25 Nd:yttrium-aluminumégarnet (YAG) laser th}ough a lo
X, 0.25 BA objective.. The coherence length for the
KTP section for this ﬁaveléhgth conversion system was
considered about 91 um and the coherence length for
the Rb exchange sections of this wavelength
 30- ‘conversion was considered to be about 190 ym.

' The measured second harmonic generation output
as a function of guide width for a guide period of 4
pm and ion.exchange time.of 90 minutes showed Type II

' phase matching having a peak in the second harmonic.

35 . . _ _ .
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section with the Iéngth for that section has an absolute value | ess than
2[err]. Preferably the-resulting total of said product over the wavel ength.

conversion path |slless than 3[err]/2; and nost preferably i han
Ferr]. A¥ dﬁ y, for optical articles of this - inventiohh#é@#![{;’azos’13
nunber (N) of optlcal conversi on segnments i ggsequence, with the segnents 1,

2, ... and N respectively having p[err], Plerr], .. and p[érr] sections, it
i s desiteabl e that each segnent be designed such that [err]k[err]h[err] for

t he wavel engt h C%\fﬂﬁﬁrm’@y&i@mﬁeﬂe&at ahas i guidd WEavR wetheaspedan
2[err]/N, so that the sumof t

the total nunber %t dEYEHY) ?fe ;?gngP :Srr Kerﬁih_?ﬁctkgn engths for
' 5 _Examination of the weak scattering from the
guide surface showed the second harmonic generation
to ‘increase continually with propagation distance
indicating that, for this guide, the overall
coherence length was greater than the guide length
io and phase match;ng thus was_demonstrated. Based upon
this observation. the sum of the Akh for the sections
over the. entire waveguide ﬁas determined to be less
than w. For other waveguide patterns, having
drfferent widths and periods and orders of magnitude
15 lower second harmonic generatron conversion _
efficiencies;_several coherence iengths were observed
and phase matching was not achieved for this
‘wavelength.
, The maximum conversion efflciency observed
20 measured was 1524 %IW/cm2
. The temperature of the waveguide exh1b1t1ng
phase matching was varzed and phase matching was
demonstrated for room temperature (i.e., about 25°C
, to about 125°C) (i.e., a range of about 100°C).
25 | . EXBMPLE 2
| A flux grown KTP crystal was obtained from
China (Research Institude for Crystal Growth,
‘Beijing) and ﬁaS'cut, polished andnmasked using a
rprocess, propagation direction and mask generally 1n
30 accordance with the" procedure of Example 1. This
" sample was treated in a RbNO3 molten salt bath at
370°C for 45 minutes. (The ionic conductivity of
flux grown KTP is significantly (1oox - 1000X) larger
than hydrothermally grown KTP and hence the
35 processing conditions are different). Of the various
patterns, phase matched second harmonic generation at
‘This Sheet Has
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15 wavel ength conversion path remain about zero in the sense described -

above (i.e., has an.absolute value less than 2[err]). Preferab
[ err] k[ err MiD®174933®r each segnent has an absolute value | ess P éyr‘—’s”’moﬁ

1.5[err]/N, and nost preferably [err]k[err]h[er has an absol ute val ue
| ess than [err]/N Use of this approach may be enplified by reference to
the optical article in accordance with this invention in the formof a

wavegul de s LL1USt T2 584! fn wEH BpBacyhd  SBE % Sufad  APAERCHES B hn ena o
' guide period of 5 pm. This conversion efficiency was
5 about '8%/W/cm?,

A hydrothetmally grown KTP crystal (obtained
from Airtron Division of Litton Systems) was prepared
uszng the same cuttzng, polish1ng and masking process

10 as for Example 1 except that the mask was oriented
for x-propagatxon rather than y-propagation. This
 sample was treated in a RbN03:TIN63;Ba(NO3)2'bath of
mole ratio 95:4:1 at 360°C for 1 hour. Phase matched
'SHG:at 1:319 um (Nd:YAG) was observed for a 7 ym

15 _guxde width with a4 um.pitch, (i.e., use of the bath

| containing Tl adjusted the wavegu:de surface
_zrefract1ve index for phase matching at 1.319 pm
' rather than 1. 064 um) . _
, _ Particular embodiments of the 1nvention are
20 | included in the examples. Other embodiments will
| 'béoome'appa;ent td;fhose skilled in the art from a -
consideration of the spoci£ication or practice of the
. invention disclosed herein. It is understood that
- modifications and variations may be practical without
"25 departzng from the sp1r1t and scope of the novel
concepts of this invention. It is further understood
that the invention is_not oonf1ned to the particular
formulations and e:amples,herein iliustrated,'but it
eﬁbraces such,modifiod_fotms thereof as come within
3Q,'.the scope of the foilowing claims.

35
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including a plurality of aligned sections (57), (59), (61), (63), (65), and -
(67) of KTiOPd err] wherein the cations have been partially replaced by Rb
al ternajyow/pex3h a plurality of aligned sections (58), (60PCI/USP/07658

(66) and (68) of KTiOPQ{err] wherein the cations have been partially

repl aced either by Tl+ or by a nixture of R and T1w. IH“FHT§“§ﬁﬁUdTﬂEﬂt

rubi di um and/ or thallium cation substitution in KTi ner
.shown i-nsure substantially.conplete guidance of the I\Nﬁ,mmm m’ m’qm
path through the waveguide. The sections ShARQure 6 ‘are §ize

the optical artighgt hps élﬁiﬁéa gBt:i cal conversion segnment represented by

the aligned 5sect ions (57) and
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 materials for'anelength_
10 conversion, aaid sections being selected such that
the sum for the series of sections of the product of
the length of each section in the direction of
. alzgnment and the Ak for that section is equal to
| about zero, and such that the length 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 the inc:dent waves for the
wavelength conversion system in that- sectzon and the
sum of the propagatlon constant for the generated
20 waves fot the wavelength conversion system in ‘that"
section, and the coherence length for each

: 2w
section is

. for that section; and wherein either
Ak g o . .

at least one of said materials is optically nonlinear
or a layer of nonlinear optical material is provided

adjacent to said ser1es during wavelength . converszon,
or both.

25

. ‘2. A process for wavelengthﬁoonverSion in
'aocordance'with Claim 1. wherein a Langmuir-Blodgett’
film is provided adJacent to said series during
wavelength convers;on.

- 30

3. The process for wavelength conversion in
accordance with Claim 1 wherein each section is
constructed of nonlinear optical materials.

35
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(58); a second optfcal conversi on segnent represented by aIigned sections
(59) and (60); a third optical conversion segnent represented @ ned
sections (“&)9Hﬁﬂ”@62)~—a—#eu#%h—eﬁ%+ea#—converS|on segment @G&

al i gned sections (63) an a fifth optic conver si on segment
" represented by al i gned H I H; wml ﬂ (66):3%nd a sixth opti cal
conver si on segnent repr d sections (67) and (68): Thus, in

this S|nple |IIustrat|ve case the number of opti cal conversion segnents N,
S 16

4. A process for wavelength conversion in
5 accordance with Claim 3 wherein incident waves of
frequencies wl-and w, are used to generate waves of
frequency 93;.andﬁwherein'u3 is equal to the sum of
w; 8and wy. - o

10 . 5. A process for wavelength conversion in
' accordance with Claim 3 wherein incident waves of
freqoency vy is used to generate waves of freguencies'
wg and wg; and wherein u4 is equal to ‘the sum of wg

.~ and "6'
15 o . .

6. A process for wavelength conversion in
accordance with Clazm 3 wherein second harmonic waves
of the znczdent_optzcal waves are generated.

20, 7. A process for wavelength conversion in

accordance witthlaim'3lwherein'the aligned sections'
are pairs of adjacent'sections of optical materials
selected such that ‘for each pair the sum. of the
product of the length 60f one section and its Ak

25 together with the product of the length of the other
sectxon and its Ak is about zero.

8. A process for wavelength conversion'in
accordance with Claim 7 wherein incident waves having
30, a wavelength of 1.064 um are used to generate second
' harmonic waves. and wherern the optzcal waves are
directed through a wavegu;de having alternatzng
sections of KTP and rubidium exchanged KTP.

35
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6 and the nunber of sections for-each-segrent, p, is 2. The summation of

- the product of the [err]k times the length of each section over all of the
si x opti calWOo®n1e983% on S‘ﬂ“mu]ﬂj ﬂi an absol ute val ue | eggrfmmmﬁ

~2[err] .and to ensure th of thggproduct of the Ak times the

" length of each section: for eachi one of the six optlcal conver5|on segnent s

preferably has an absol ute val ue of 1ess-than 2[err]/N (i.e., inthis
sinpl e case, |ess:than [e”d/3) ACpsoeaassesrt E%oafa HPehdEDE @aeeaueal
conversion segnents in th tical groms summat | on' of ? roduct
of the [err]k timesimhaq e %ash Gdaimo® M&er@ééh %het‘ﬁevsgw 8l

S?Q\c/ff sion segmgnt s  WTdtin Y CaB6u D8 O, © £1@ URrBH QAchédh ORTASsaction
is about 1.3 um and the length of each rubidium
_ exchanged_section'is about 2.7 pm; and wherein the
' KTP'is'hjd:dthermally growh.

16"" . 10. A process for wavelength conversion in
_accordance with Claim 3 wherein the length of each
section is in the range of 0.25 gm to 50um.

_ 11. a. ptocess for wavelength convers1on
15 - comprxsxng the step of directing the 1nc1dent opt1cal
waves for wavelength convers1on through a wavelength
convers;on path having a series of alzgned sect:ons
of optical materials for wavelength convers1on at.
'least one of said optxcal mate:zals hav;ng a Ak which
20  is pos:tlve for sazd wavelength conversion; at least
- one of said optical materials having a Ak which is
positive for said wavelehgth conversion; at least one
- of said pptieal materials. having a Ak which is
negagive fot-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 positzve Ak w1th 1ts Ak is balanced
wzth the sum of the products of the lengths of each
sectzon of material havzng a negat:ve 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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matter the nunber of optical conversion segnents'along t he opticallpath can
be on the order of hundreds 50 that thezero product sunmation is

appr.oacNO@1/0933% pr act ny cases because oPCF{URMA083 s on
the precision associ at mﬂwm[ﬂm wl ﬂsqerl es of sections for use in
this invention (includi Rg ereaparm ' optlcal materials thensel ves) one
may wishh to confirmthat the desired balance or the [err]k's and section

over the entircSHRBSPERNEN Ok A AREAET o8 Fi1dMFa Y EEe: pak®BR SpRI A"
said path. In smateciads, fomewmanlumghhucunmet&éoabIWbencnansoIMEngth
directly g5 gections are selected so that the sum of the product
‘of the length of each section and the Ak for that
section is‘equal'to”ebout zero, and the length of
each section is less than its coherénce length;
wherein the Ak for each section is the difference
10 between the sum of the propagation constants for the
' incident waves for the waéelength conversion system
1n that section and the sum of the propagation
-conétant_for the generated waves for the wavelength

. conversion system in that section, and the coherence
5 S ' 2w
- . length for each section is

for that section;

Ak
-_éha wherein either at least one of said materials is
'opticall? nonlinear or said article thereby comprises
o a. layer of nonlinear opt:cal mater1a1 adJacent to
20 sazd segment, or both.
13; - An optzcal article in accordance with
C1a1m 12 where:n a Langmulr-Blodgett film is prov1ded

' adJacent to said segment._
25 .

| 14._._The optical article in accordance with
Claim 12 wherein'eaCh-section'is.constructed of
nonlinear optical materials.
30 15. An optical article in accordance'ﬁith
Claiml;é wherein the aligned sections are pairs of
adjacent sections of optical materials selected such
that for each pair the sum of the product of the
length of one section and its Ak together with the

product of the length of the other section and its Ak
is about zero.

35
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From examination of the weak scattering of waves along the length of the

wavel ength conversion path. Cearly for [err]k{err]h[err] to be about
zero, WQ@91/933% for a portion of the sectlons of the seriRGT/HEN/GO53t 3

different sign than t “ ul‘ t tions (i.e., 17 at |east one
[err]k nust be po&tlﬂﬂ‘ ﬁnlum ‘u (m frrust be negative). Indeed a
process ‘for mavelength*cdhvér5|on i s prOV|ded I n accordance with this.

invention which conprises the step of dlrectlng t he incident optical waves
for mavelength conver si on.

16. An optical article in accordance with
5 Claim 15 having alternating sections of KTP and
rubidium echanged KTP.

17. An optical article in accordance with
Claim 16 wherein said sections form a Waveguide
10 havxng a width of about 6 pm; wherein the length of
. each KTP section is about 1.3 ym and the length of
' each rubidium exchanged section is about 2.7 pm; and
wherein the KTP 1s;hydrctherma11y grown.

15 18. An optical article in accordance with ’
C1a1m 14 where;n the length of each section 1s in the
range of 0.25 pm to 50 pm.

'19.  An optical article in accordance with
~20 - Claim 12 which is a waveguide comprising alternating
sections of a crystallxne substrate having the

formula Kl_xRb T10M04 wherezn x is from zero to one
and M is P or As, and sectzons of substrate material
in which the cations of said substrate have been

25 replaced by sufficient ca..ons selected from the
group consisting of Rb*, Cs* and T1* to change the
'surface index of the’ fraction with respect to the
index of refraction of said substrate.

30 - 20. An optical article in accordance ﬁith'
o Claim 14 comprising alternating sections of sihcle
‘crystal KTiOPO, substrate and sections of substrate
material in which the cations of said substrate are
partially replaced by Rb.

35 '
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- through a wavel engt h cbnve#s%ﬁﬁ*path—havr"g a series of al i gned sections of
opti cal rratve(,lg@mggy)r wavel enm!“ S[‘ n; at | east one of SPECTIURIN/07053

naterlals having a.[err] e for said wavel ength conversion;
‘| east one of.said opt| ing 42 Ak which is negative for
.sald wavel engt h converS|on and the series of sections being selected such
that the sumof the- products of the lengths of. each section of materi al
having a positive [err]k2dith Ansopdiqad iartbiclectn acchrdeasceumidth ¢ he
products of the len ofae | g
[err]k with its [er??g§moi?hésn'?’§§%§\f@:a eeENEEiny ORUL 38ps ot %L‘r?\bqe
wavel engt h conv%rswﬁ}’ptﬁh KTigPO4t &“H%ﬁﬂé$@n§@ﬁtéﬂn§h9f sai

substrate mater1a1 wherein the cations are part;ally
'replaced by T1 and Rb.,

22. An opt;cal article in accordance with
10 c1a1m 12 wherein the optical materials are single
- crystal materials having the formula Kj_,Rb,TiOMO,
" wherein x is from 0 to 1 and M is selected from P and
- As, and single crystal materials of said formula
, where the cations have been replaced by at least one
15 of Rb%, T1* and cs*. |

23. An optical artxcle in accordance W1th
Claxm 22 wh;ch is a modified single crystal of
. KTiOPO4 contazning sect;ons where the cations of
20 XT1OPO4 have been part1a11y replaced by at least one
of nb* and -n+ |

24, In an_optical.waveguide device_comprising'
at least one'channel"wavequide,.means to couple an
25 . incoming optical wave_into.saiﬂ channel waveguide and
- means to couple an outgoing wave out of said channel
waveguide.'the improvement wherein the channel )
waveguide is an optxcal art;cle as prov1ded in
Claim 12.
30 o L
’ 25. A process for preparing a channel
waveguide for a wavelength conversion system
_comprzsing the steps of' _
_ (1) providing a z-cut substrate of
35 crystallzne material having the formula Ky __xRbyTiOMO,
wherein x is from zero to one and M is P or As or
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wavel engt h conver si on path. Preferably, for efficient wavel engt h
conversion, a section having a [err]k of one sign should be éﬁ).ace2‘§7 to at

| east ONEO SBLO93IN havin%J H”y'ul pposite sign. ForP 053 a
‘section wherein two bea m m"l m I,I ml cal waves having respective

frequencies [err] and [err] d&ndirespecti*ve ﬁ%velengths [err] and [err] are
directed through a nedium (e.g., a crystal or a conposite material) having

Funct Son of tha BEVERMEEL e Erl M1 hasE) bosfuln A ke g
frequency [err] eatiansahavendider epattialbpareplapegabyoTkonsgaid k is
TR BaCN SRR R s i g (o S BEEERLLS ShOH dur e Witn.
. a selected portion at which it is suitable to form a
channel waveguide; _ '
- (2)  providing a molten salt containing
cations selected from the group consisting of Rb*,

10 Cs* and T1* in an amount efficient to provide upon
exposure to said waveguide portion at a selected -
temerature for a selected time sufficient cation

_replécement_to changé'the index of refraction with
respect to the index of ;éfractiqn of said substrate;

15 ' (3) ééplying a masking material on saiad
substrate to brovide a pattérn of aligned areas along
said waveguide portion of said'optically_émooth '
surface which are alternately masked with a material
resistant to said molten salt and unmasked;

20 (4)  immersing said masked substrate in said

‘molten salt at said-selgcted temperature for said |
seleted time, thereby providing cation replacement in
said unmasked areas; |

_ _ (5) removing the masking material from said
' 25 substrate; and ' ' o
(6) finishing said substrate to provide a
clean waveguide with polished waﬁeguide input and
output faces; ' | . _
the length of said masked and unmasked areas being
30 -selected such that after said cation replacement in
the unmasked areas, a channel waveguide is providéd _
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 and the Ak for that section is

__‘;“‘~‘--__~‘;\\ |
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represented by the rel ationship: 18 [err] In accordance with the pfocess
of this. | the“TﬁETden%~epLLQ§L“ggves of such mavelenﬁ&p on
systens (h r}{wﬁ%’equen and [err]) are-directed through a ?@@?ﬁs
. of sections selected su l@ f h[err]k[err] for the series is
equal -to about . zero. The= |on nents for optical articles
usi ng such wavel engt h converS|on syéteﬁs consisting of a series of sections

sel ected equal to about zero, and the length of each sect1on
is less than its coherence length; wherein the Ak for
5 each section is the difference between the sum of the
propagatien consfénts for the incident waves for the
_ wavelength conversxon ‘'system in that section and, the
. sum of the. propagatzon constant for the generated '
waves for said wavelength convers1on_system in that
10 section, and the coherence length for each section
is e for that section.
Ak. ' . -

26. ' The’ process of Clazm 25 whetezn the

15 substrate of step (1) has the formula Kl_znb TiOMO4.'

20
25

30 .
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stich that the sum of h[err] kherr for the series is about @%I nEt?h'kcc}ﬁke

of second hP{¥hi c geneatid '“['éj, [ RHER P OREANEY BNequal & each
ope-half of [err]. Accordi n%J second harnoni ¢, generation, the
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Articles and process for wavelength conversion are disclosed which use a series of aligned sections of optical materials
which are suitably balanced over the series with regard to the section length and the section Ak (i.e. the difference between the
sum of the propagation constants for the incident waves and the sum of the propagation constants for the waves generated). The
sections are selected such that the sum for the series of the product of the length of each section with the Ak is equal to about zero.
and the length of each section is less than its coherence length. Embodiments are disclosed wherein at least one of the optical ma-
terials is optically nonlinear and/or wherein a layer of nonlinear optical material is prov:ded adjacent 1o the series of sections.

" Also disclosed is a process for preparing a channel waveguide for wavelength conversion systems wherein areas along a portion
of a cr)stal substrate surface used for forming the desired channel are alternately masked and unmasked during cation replace-
ment by immersion in a molten salt.

(57) Abstract.




respective frequencies [err] and [err], and respective wavel engths [err]

and [errky a beam propagation constant k[err] is defined for each wave beam
as equal WOINAMBI n[err]([err])/[err], and a [err]k[err] for POTAUSS/07053n
is represented by the relationship: 19 [err] In accordance with the
process of this invention, the i nci dent. optical waves of such wavel engt h
conver si on systens (haV|ng frequency [é/?]) are directed through a series

of secti‘ons suclh t hat | | FIG . 1
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the sumof h[err]k[err] for the series is equal to about zero. The optical
conversion segnents for optical articles using such wavel ength conversi on
syst ens WOrM/@339f a series of sections selected such that WBCI/US90/67053
h[err]k[err] for the series is about zero. In any case, a coherence |ength
coh[err] is defined for each section by the equation: [err] In accordance
with the process of this invention, e of the sections in the series
through‘mhlch the incident optical waves of the wavel ength conversion
systemare directed has a length hi which is less than its coherence | ength
coh[err]. The optical conversion segnents for optical articles using such
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Wwavel engt h conver5|oh systens consi st of sections haV|ng | engt hs hi

are less than their respective coherence |engths coh[err]. For certain
enbodi

RS 9140330 s invention the p.sections of optical natEthWSS&ﬂﬁWSQe
:characterized as q pairs of adjacent sections of optical materials, nierr]

and nferr], nferr] and nferr] err] and nferr], ...nmerr] and njferr]

whi ch

(i.e., . pr= 2qg) each section belng cﬁg?acterlz 20 correspondi ng
-Iengths h[err], h[err], ...h . h[er:}iﬂcorrespondlng refractive
i ndi ces, n[err], n[err], AN rr
22
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" n[err] and corresponding propagati on constants associ ate bmnth each. -
wavel engt h of thggmmugtgﬂ,ﬁmn ersion system k[err], K[err bis78 - ‘Yk[err]

.k[err], and}lt he—atefrt+at-s—atie{sel ected so that for each paHEWﬁ sections
of materi al m

i rr] d e the¢ sumof [err]k[err]h[err] and
[err]k[ert]h[er|r] gg%g%wé;ero. In this case phase matching occurs at the
end of the firdgt |pair., at the @nd of the gecond pair, etc. Segnents may be
used in series;} and accordingly, jan optical article (e.g., a wavegui de)
conprising a s '

'sections are paired as above nmay al so be
viewed as using a g adjacent segnents ctions each (i.e., N=q). In

general, the lengths, h[err hierr s rr e rr.] are much | ess
than the coherence IengthQAQFQékH%é?thgs R]Wﬁvﬁbéﬂéfﬁ

CONVERSION AND THEIR MANUFACTURE AND USE

This invention relates to optical articies.and :

more particularly to optical articles useful for
wavelength conversion.

Considerable effort has recently been d1tected
toward developing optical systems such as
communipat;on systems using optical waves. A
Challenge'often encouhtered in the design of such
systems is the efficient generation of optical waves
with wavelengths which are particularly suitable for
use in such systems. For example, while efficient
laser generating of infrared waves is commonly
available, the direct generation of certain more
desirable wavés having shorter wavelengths is often
considerably more difficult.

'~ One approach to providing waves with more
desirable wavelengths has been wavelength conversion
whereby articles containing an optical medium are
used to at least partially convert optical waves

incident to the medium to optical waves having a

different wavelength. For example, a frequently used

wavelength conversion process involves second
harmonic generation where an incident optical wave is
directed through a medium (e.g., & nonlinear cfystal)
in which optical waves having wavelengths
corresponding to the second harmonic of the
wavelength of the incident optical wrwe are generated

by interaction between the medium and the optical
waves.
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B e e

are each in thq Reppe of ~q. g8@T0{50 [err]mand are often each 1 [err]mor
. more. In practi ,—Lhe ratio- dj acent section lengths (i.e., h[err]:hi)

c
is usually in the ran e of % tto 20: 1. Typical section mndths are between
about 0.2 [err]nlana 'P ?nla d typical section depths are between about
0.1 [err]mand pO Lerr]n1 Bot bl ifnear agd nonlinear materials can be used

t

i n accordance W this invention. In cértain enbodi nents at | east one
section of each zero nonlinear optical coefficient.

Typi cal | y each se st t Nlg pmaterials.
Preferred optical C%?erl an ?’g'r t'he %él%;lgg. g}telgclfgfs}e%a%és& fvention for
use in a W@nguygga on, waves of suitable wavelength are

generated over the length of the medium. It is well
known in designing such articles that unless means
are provided for inhibiting destructive interference
between the waves generated at various points along
the medium length, the efficiency of wavelength
conversion schemes such as second harmonic generation
can be severely limited. Accordingly, there is
generally a need to employ some technigue to control
the effects of such destructive interference.

In somewhat more theoretical terms, wavelength
conversion systems may be generally addressed in
terms of a propagation constant k for each of the
interacting optical waves in the conversion medium.
For the purposes of this description, k for each
optical wave may be defined as equal to 2wn/A, where
n is the refractive index of the medium and A is the
wavelength of the wave. In view of the inverse
relationship between the propagation constant and the
wavelength, and.the fact that the refractive index
can be different for optical waves of different
frequencies, the propagation constant for each of the
interact:ng optical waves in the conversion medium-
c8h clearly be different.

Generally, for wavelength conversion the sum of
frequencies of the interacting incident waves is
equal to the sum of the frequencies of the waves
generated by the interaction. To minimize the
destructive interference between waves generated in
the medium, it has generally been considered
desirable that the sum of the propagation constants
of the interacting incident waves also closely
approximate the sum of the propagation constants of




conversion systeminclude crystalline materials s
crystal material having the formula Klerr]Rb[err] ;
fromO to 1 and Mis selected fromthe group consgsting of P_and :

21 single crystal materials of said formula where|the Z2tEh ¥
formula are partially replaced by at |east one of +, T1l+ and Csk.
practical reasons, when using material sgof said fernmula wherein the

have been partially replaced and x is about 0.8 o
cations preferably

the waves generated by the interaction. 1In other
words, for the optical waves involved in the
wavelength conversion, it has been considered
desirable 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
generated in the medium (i.e., the Ak for the medium)
be about zero. Adjusting a wavelength conversion

system to a condition whete;Ak is about zero is known
as phase matching.

], whek

IS
and

d

For
cations
nment

aglromesr gl
rr], where

An optical parameter of some interest in
wavelength conversion systems for a particular medium
is the coherence length, coh, which is generally

2%

Ak .
zero, it is evident that the corresponding coh is
relativély large. _

For purposes of further illustration, in a
normal phase matchihg process ihvolv;ng the nonlinear
interaction of three beams in a crystal system where
two beams of incident optical waves having respective
frequencies w; and w; and respective wavelengths 2
and X, are directed through a medium (e.g., a crystal
or a2 composite material) having a refractive index
n({w) which varies as a function of the optical wave
frequency, to generate optical waves having a
frequency w3 and a wavelength %3, & beam propagation
constant k is defined for each wave beam as equal to
2en(w)/X\, and a Ak for the crystal system is
represented by the relationship:

defined as

. For conditions where Ak is about



-
include Cs+, T1+ or both Cs+ and Tl1+. As indi?aLed—by‘ cprgtent No
4,766,954 the use of divalent ions (e.g., Cat+
Cs+ and/or T1+ ions can provide a w de degree df ntro
index. The divalent ions, as well as Ro+, Cs+ gnd/ o4 gTidiyiR9k d¢an exchange
wi th the nonoval ent cations of substrate materifal{ (e. g., the K+ i
KTi OPg err] substrate). Exanpl es of art4cles us
i nvention include an article having a single cr
has been nodified (e.g., by cation exchange) to" € a wavegui de of
sequent.i al sections of KTiOP( err] and sections of Klerr]Rb[err]TiOMJerr]
where x is not zero, and an article having a single crystal of KTiOPQerr]
whi ch has been 2wn(u3) Zvn(qz) 2wn(w1)

A3 A, A

The maximum output intensity occurs in such a
system when under conditions where the phase system
is matched (i.e., Ak is zero). The intensity of
output for a phase matched system generally increases
in proportion to h?, the square of the crystal
length, h. .

For second harmonic generation systems the
frequencies w; and w, are taken as equal and as one
half of the frequency wz. Accordingly, the
wévelengths A3 and A, are twice the wavelength %3 and
Ak for second harmonic generation systems may be

represented in terms of the above example, by the
relationship:

k — (:( y-n{ ;)
. " ! wy

The coherence length for such second harmonic

generation systems may thus be represented by the
relationship:

A 0.5)
coh = 3 - 1

n(m3)-n(ml) n(ws)-n(wl)

‘An alternate eximplelbf a wave conversion
scheme involves generating two waves with wavelengths
Ag and Xs from a single input wave of wavelengths 3,.



addi ti onal

nodi fied to provide a wavegui de of sequentlal
sections of KTiOPJerr] where the cations are jp PL%ﬁﬁ
m xture of Rb+ and T1+ ions or a mxture of
Optional |y,
nonl i near optical material may al so be provi ded
al low interaction using the evanescent cdrpongnt

enbodi nent of this inventionis a
article, where [err]k[err]h[err
mat eri al s of constr§evesadlarke quesr hayer been jdemonatvatedn® i near

optical coeffpebpBkededt 'sciféving efficient phase matching.

ed by a

+,| T1+ and Ba++{i ¢ns.

angeuFERBgrggt d film of

adjacent to thejsegnent to
f—optTcat—wavds. An

vegui de or ot her jopti cal

i s about zero and none of the opti cal

— -

a layer or film(e.g., an oriente

(See, for examble, F. A. Hopf et al., Applied
Classical Electrodynamics, Volume II, Nonlinear
Optics, John Wiley & Sons, 1986, pp. 29-56.) The
most common of these are the angle and temperature
tuning techniques used in nearly all current
applications such as second harmonic generation and
sum and difference frequency generation. In angle
tuning of bulk material such as a single crystal, the
orientation of the crystal relative to the incident
light is adjusted to achieve phase matching. The
technique is generally considered inappropriate for
use in srticles such as waveguides which by nature of
their design must be oriented in a particular
direction with regard to incident waves. Tempetature
tuning relies on the temperature depéndence of the
birefringence of the material and may be used for
waveguides as well as bulk material. However, for
many materials the temperature dependence of the
birefringence is large and, although temperature
tuning is possible for waveguides in these materials,
a high degree of temperature control must be provided
(e.g., /- 1°C). 1In optical materials where the
temperature dependence of the birefringence is small
(e.g., KTiOPO4), although a high degree of
‘temperature control is necessary, the range of
wavelengths over which temperature tuning is possible
for waveguides is small. ,

Phase matching for second harmonic generation .
using periodic variations in the refractive index to
correct for the fact that Ak is not equal to 0, can
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



REPLACEMENT Shtkl
22 equal to zero. In this case, phase matched wavglengtnh converjsifon is
obt ai ned in accordance with the invention by co '

pl | ngsgent
conmponent of the incident began into an adjacen a?gingPW

nonl ijnejar opti cal
mat eri al and coupling back the evanescent conpo1e£@-e#—+he—waves ener at ed
in said nonlinear optical naterial. Selegtion of

optical materialp of
construction and design paraneters such as secti

rwdrh and depth enabl es
the production of optical articles having the desired nonlinear optical

properties andk#fimpPé NSl aBomekh, “Phase-Interchangeable Nonlinear
Optical Interactions in Periodic Thin Films," Appl.
Phys. Lett., 21, 140 (1972)). As with the methods
above, the 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 efficiency of

this method is even less than the methods discussed
above. '

" Other "guasi® phase matching techniques have
been demonstrated which involve periodic domain
reversals or internal reflection (see J. A. Armstrong-
et al., "Interactions between Light Waves in a
Nonlinear Dielectric®, Phys. Rev., 127, 1918 |
(1962)). TFor example, Hobf et al., supra, discloses
at page 52 segments of nonlinear optical mate:iél_
where the nonlinear optical coefficient is modulated
at a period equal to the colierence length for the
waves in the material.

Other modulated waveguide schemes have been
described in the art which can give phase matching by
using lengths of adjacent materials which are equal
to the coherence length. However, these periodically
modulated schemes can be very sensitive to waveguide
parameters, such as waveguide depth and modulation
period, and are not highly efficient with respect to
conversion. _

There remains a need for wavelength conversion
schemes for efficiently converting fundamental
optical waves to useful alternate wavelengths.

SUMMARY OF THE INVENTION

This invention is based on the discovery that
wavelength conversion can be accomplished by using a
series of sections of optical materials wherein the

-
is Been Replaced
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conversion efficiency without extreme sensitivity to processing par anet er-s
such as tenperature, tine, and depth of wavegui de section
depth for wavegui des of a particular material my dﬁqﬂéﬁé@ %bgkf t the

[err]k of the section is relatively insensitive t rocessi ng cojdltions

~TY

such as tenperature. There is believed to be actupl]y2FEBem9ptiic
as to how many sections of optical materials nmakel up the optical
as long as the length of each section is Less th TS comeremce-|
as long as for each segnent [err]k[err]h[err] is labout_ zero. For

wavegui des, the nunber of sections provided can depend on such fTactors as
the optical ngsefetlendti¥®%n the refractive indices and the section
- lengths are balanced to control the effects of
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. Balancing the section lengths
and refractive indices requires that the length of

each section (i.e., h;) is less than its éoherence
2%

length (i.e.,

) for the wavelengfh conversion
Aki

system; and that the refractive indices of the

sections be such that the sum for the series of the

product of the length and Ak for each section (i.e.,
Ak;) is equal to about zero (i.e., EAkzh; & 0).
i

A process fof 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, saic sections being selected such that
‘the sum for the series of sections of ‘:e product of
the length of each section in the direccion of
alignment (i.e., hj) and the Ak for that section
(i.e., Aky) is equal to about zero, (i.e.,

EAkihi & 0) and such that the length of each

section is less than its coherence length
2%
(i.e., e=—=). The Ak for each section is the
Ak .
difference between the sum of the propagation
constants for the incident waves for the wavelength

conversion system in that section and the sum of the

This Sheet Has Been RTlaced :




and the wavegui de | ength. A range of about 400 to lq‘(g@\_mm\ﬁn&l‘l&ﬂn be
provided in a typical 5.0 mm | ong wavegui de. Longeyr

to 10,000 sections, or even nore. However, article
conversion segnments of only two sections are al so
t he scope of this invention. Another exanple of op

| inear material such as yttrium al um num8&ar net 23 (i.e., YAG or
Y[err]Al[err](err]) or Al1203 uses a single

propagation constant for the generated waves for the
wavelength conversion system in that section; and the

. 2w
coherence length for each section is

for that
Ak

The process may be used to genetate-behms
having a certain wavelength from two incident beams.
Alternatively, the process may be used to generate

two beams from one incident beam.

section.

A preferred use of
the wavelength conversion process, however, is for

second harmonic generation, wherein the generated
waves have a wavelength which is one-half the
wavelength of the incident beams. Generally, either
at least one of the section materials is optically
nonlinear, or a layer of nonlinear optical material

is provided adjacent to the series of sections durlng
wavelength conversion, or both.

Optical articles are provided in accordance
with this invention for use in a wavelength

conversion system. The articles comprise at least

one optical conversion segment consisting of a series
of aligned sections of optical materials for
wavelength conversion, wherein said sections are
selected so that the sum of the product of the length
of each section (i.e., hg) and the Ak for that
section ({. e., Ak;) is equal to about zero, (i.e.,

LAkijhgy & 0) and the length of each section
i

is less than its coherence length (i.e., 2w/Aky).
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 inventioh wherein at least

as Been Replaced
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crystal fiber grown with different orientations,

: fre—or-
changing so that the [err]k[err]h[err] is about 4eREPLASEMENTOSHEES fret .
Then, wavel ength conversi on can be achi eved by p

oragatlng tTHeTunganent al
beam down the fiber and having the fringing fiel

s i pgé an
oriented nonlinear filmor |layer in optical contdcf wth ﬂ& ber
Langnui r- Bl odgett film Anot her exanple of, an opfi cat

with the invention is one forned as a seri’es of platelets stacked bne on
anot her of a nonlinear birefringent material, such as LCTNoG3 Or

3-methyl - 4- el dREYol! hes'sectalish m@e&e&ﬂe a'sat&% ﬁeaiz Wwhdk@ih Ori ented

(e.g., in orientation or qgrientation such err R[e h[err] +

[err]k[err]h[eeayh|§e§&@gn is constructed of nonlineat optic
material; and wherein the sections are constructed of
optically linear material and/or of optically
nonlinear material and a layer of nonlinear optical
material is provided adjacent to the optical
conversion segment. Preferred optical materials are
single crystal materials of the formula
Kl-xRExTiOMO4. where x is from 0 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*, T1* and Cs*.

For a segment having p sections of respective

lengths hy, hy, ...hj, ...h, characterized as having
a series of propagation constants k;, k3, ....ky.
.++kp for each of the optical waves in the wavelength
conversion system vwherein k; = 2wnj(w)/A, and nj(w)
and )\ are respectively the refractive index in the
section and wavelength, a Ak is provided for each
section which corresponds to the difference between
the total propagation constants for the incident
waves for the wavelength conversion system in the
section and the total propagation constants for the
generated waves for the wavelength conversion system
in the section. In accordance with this invention,
the sections for each segment are selected so that
the sum Akjh; + Akzhy; + ...Akjhy + ...Akphp for the
segment (i.e., the sum hsjAk; for the series, or
g‘kihi) is equal to about zero, and each section

i ON

as in a
eteret— agcor dance

: 2%
length hi is less than

| Aki



zero. Another formof this optical el enment enbodies

-o-ets
material (i.e., ma) oriented in the sane direcfT Lgogmgﬁbéhﬁf% by a
| i near transparent filmor adhesive material ( y-such t ha

[err]Kk[err]h[err] + [err]k[err]h[err] is about i ro r ef
platelet and b refers to the transparent film aqr ad%@ggﬁéagime [
may be enpl oyed for wavegui de structures, bul k \applic nder

certain circunstances, for mixed gui dedt@nd ungpi ded wave syste In m xed
systens, each unguided length in the wave propa | ' rTon should be

| ess than the defogcusing-|length Qf 1he ve in.,the material, to mpimze
radi ati on | osses tﬁt%ﬁﬂeﬂﬁ'& ﬁ'@?iﬁﬁ?ﬁ\{\%ngqv°1ves second hafwonic
generation wherein at least one of the materials in

the series has a nonlineer optical coefficient which
is non-zero.

nonl i near

rs to the
venti on

Certain embodiments are provided where the.p
sections may be characterized as either one segment
having q adjacent section pairs (i.e., p = 2q)

~ wherein the sum 8k;_3yh3_y + Akjhy for each pair is
about zero, or g adjacent segments of 2 sections each
wherein in each segment the sum Ak;h; + Akjyh, is
about zero. _ :

Channel waveguides constructed in accordance
with this invention can be used to improve optical
waveguide devices which comprise at least one channel
waveguide, means to couple an incoming optical'wave
into said channel waveguide and means to couple an
outgoing wave out of said channel waveguide.

' This invention further provides a ﬁrocess for
preparing an optical article. One process for
ﬁteparing a channel waveguide for a wavelength
conversion system in accordance with this invention
comprises the steps of: (1) providing a z-cut
substrate of single crystal material having the
formula Kj_yRbyTiOMO, wherein x is from zero to one
and M is P or As, ssaid substrate including an
optically smooth surface with a selected portioh at
which it is suitable to form a channel waveguide;

(2) providing a molten salt containing cations
selected from the group consisting of Rb*, Cs* and
T1* in an amount efficient to provide upon exposure
to said waveguide portion at a selected temeréture
for a selected time sufficient cation replacement to
change the index of refraction with respect to the
index of refraction of said substrate; (3) applying a

This Sheet Has Been Replaced
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Thé i nst ant

-conprising at |east one channel wavegui de, means
optical wave into said channel wavegui de and neahs

i nvention may be used to inprove an 1
Hkc

tREPCACHIMENTa

ToToupl € an jogti cal
out goi ng opti cal wave out of said 24 channel mavegg;ﬁEB‘ﬁby device is
i nproved by using an article in accordance w th his™i'nvention ds.|the
wavegui de therein. Enploynent of the ingfjant invent-er—-s—ttustrated by

reference to the apparatus (10) shown

masking material on said substrate to provide a
pattern of aligned areas along said waveguide portion
of said optically smooth surface which are
alternately masked 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 invention);
(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 (é) finishing said substrate
to provide a clean waveguide with polished waveguide
input and output faces. |
BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic drawing of an apparatus
for wavelength conversion in accordance with this
invention. o

Figure 2 is a perspective view of a waveguide
for wavelength conversion in accordance with this

-invention.

Figure 3 is a perspective view of the aligned
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. |

Figure 5 is a section view along section 5-5 of
Figure 4.
Figure 6 is a perspective view of another

waveguide for waveguide conversion in accordance with
this invention.

-_
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in Figure 1 wherein optical waves enmtted by |aser (12) at one wavel engt h

may be used to generate waves at anot her wavel eng ) S ed to
focus the optical waves enitted by laser (12) int BERING @ Nﬁéﬁﬁiﬁ);
constructed in accordance with this invention. Wayelfength convers}on occuris
wi thin the waveguide (14) and a second lens (17) proosy ipEsi 499y cbl limate
ter (18) 1s p'oEided I n

the optical waves energing fromthe wavegui de. A

t he arrangenent shown to filter out theysenaini ngjoptrecat—waves—whi th have
t he wavel ength of the emtted waves, while allow g the optical wavps of

t he desired wavel ength which were generated within the waveguide (14) to
pass through. Thupighee axdwplen 11lhetrative plot of a '

calculated relationship between depth and refractive
index mismatch for different waveguide widths.

DETAILED DESCRIPTION OF THE INVENTION

In accordance with this invention means are
provided which are suitable for at least partially
converting optical waves having one wavelength, into
optical waves of a different ﬁavelength. 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 systems where
waves of frequency w; and wavelength \; are used
along with waves of frequency w; and waveiength Aq to
generate waves of frequency w3 and wavelength A3, w3
is equal to the sum of w; and w,; and for wavelength
conversion systems where waves of frequency w4 and
wavelength A4 are used to generate waves of frequency
og and wavelength Ag along with waves of frequency W
and wavelength Ag, w, is equal to the sum of wg and
ws. .

A process for wavelength conversion is provided
in accordsnce with this invention which comprises the
step of directing the incident optical waves for
wévelength conversion through a series of aligned
sections of optical materials for wavelength
conversion, said sections being selected such that
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 egqual to about
zero, and the length of each section is less than its
coherence length. As further discussed below Ak for
each section is the difference between the sum of the
propagation constants for the incident waves for the



(12) is a Nd YAG | aser used to generate polarized

d | i gEr AetmERY ghergtin 1. 06
~[err]m and the waveguide (14) is constructed in agcpreanee-wth-thifs

1
i nvention for second harnonic generation using such ng&ﬂsﬁﬁgl' ht
Df h

t he
filter (18) would be adapted to allow optical wave$

.p3
[err]mto pass through while optical waves of wavelepgth 1.06 rerer;are

filtered fromthe collinmated beam which &Berges fremthe wavegui de. ﬁ
devi ce incorporating the apparatus of Figure 1 (i.ir—Lhe—+a5e+—éé2+r t he
wavegui de (14), the filter (18), and the lenses (13) and (17)

i s considered
to be an artitpeedenath oanvebpions system dvekhat seabion 2R/ dde des

such as waveggifleo€l4he?'PrdgegFel YRSconstadit &b Othe gehetatedV thin the
waves for the wavelength conversion system in that
section, and the coherence length for each
2w

section is for that section. The process may

Ak
be used to generate beams having a certain wavelength
from two incidental beams. Alternatively, the
piocess may be used to generate two beams from one
incident beam. A ptéfetred use of the wavelength
conversion process, however, is for second harmonic
generation, 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 consisting of a series

of aligned sections of optical materials for

wavelength conversion. The series may be represented

as a plurality of p aligned adjacent sections of
optical materials, m,, mz} coeMir «oeMp. Each
section has by a2 length h; in the direction of
alignment and a refractive index ng (w) which varies
as a function of frequency w of the optical waves
passing therethrough. The difference between the
total propagation constant of the incident waves for
each aligned section and the total propagation
constants for the waves generated for each of the
aligned sections defines a Ak; for the section. 1In
accordance with this invention, the sections for each
of said 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., Ak;h; + Akjyh, +
...bkijhy + ...Akphp) is equal to about zero;



scope of the invention.
_invention is shown by the wavegui de for second ha,

25 One enbodi ment of a wavegui de of the instant

LO0Ni-C-geret-at-+otr
illustrated at (20) in Figure 2. The waveguide (ZDNH§$AGHNWH'SHﬂﬁi|ses a

bl ock (22) of crystalline material into which are

ctiang (24),
(25), (26), (27) and (28), all of another crystal iwegﬁ?gﬁ rimal 1y at
| east one, and preferably both of the materials has opt cia

i The sections (24), (25), (2634

properties.

2w
Aki

and each hi is less than

It is desireable that the LAk;h; be as close 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
long as ?Akihi is maintained in the range of about

zero: that is the overall coherence length over the
entire wavelength conversion path is greater than the
length of the wavelength conversion path itself. An
approach to designing wavelength conversion paths to
achieve this balance is to actually calculate the Ak
and section lenékh for each section. 1In this
approach, an advantageous balance is considered to
occur when the sum over the entire wavelength
conversion path of the products of the Ak of each
section with the length for that section has an
absolute value less than 2w. Preferably the
resulting total of said product over the wavelength
conversion path is less than 3%/2; and most
preferably it is less than «.

- Accordingly, for optical articles of this -
invention having a number (N) of optical conversion
segments in sequence, with the segments 1, 2, ... and
N respectively having Py, P2, ... 8nd py sections, it
is desireable that each segment be designed such

that LAk;hy; for the wavelength conversion system
1 L ]

segment has an absolute value less than 2v/N, so that
the sum of the product of Ak with section lengths for
the total number of sections, pj+py+...4py, in the



(27) and (28) are aligned between the top of t eR@pLAGHM£N63£BEE§nI t he
bottomof the article (32), such that said enbgddet—sectioms~along with the

portions of block (22) aligned therewith conpriise The
wavegui de i s designed so that during operation, nc?ggﬁﬁgu@gﬁs ofy opti cal
I(Z4) at the

waves enter the wavegui de at the upper 1surface {3
are allgned so tlhat

top (30) of the article (20). The incident beang
optical waves pass through each of the enbeddediseet+ons—{2477(25), (26),
(27) ‘and (28pvedength aconversiong mqhknnnuminbyboh& munn(in;theblock (22)

02 gghgfggkwgg)é@s&fﬁaaddsmew ; 188 bReRER1ud Yaife bottom

less than 2w). Preferably, nAkihi for each segment -

U

has an absolute value less than 1.5v/N, and most
preferably LAkih; has an absolute value less than w/N.
i

Use of this approach may be exemplified by
reference to the optical article in accordance with
fhis invention in the form of a waveguide as
illustrated in Figure 6. In Figure 6, a single
crystal of KTiOPO4 (22) has a series of sections
including a plurality of aligned sections (57). (59).
(61), (63), (65), and (67) of KTiOPO, wherein the
cations have been partially replaced by Rb*
alternating with a plurality of aligned sections _
(58), (60), (62), (64), (66) and (68) of KTiOPO,.
wherein the cations have been partially replaced
either by T1* or by a mixture of Rb* and Ti*. 1In
this embodiment rubidium and/or thallium cation
substitution in KTiOPO4 in the manner shown 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 represented by the aligned sections (57) and
(58); a second optical conversion segment represented
by aligned sections (59) and (60); a third optical
conversion segment represented by aligned sections
(61) and (62); a fourth optical conversion segment
represented by aligned sections (63) and (64); a
£ifth optical conversion segment reéresentgd by
aligned sections (65) and (66); and a sixth optical
conversion segment represented by aligned sections
(67) and (68). Thus, in this simple illustrative
case the number of optical conversion segments, N, is



Accordi ngly, as further illustrated by Figure 3, the waveguide enmhgdi ed by
Figure 2 is designed so that beans passing therethrgRRRONCENERES SEEETOUgh a

nunber of sections conprised of one material reprls ock
(25), (26), (27) and (28), and an equal nunber of}| s cbi E BQﬁgzri
anot her material represented by the portions at ock @g ? i i

therewith. A neans of preparing a channel waveguildelof the type |

in Figures 2 and 3 in accordance with this inventjon is to nodify
crystal

s 1(24),

sed of
gnnent
| liustr at ed
4 single

6 and the number of sections for each segment, p.

is

2. The summation of the product of the Ak times the

length of each section over all of the six opticél
conversion segments must have an absolute value less
than 2w and to ensure this, the summation of the.
product of the Ak times the length of each section
for each one of the six optical conversion segments
preferably has an absolute value of less than 2#/N
(i.e., in this simple case, less than n/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 times the length of each section

for each of the optical conversion sedments must have

an absolute value approaching 0. As a practical
matter the number. of optical conversion segments
along the optical path can be on the order of

hundreds so that the zero product stmation is
approached.

As a practical matter, in many cases because of
limitations on the precision associated with
preparing a series of sections for use in this
invention (including preparing the optical materials
themselves) one may wish to confirm that the desired
balance or the Ak's and section lengths have been
achieved by observing that the overall coherence

. length over the entire wavelength conversion path is
greater than the length of said path. In 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_gbkihi to be about zero, the Ak for

a portion of the sections of the series must be of a
different sign than the Ak for other sections (i.e..



26 substrate of the formula Klerr]

_ Rb[err]TiGVL‘Ie..L.].g__AMnﬁrelnxwfr'omO
.to 1 and Mis P or As or a single crystal

a)

. al substraj eRRALA
the cations of said fornmula have been partially rk SﬁMQNF%HFyf

Rb+, TI+ and Cs+. Preferably the cation exchange prp

i t | east
0. 00025 di fference between the surface i ndex of rpefy 3&$§§% Zatlon

refraction of the sulystirate.

exchanged sections and the surface index of
Preferred substrates are those of sai

formul a. U

wher e

acet—by—at asit one of

‘about

se of these substriates for
produci ng channel wavegui des is wel | Xhown in the—aﬁ%——aﬂd—#eienende S
made to U.S. Patent No. 4,740,265 and U.S. Patent No. 4, 766,954. A typical

bst
SUDSITAle \ Jeast one Ak must be positive and st least one Ak

must be negative). Indeed 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 wavelength conversion path having a series
of aligned sections of optical materials for
wavelength conversion; at least one of said optical
materials having a Ak which is positive for said
wavelength conversion; st least one of said optical
materials having a Ak which is negative for said
wavelength conversion; and the series of sections
being selected such that the sum of the products of
the lengths of each section of material having a
negative 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 its Ak so that the
overall coherence length over the wavelength
conversion path is greater than the length of the
wavelength conversion path. Preferably, for
efficient wavelength conversion, a section having
Ak of one sign ‘should be adjacent to at least one
section having a Ak of the opposite sign. -

For example, in a section wherein two beams of
Tncident optical waves having reséective frequencies
w; and wy; and respective wavelengths A; and )\, are
directed through a medium (e.g., a crystal or a
composite material) having a 1enq£h h; and having &
refractive index nj(w) which varies &8s a function of

" the optical wave fregquency, to generate optical waves
having a frequency w3 8nd a wavelength A3, 3 beam
propagation constznt k is defined for each wave beam
as equal to 2wn(w)/A, and a Aky for the section is
represented by the relationship:

This Sheet Has Been Rep laced




for use I n produci ng wavegui des Is a crystal
_ Wwhere X is O and M is P (i "KTP")

of

KTioP( err],

.e., .
Patent No. 4,740,265 and U.S. Patent No. 4,766,954 EPEAO&NEN&f“dﬁ&bsSrate

masking al l ows replacenent of cations of one optig

a
ions selected fromat | east one of Rb+ and Cs+ and

n
change in the surface index of refraction with regp ct 5’E§ﬁ
e

refraction of the starting substrate. | ccordanc
i nvention, areas along the portion of the crystal

for formng the desired channel nmay be alternately
during cation

k. o 2wni(w3) _ 2wni(u1)- Ztni$u2) .
i .
L) L LY}

In accordance with the process of this
invention, the incident optical waves of such
wavelength conversion systems (having frequencies w;
aﬂd-uz) are directed through a series of sections
selected such that the sum of hjAk; for the series is

equal to about zero.

surface by
1§§fult|ng

e i ndex at
~+nst ant

ubstrate surface used

md™ unmasked

The optical conversion segments

for optical articles using such'wavelength conversion
systems consisting of a'series of sections selected
such that the sum of hiAki for the series is about

zero.

In the case of second harmonic generation, w3y
and v, are equal and are each one-half of wj.
Accordingly, fbr_segond harmonic generation, the Ak;

for each section may be represented by the
relationship:

_ 2 -
' Aki - n n(us) -_n(ul) .
3

&

Alternatively, in a section where a beam of
incident optical waves having a frequency wy and
wavelength A4 is directed through a medium having a
length hy and having a refractive index nj(w) which
varies as a function of the optical wave frequency,
to generate two beams of optical waves having

respective frequencies wg and wg, and respective
wavelengths Ag and Ag, 2 beam propagation constant ks
is defined for each wave beam as equal to 2wnj(w)/X,

and a Ak4 for that section is represented by the
relationship:



repl acement so that the resulting channel

. sections which alternate between original substrate (e g., KTioPgJerr]) and
substrate material in which cations have been rep

Klerr]Ro[err] TiOPJ err] where x is ndt zero). Sta dggaumo Ql |%|'llmgrllph| c
techni ques may be used to provide the degored ‘maskijng. For exanpl e; a nask

of protective material (e.g., Ti) may be applied oWer 252FEB'99Eurche of
the crystal substrate with a pattern generated therfeijn to allow, upo
sui tabl e exposure to .
. sk, = ani(ws) . 2'“1(“5)_ 2wni( ) -
i
X6 A5 A4

consists of a series of aligned

In accordance with the process of this
invention, the incident optical waves of such
wavelength conversion systems (having frequency wg)
are directed through a series of sections such that
the sum of hjAk; for the series is egual to about
zero. The optical conversion segments for optical
articles using such wavelength conversion systems
consist of -2 séries of sections selected such that
the sum of hylk; for the series is about zero.

In any case, a coherence length coh; is defined
for each section by the equation°

2%
coh, = .

Aki

In accordance with the process of this
invention, each of the seéections in the series through
which the incident optical waves of the wavelength
conversion system are directed has a length hy which
is less than its coherence length cohj. The optical
conversion segments for optical articles using such
wavelength conversion systems consist of sections
having lengths hj which are less than their
respective coherence lengths cohy.

For certain embodiments of this invention the p
sections of optical materials may be characterized as

q pairs of adjacent sections of optichl materials, m,

and my;, m3 and my, ...M3_3 and my, ceefMagy and myq

(i.e., p = 2q) each section being characterized by



a molten salt, formation of sections of a second optlreﬂgpqnggvt@# :byrpatlon
.exchange. After cation replacenent the renaining prot cbhve~naLeL4a +gy be

renoved. One process for preparing a channel waveguid mavelengtk

conversion systemin accordance with this invention c nprég%EEBHP9Zt pg of:
(1) providing a z-cut substrate of crysé?lline materijfalL(i.e., a singlg

crystal) having the fornula Klerr]Rb[err[Ti OMJ err] erein x is from 7
to one and Mis P or As, said substrate |nclud|ng an

surface mnthcatgegpahgqn@om@ﬁgtﬁg VRN ¢ s puitabl epyo, forma channe

de; ro a npJten * fta ni n céi°o qselected fromthe
S?Xﬁguton5|sF%ﬁEes%B“GQ%g regract ve 1n8 ceg,lnl. né, A Y

-eMpq | and corresponding propagation constants
associated with each wavelength of the wavelength
conversion system, kj., kj, seecky, ...kp, and the
materials are selected so0 that for each pair of
sections of material m;_; and m; the sum of Ak;_jh;_,
and Akjh; is about 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 aqcordingly,.an oétical article (e.g., a
waveguide) compfising.afaegment wherein the sections.
are paired as above may also be viewed as using a g
ad)acent segments of 2 sections each (i.e., N = q).

In general, the lengths, hy, hy, «...hy, <ooby
are much less than the coherence length and typically
are each in the range of 0.25 to 50 pm and are often
each 1 ym or more. 1In practice, the ratio of
adjacent section lengths (i.e., hj_j:hy) is usually
in the range of 1:20 to 20:1. Typical section widths
are between about 0.2 um and 50 pm and.typical
section depths are between about 0.1 um and 50 um.

Both linear and nonlinear materials can be used
in accordance with this invention. 1In certain

- embodiments at least one section of each segment has
a non-zero nonlinear optical coefficient. Typically

each section will be constrycted of nonlinéar optical
materials.

ero

Preferred 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-
formula K;_4Rby;TiOMO,, where x is from 0 to 1 and M
is selected from the group consisting of P and As and



of Ro+, Cs+ and TI+ in an anount efficient to pr ovj

4*?*ﬂ%ﬁ%%ﬁg€ SHEESt o sai d
.wavegui de portion at a selected temerature for a splREFLAGER Sﬁéffl

ci ent
cation replacenent to change the index of refractipnfwth respect t of t he
i ndex of refraction of said substrate;

(3) applying erijal on
said substrate to provide a pattern of al i gned areps a?q%g saﬁgg [

wajvejgui de
portion of said optically snooth surfa? whi ch ar e} aH-e+rat-ely—rasked with
a material resistant to said nolten sa

_ ( and unmasked; (4) |nner5|ng sai d
masked substrate in said nolten salt at said sel ected Tenperature for said

seleted tingsnhigr ey ohal il 06r £815 08¢ SRIF ¥BHHull WhedeUbmesked areas,
(5) renoving e nmas Hm mat er | rom sai
cations of said formula are partially replaced by at

least one of Rb¥, T1* and Cs*. For practical
reasons, when using materials of said formula wherein
the cations have been partially replaced and x is
about 0.8 or more, the teplacemént cations preferably
include Cs*, T1* or both Cs* and T1*. As indicated
by U.S. Patent No. 4,766,954 the use of divalent ions
(e.g., Catt, sr** and Ba**) with Rb*, Cs* and/or T1*
~ ions can provide a wide degree of control of
refractive index. The divalent ions, as well as RbY,
cs* and/or T1% ions can exchange-with the monovalent
cations of substrate material (e.g., the K* ions of a
KTiOPO, substrate). Examples of articles using .the
materials of this invention include an article having
a single crystal of KTiOPO4 which has been modified
(e.g., by cation exchange) to provide a waveguide of
sequential sections of‘RIiOPO4'and sections of
Kl_xbeTiOMb4 where x is not zero, and an article
having a single crystal of KTiOPO, which has been
modified to provide a waveguide of sequential
sections of KTiOPO, and sections of KTiOPO, where the
cations are partially replaced by a mixture of Rb*
and T1* ions or a mixture of Rb*, T1* and Ba** ioms.
Optionally, a layer or film (e.g., an oriented
Langmuir-Blodgett £ilm) of nonlinear optical material
may also be provided adjacent to the segment to allow
interaction using the evanescent component of optical
waves. An additional embodiment of this invention is
a waveguide or other optical article, where

LAkshy is about zero and none of the optical
i - ’

materials of construction are nonlinear per se, i.e.,
have a nonlinear optical coefficient which is not
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substrate; and (6) finishing said substrate to pro de"a~c1ean maVeJU|de
~with polished wavegui de input and output faces. I Nnj

|
th esast he il engt h
of said masked and unnasked areas is sel ected suchit ?i?g&@l ation
| ma_Ls_anugdgj
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repl acenent in the unmasked areas, a channel waveg}
er5|on segnent

28 portion which conprises at |east one pptical co
consisting of a series of aligned sections of opti
that the sumfor the series of section of the product of the

equal to zero. 1In this case, phase matched
wavelength conversion is obtained in.accordance with
the invention by coupling the evanescent component of
the incident began into an adjacent layer of
nonlinear optical material and coupling back the.
evanescent component of the waves generated in said
nonlinear optical material.

Selection of optical materials of construction
and design parameters such as section width and depth
enables the production of optical articles having the
desired nonlinear optical properties and substantial
conversion efficiency without extreme sensitivity to
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 the section is relatively

1nsensitive to processing conditions such as
temperature.

- There is believed to be actually no theoretical
1imit as to how 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 EAkihi is about zero.

For waveguides, the number of sections providéd can
depend on 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 5.0 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 are also considered to be within the scope
of this invention. .

Another example of optical elements using a
linear material ,such as yttrium aluminum garnet



Ieﬁgth of each section and the [err]k for that sect
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-zero, and the length of each section is less than its | éhgtih;

wherein the [err]k for each section is the differente|between the su aof
the propagation constants for the incident waves fo

h@ SWFES 993t h |
conversion systemin that section and the sum of the propagati on consk ant
for the generated waves for said wavel @8gth conversion systemin That!
section, and t he coherence length for each section

Plerr] is - . faof that

section. Thalllunlcontalnln [err]k su%ttrates %i.e., strates of the

formla K[ e} Ris[ e FACT Sg; r 8n T HFBFs2 0F1§9 formul a
crystal fibet grown with different orientations, with

the orientation changing so that the EAkihi ig about
zero condition is met.

Then, wavelength conversion
can be achieved by propagating the fundamental beam
down the fiber and having the fringing fields
interact with an oriented nonlinear £ilm or layer in
optical contact with the fiber, as in a
Langmuir-Blodgett f£ilm. Another example of an
optical element in accordance with the invention is

" one formed as a series of platelets .stacked one on
another of a nonlinear birefringent material, such as
LiNbO; or 3-methyl-4-methoxy nitrostilbene, where the
plates are alternately oriented (e.g., in orientation
a or orientation b) such that Ak h, + Akphy is about
zero. Another form of this optical element embodies
platelets of nonlinear material (i.e., m,) oriented
in the same direction and separated by a linear
transparent film or adhesive material (i.e., my) such
that Akgh, + Akph;, is about zero, where a refers to _
the platelet and b refers to the transparent f£ilm or
adhesive. |

The invention may be employed for waveguide
structures, bulk applications and under certain
circumstances, for mixed guided and unguided wave
systems. In mixed systems, each unguided length .in
the wave propagation direction should be less than
the defocusing length of the wave in the material to
minimize radiation losses between the guide sections.

The instzat invention may be used to improve an
optical wavegu.3ie device comprising at least one
channel waveguide, means to couple an incoming
optical wave into said channel waveguide and means to-
couple an opticel outgoing optical wave out of said



have been partially replaced by Tl+) are al so considered _sujtable.. .
KTiOMJerr] (i.e., x is zero and Mis P) is a preferred |ubstQratce’ RAERT
substrates may be provided in accordance with step (1) jby +Agand Ty

polishing a 1 nmthick z-cut substrate (i.e.,

.e., to provide {a si.ngLg stjal
with an optically snooth surface). A masking of Ti may |b pigbggédﬁéﬁbj
accordance with step (3) in conformance with standard phogol | '

techni ques by sequentially applying Ti oqhghe substrate} applying a
photoresist material over the Ti and curi t he phot or eblsts—provtdrmg~da

phot onmask having the desired pattern and contact exposing thevbhotoresist
through the PRI HPSK wbé@8B418% . "he device is improved by using

an article in accordance with this invention as the

waveguide therein. '
Employment of the instant invention is

illustrated by reference to the apparatus (10) shown
in Figure 1 wherein obtical waves emitted by laser
(12) at one wavelength may be used to generate waves
at another wavelength. Lens (13) is used to focus
the optical waves emitted'by laser (12) into a
waveguide (14) constructed in accordance with this
invention. Wavelength conversion occurs within the
waveguide (14) and a sécond lens (17) is provided to
collimate the optical waves emerging from the
waveguide. A filter (18) is provided in the

. arrangement shown to fiiter out the remaining optical
waves which have the wavelength of the emitted waves,
while allowing the optical waves of the desired
waveiength_which were generated within the waveguide
(14) to pass through. Thus, for example; if laser
(12) is a Nd YAG ldser used to generate polarized
light at wavelengﬁh 1.06 ym, and the waveguide (14)
is constructed in accordance with this invention for
second harmonic generation using such incident light,
the filter (18) would be adapted to allow optical
waves of wavelength 0.53 pm to pass through while
optical waves of wafelenqth 1.06 uym are filtered from
the collimated beam which emerges from the
waveguide. A device incorporating the apparatus of
Figure 1 (i.e. the laser (12), the waveguide (14),
the filter (18), and the lenses (13) and (17) is
considered to be an article within the scope of'this
invention. 1Indeed, waveguides such as waveguide (14)

are themselves gonsideted to be articles within the
scope of the invention.
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epth the
renmoved phot oresi st;

and renovi ng the unexpose hotoresist, s hat the
patterned Ti masking remains. Typically, the sybgt r2DdEB M9he 29 end
polished before it is imrersed in the 2Blten s

; and washed affer renoval
of the salt. Typically the substrate is finishgd in accordance Wth step

(6) by polishing it. After the Ti nmask is reno | may be
sui tabl y mount ed O8et gmbodiment ofam wayeguide of cthehinstent

invention is shown by the wsveguide for second
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), (26), (27) and (28), all of another
crystalline material. Normally at least one, and
preferably both of the materials has nonlinear
optical properties. The sections (24), (25), (26),
(27) and (28) are aligned between the top of the
article (30) and the bottom of the article (32), such
that said embedded sections along with the portions
of block (22) aligned therewith comprise a
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
beams are aligned so that optical waves pass through
each of the embedded sections (24), (25), (26), (27)
and .(28) as well as sections represented by the
portions of block (22) in slignment with said

embedded sections, and then exit from the bottom. (32)
of block (22).

Accordingly, as further illustrated 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
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 means of preparing & channel waveguide of the
type illustrated in Figures 2 and 3 in accordance

with this invention is to modify a single crystal



It shoul d be recognized that the [err]k for each REBEAGRMENTNnSWEEICH cations

. have been exchanged in accordance with this progc
preparation can be varied sonewhat by changing {th
depth, and may al so vary sonewhat as a function} o

concentrati on.
havi ng vari ous
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Accordingly, one may w sh pr epa lavegui des
w dths, etc. to deternine optinu design for a parjticul ar
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rel ati onshi p beirosmerd vﬂmel_.]uané Medish Pamd: hef raxcta veingdexcriyshalch, [err]n,

one skilled in

Sl Pfdt&20£C8h9Y Fotmula where the cations of said
formula have been partially replaced by at least one
of Rb*, T1* and Cs*. Preferably the cation exchange
provides at least about 0.00025 difference between
the surface index of refraction of cation exchanged
sections and the surface index of refraction of the
substrate. Preferred substrates 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 .
U.S. Patent No. 4,766,954 which are both hereby
incorporated herein in their entirety. A typical
substrate for use in producing waveguides is a
crystal of KTiOPO4, where x is 0 and M is P (i.e.,
"KTP").

As described in U.S. Patent No. 4,740,265 and
U.S. Patent No. 4,766,954, the use of substrate
masking allows replacement of cations of one
optically smooth surface by ions selected from at
least one of Rb* and Cs* and Tl* and a resulting
change. in the surface index of refraction with
respect to the index at refraction of the starting
substrate. In accordance with the instant invention,
areas along the portion of the crystal substrate
surface used for forming the desired channel may be
alternately maskgd and unmasked during cation
replacement so that the resulting channel consists of
a series of aligned sections which alternate between
original substrate (e.g., KTiOPO4) and substrate
material in which cations have been replaced, (e.g.,
K;.xRbyTiOPO, where x is not zero). Standard
photolithographic techniques may be used to provide
the desired masking. For example, a mask of
protective material (e.g., Ti) may be applied over

* This Sheet Has Been Remlaced
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the refractive index msmatch, i.e., An, for secong parmoni-c-genesratjii on in

KTi OP KTP ith y- ti . i
) ioPgerr] ( ) Wi y-propagation (i.e., [err]n aaiégb{gﬁﬁgﬂ]r%)a:e

nferr]([err])) - nferr](2[err]), where n[é}r]([err
[ icgl wave

respectively the effective refractive indexes of t
of frequency [err] for [err] polariza@n and z p
nferr](2[err]) is the effective refractive index Y=Ve I tlcal
wave of frequency 2w for x polarization) as a functlon of gui de depth for

vari ous wateguists fdace ef bbengtmmtmtmterwb&dl ian pattiermdans, "An
‘I ntroducti

this approgc'hte'(t}ha?gq %?%gﬁ% d%al qmb ﬁ!t?tﬁ@% c}%}tﬁg@lﬂo Usi ng

e in |ces west er spatial nodes
at [err] =—amitemdasalbssfpsmation of sections of a second

optical material by cation exchange. After cation

replacement the remaining protective material may be
removed.

)
el
ari zation and

One prbcess for preparing a channel waveguide
for a wavelength conversion system in accordance with
this invention comprises the steps of: (1) providing
a z-cut substrate of crystalline material (i.e., a
single crystal) having the formula K;_,Rb,TiOMO,
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 is suitable to form a
channel waveguide; (2) providing a molten salt
containing cations selected from the group consisting
of Rb*, Cs* and T1* in an amount efficient to provide
upon exposure 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 refraction of said substrate;
(3) applying a masking material on said substrate to
provide a pattern of aligned areas along said
waveguide portion of said optically smooth surface
which are alternately masked with a material
resistant to said molten salt and unmasked; (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) finishing said substrate to

provide a clean waveguide with poiished waveguide

input and output faces. 1In 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



were cal culated. In the calculation, an exponenl|B§PLACFM5Nldﬂﬁiap
the depth direction was assuned. The refractive |ces ST USed T 0
nferr] = 1.7399 and n[err] = 1.8296 at [err] =

= 1. efry = 1.779
at [err] = 0.532 pm as-disclosed in J. D. Bierlein an?%%h rgeel e, J.
Opt. Soc. Am, B, 6, 622-633 (1989). For 2cyanar ‘ ui des the
surface |ndex has been neasured to be n[err] = Y. 7644, n[err] 8511 at
[err] = 1.064 pmand n[err] = 1.8042 at [err] = result of

the calculati gfh i3 SANMAIER Ebfirses ¥t least one optical

conversion segment consisting of a series of aligned
sections of optical materials; and such that the sum
for the series of section of the product of the
length of 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
each section is the difference between the sum of the
propagation constants 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

section, and the coherence length for each section

27
is

for that section. Thallium containing
Ak~

substrates (i.e., substrates of the formula
Kl_xbeTiOMO4 wherein the cations of said formula
have been partialiy replaced by T1*) are also
considered suitable. KTiOMO, (i.e., x is zero and M
is P) is a preferred substrate.

KTP substrates may be provided in accordance
with step (1) by cutting and polishing a 1 mm thick
z-cut substrate (i.e., to provide a single crystzal
with an optically smooth surface). A masking of Ti
may be provided in accordance with step (3) in
conformance with standard photolithographic
technigques by segquentially applying Ti on the
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
exposed portion of the photoresist; and etching away
the Ti beneath the removed photoresist; and removing
the unexposed photoresist, so that the patterned Ti

' masking remains. Typically, the substrate will be



zero wavegui de depth, the An equals the bul k Tﬁf@dﬁSMFﬁ¥é4ﬁ§Tu f or
.y-propagation. The correspondi ng coherence | efg{h 175 97 pn1 Dr t he
Rb- exchanged gui des, the cutoff for 1.064 pm al dept h of

2.0 pm At infinite depth the [err]n would co rnspongito that fpr bul k
RoTiOPg err] (RTP). A mininmumoccurs in the 2|t &3—pmdepti—+range, which is

near the range for the wavegui des prepaiid i nfaccordance with this
i nvention (see Exanple 1 herein bel ow) or a depth-of Z [errJmand width
(W of 5 pm fromFigure 7, [err]n[err] (i.e., the An for the cationically

cicnances el ppoliemed BUgGand s s hfhtih 18, eHdpdtyger 102 KT
[err]n]phaséqiﬁ(ﬁﬂﬁ% ﬁgghgdbgfter removal of the salt.

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 so

that a laser beam may be directed therein.

It should be recognized that the Ak for each
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
concentration. Accotdingly. one may wish to prepare
a number of waveguides having various widths, etc. to
determine optimum design for a particular wavelength
conversion system using particular materials.

To further illustrate the processing latitude
afforded by this invention and the relationship
between waveguide depth and refractive index
mismatch, 4n, one skilled in the art can calculate
the refractive index mismatch, i.e., An, for second
harmonic generation in KTiOPO4, (KTP) with
y-propagation (i.e., An = 0.5 (ng(w) + ny(w)) -
ng(2w), where ny(w) and “z(”) are respectively the
Tffective refractive indexes of the incident optical
wave of fregquency w for x polarization and 2z
pél3rization and ng(2w) is the effective refractive
index of the generated optical wave of frequency 2w
for x polarization) as a function of guide depth for
various waveguide widths, using the methods described
in M. J. Adams, "An Introduction to Optical
Waveguides”, (John Wiley & Sons, RY 198l1). Using
this approach the effective mode indices for the
lowest order spatial modes at \ =« 0.532 and 1.064 um
were calculated. 1In the calculation,

an exponential
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index profile in the depth direction was assumed.

The refractive indices used for KTP are ny = 1.7399
and n, = 1.8296 at A = 1.064 ym and ny = 1.779 at A\ =
0.532 ym, as disclosed in J. D. Bierlein and H.
Vanherzeele, J. Opt. Soc. Am., B, 6, 622-633 (1989).
For planar Rb-exchanged waveguides the surface index
has been measured to be ny = 1.7644, n, = 1.8511 at &
= 1.064 pm and ny = 1.8042 at A = 0.532 pm. The '
result of the calculation is shown in Figure 7. At
zero waveguidé depth, the An equals the bulk KTP
substrate value for y-propagation. The corresponding
cohererice length is 92 ym. For the Rb-exchanged
guides, the cutoff for 1.064 pm wavelength is at a
depth of 2.0 um. At infinite depth the An would
correspond to that for bulk RbTiOPO, (RTP). A
minimum occurs in the 2 to 3 um depth range, which is
near the range for the waveguides prepared in
accordance with this invention (see Example 1 .herein
below). For a depth of 4 ym and width (W) of 5 um,
from Figure 7, Anj (i.e., the An for the cationically
exchanged sections) = -0.0022 and An; (i.e., the An
for the KTP sections) = 0.0058. With the length of
the KTP éections, hy = 1.3 ym phase matching would be
predicted to occur in accordance with the teachings
of this invention when the length of the cationically
exchanged sections, hy = 3.4 um, which is in
substantial agreement with the actual experimental
value found in Example 1 below (i.e., 4 um).

Figure 7 illustrates the ﬁractical advantage of
using waveguides segmented in accordance with the
teachings of this invention relative to uniform
waveguides for achieving phase matching for second
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1C | fithe optical
conversion segnment such that h[err]n[err] + h[ernr] n{zgﬁ]céégg oyt
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zero. In contrast, for a uniformwavegiy de, i.e.
segnented structure taught in this invention, w

hout the

ere phase matching requires
that [err]n be about equal to zero throughout tke—en%##e—mavega%dg one is

not free tq,sahé%ict §eneiads

t S cessing
change affecting waveqgui de déﬁfﬁlﬁfﬁﬁh s mﬁnﬁﬁﬁﬁfgﬁéhﬁgﬂiﬁ Ehe

ive a nu ger phange in An and,
An vs. depth curve, near this minimum very 1littl

change in An is expected with changes in processing
conditions, such as exchange time or temperature,
which change guide depth. Selecting this minimum,
phase matching is achieved by adjusting the length of
each section of the optical conversion segment such
that hyAn; + hpAn, is about equal to zero. In
cbntrast, for a uniform waveguide, i.e., a waveguide
without the segmented structure taught in this
invention, where phase matching requires that An be
about equal to zero throughout the entire waveguide,
one is not free to select the guide depth and, as a
result, a small processing change affecting waveguide
depth will give a much larger éhange in An and,
hence, processing latitude will be much narrower.
Another advantage of using waveguides segmented in
accordance with this invention is that these
waveguides permit noncritical phase matching even
though phase matching at 1.064 um in bulk KTP is
critical.

' Another embodiment of a device for wavelength
conversion is illustrated at Figures 4 and 5.

The waveguide device (40) as shown comprises a

block (42) of linear crystalline material into which
are embedded sections (44), (45), (46), (47) and
(48), all of another linear crystalline material.

The sections (44), (45), (46), (47) and (48) are
aligned between the top of the article (50) and the
bottom of the article (52), such thzt said embedded
sections along with the portions of the block (42)
aligned thereby comprise a waveguide. A film of
nonlinear optical material (56) is provided in device
(40) adjacent to the waveguide of linear optical



hence,

processing latitude will be nuch narrower. A
.usi ng wavegui des segnented in accordance with this

wavegui des permt noncritical phase matching even t
1.064 [err]min bulk KTP is critical. Another enbod
wavel ength conversion is illustrated at Rigures 4 a
devi ce (40) as shown conprises a block (42) of line

into which are enbedded sections (44), (45), (46), [47) and (48) al
anot her |'nearmﬁﬁiﬁlatblnewﬁﬂﬂﬁﬂﬁﬂguﬂaéfé@ﬁié@”is(ﬁ@kxd&gﬁ1sd‘¥ﬁat(47)

and (48) are allgned betme%g t he t 1nc{ge article %?O)

ing operation, nt beams of opt1ca1 waves
enter the waveguide at the upper surface (54) of
section (44) at the top (50) of the device (40). The
incident beams are aligned so that optical waves. pass
through each of the embedded sections (44), (45),
(46), (47) and (48) as well as sections represented
by the portions of the block (42) in alignment with
said embedded sections, and then exit from the bottom
(52) of the block (42). As the optical waves pass
through the embedded sections and said portions of
block (42) in alignment therewith, the evanescent
component of the incident beam couples into the film
(56) wherein waves of a different wavelength are
generateﬂ, and the evanescent component of the waves
generated in the £ilm (56) is coupled back into the
alzgned sections of linear optical material.

Waveguide devices having a £ilm of nonlinear

optical material as illustrated in Figures 4 and 5

may be prepared by modifying a single crystal
substrate to provide an optically smooth surface
thereof, a channel consisting of a series of aligned
sections which alternate between original substrate
material and another optical material; and after the
channel has been provided, providing'a-thin organic
film along the surface by the Langmuir-Blodgett
method. One method of providing a thin organic £film
includes spreading a monolayer of an amphiphillic
compound that possesses a large hypetpolarizability
on the water surface in a Langmuir trough, and
compressing the monolayer to a suitable surface
density (or surface pressure). By repetitively
dipping and withdrawing the segmented waveguide
substrate into and out of the monolayer-clad water
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nonl i near optical material (56) is provided in devicg
wavegui de of |inear optical 32 materials. The wavdgg
designed so that during operation, the incident beans
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f optical waves

enter the wavegquide at the upper surfaceq454) of secti on
(50) of the device (40). The incident beans are alig

(44) attne"t
so.that optica

waves pass

while keeping the surface density (pressure)
constant, the molecules may be transferred, monolayer
by monolayer, to the segmented waveguide surface.

The thickness of an LB £film is controlled by the
number of dipping-withdrawing cycles. LB films
consisting of alternate monolayers of two compounds
may also be obtained by using two Langmuir troughs --
each covered with.a monolayer of one compound. (See,
M. Sugi, Langmuir-Blodgett f£ilms ~- a Course Toward
Molecular Electronics:a Review, Journal of Molecular
Electronics, Vol. 1, 2-17 (1985) and U.S. Patent No.
4,792,208).

Practice of the invention will become further
apparent from the following non-limiting Examples.

A hydrothermally grown KTP crystal (obtained
from the Airtron Division of Litton Systems) was
first cut into approximately 1 mm 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
1 hour at 110°C. The cured photoresist was then
contact exposed through a photomask containing the
desired waveguide patterns. The exposed photoresist
was removed and the Ti coating revealed beneath the
removed photoresist was chemically etched using a
solution of EDTA, H,0, and NH4O0H so that the KTP
substrate was-selectively revealed. The remaining
photoresist was then removed and the Ti-masked
substrates were end polished. ' |

A series of periodic waveguide patterns were
generated in the Ti mask for the purposes of allowing
preparation of Rb-exchanged waveguide sections
alternately with sections of the bulk XTP. The

h of
t he




though each of the enbedded sections (44), (45), ( . Q;Fiﬁj as

.well as sections represented by the portions of the ok :
wi th said enbedded sections, and then exit fromthe oééon1é52) of it He
evanescent

bl ock-(42). As the optical waves pass through the g
said portions of block (42) in alignnent therewth,
conponent of the incident beam coupl es i n4 t he filfm (56) wherérftwayes of
a different wavel ength are generated; and the evanéseent conponent of
peves Oener ot hashad Sidd CHER hERR SR S A gt Mo RpaRAL oL
optical materi gplatternd dsavimgdinnthegorders abohts 400 to 1000
sections.” These patterns consisted of open areas
with widths that vary in 1 um steps from 4 to 9 um
and, in the beam propagation direction, again in.l um
step lengths ranging from 1.7 to 4.7 pum with 1.3 um
Ti sepétations, i.e., segmented waveguide petiods of
from'é to 6 ym. The waveguides were oriented for y
ﬁropagation in the KTP.
The masked substrates were end polished to give
a total guide length of approximately 5 mm and ion
exchanged in a molten salt bath consisting of 3 mole
% Ba(NO3):97 mole% RbNO, at a temperature of 330°C.
Several channel depths were studied by systematically
varying the exchange time from 45 to 90 minutes.
This ion exchange process results in Rb channel
waveguides with characteristic depths that range from

about 3 to 4 ym. After exchange, the Ti mask was
removed.

The second harmonic generation'conversion
efficiency was measured using endfire coupling of a
cw dio@e pumped randomly polarized 48 mw, 1.064 um
Nd:yttrium-aluminum-garnet (YAG) laser through a 10
X, 0.25 NA objective. The coherence length for the
KTP section for this wavelength conversion system was
conside#ed about 91 ym and the coherence length for
the Rb exchange sections of this wavelength
conversion was considered to be about 190 um.

The measured second harmonic generation output
as a function of guide width for a guide period of 4
pm and ion exchange time of 90 minutes showed Type I
phase matching having a peak in the second harmonic



nay.be prepared by nodifying a single crystal substrate to provide an

-optically smooth surface thereof, a channel consi $tg H Df
al i gned sections which alternate between ori ginal sﬁﬁgf@gMENﬁgﬁggﬁa
been provi ded

anot her optical material; and after the channel has

providing a thin organic filmalong the surface by {h® 97- B ofget t
met hod. One nethod of providing a thin organic filfmji ncl udes sprehdj ng a
nonol ayer of an anphiphillic conpound t posses$es a | arge

hyper pol ari zability on the water surface 1n a Langnuir trough_ _and
conpressing the nonol ayer to a suitable surface density (or surface

pressur e). Bydreiadtion CoutPuRPned @ ¢V Mg a8Iwilat 1S Bt £dpaaKegui de
width (FWHM) of less than 1.5 um.

Examination of the weak scattering from the
guide surface showed the second harmonic generation
to increase continually with propagation distance

- indicating that, for this guide, the overall
coherence length was greater than the guide length
and phase matching thus was demonstrated. Based upon
this observation, the sum of the Akh for the sections
over the entire waveguide was determined to be less
than w. For other waveguide patterns, having

- different widths and periods and orders of magnitude
lower second harmonic generation conversion
efficiencies, several coherence lengths were observed

and phase matching_was'not achieved for this .
wavelength.

and

The maximum conversion efficiency observed
measured was 15=4 %/W/cmZ.

The temperature of the waveguide exhibiting
phase matching was varied and phase matching was
demonstrated for room'temperature (i.e., about 25°C
to about 125°C) (i.e., a range of about 100°C).

- EXBRMPLE 2 '

A flux grown KTP crystal was obtained from
China (Research Inséitude for Crystal Growth,
Beijing) and was cut, polished and masked using a
process, propagation direction and mask generally in
accordance with the procedure of Example 1. This
sample was treated in a RbRO; molten salt bath at
370°C for 45 minutes. (The ionic conductivity of
flux grown KTP is significantly (100X - 1000X) larger
than hydrothermally grown KTP and hence the
processing conditions are different).

Of the various
patterns, phase matched second harmonic generation at



subétrate into and out of the nonolayer-clad water REP Jﬂﬁﬁusﬁﬁgblng t he

surface density (pressure) constant, the nolecul ed rfay be transfefréd,
nmonol ayer by nonol ayer, to the segmented wavegui dd qur2 BcEER gy t 1| ckness
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guide period of 5 um. This conversion efficiency was
about 8%/W/cm2.
EXAMPLE 3 .

A hydrothermally grown KTP crystal (obtained
from Airtron Division of Litton Systems) was prepared
using the same cutting, polishing and masking process
as for Example 1 except that the mask was oriented
for x~propagation rather than y-propagation. This
sample was treated in a RbNO5:T1NO5:Ba(NO3), bath of
mole ratio 95:4:1 at 360°C for 1 hour. Phase matched
SHG at 1.319 pum (NAd:YAG) was observed for a 7 um
guide width with a 4 ym pitch, (i.e., use of the bath
containing Tl adjusted the waveguide surface
refractive index for phase matching at 1.319 gm
rather than 1.064 um).

Particular embodiments of the invention are
included in the examples. Other embodiments will
become apparent to those skilled in the art from a
consideration of the specification or practice of the
invention disclosed herein. It is understood that
modifications and variations may be practical without
departing from the spirit and scope of the novel
concepts of this invention. It is further understood
that the invention is not confined to the particular
formulations and examples herein illustrated, but it
embraces such modified forms thereof as come within
the scope of the following claims.

- This Sheet Has Been R,
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Mol ecul ar El ectroni cs:a Review, Journal of Modlecular Electronics, Vol. 1,
2-17 (1985) and U. S. Patent No. 4,792,208). Practice of the invention wll
becone further apparen he follow ng non-limting Exanples. A

hydr ot her mal taI (obtained fromthe A ft

Litton Syst eH“'ﬂ(mm ‘g{ into approximately 1 nmm f{ th ngteg’
pol i shed and €oa eut 1000 A of 37 by thernmual {eyaporation.

phot oresi st (Shi pl ey #140J) was spin coated onto the T an@ H&EEB Wed flor
about 1 hour at 110[err]C. The cured photoresi st was thep contact exp d
t hrough a phot omask contai ning the de5| vegui de phtterns. Theexpoded

photoresist yhat 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 materials for wavelength
conversion, said sections being selected such that
the sum for the series of sections of the product of
the length of each section in the direction of
alignment and the Ak for that section is equal to
about zero, and such that the length of each section
. is less than its coherence length; wherein the Ak for
each section is the difference between the sum of the
propagation constants for the incident waves for the
wavelength conversxon system in that section and the
sum of the propagat;on constant for the generated
waves for the wavelength conversion system in that
section, and the coherence length for each

2%

section is for that section; and wherein either
Ak

at least one of said materials is optically nonlinear
or a layer of nonlinear optical material is provided

adjacent to said series during wavelength conversion,
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 process for wavelength conversion in

accordance with Claim 1 wherein each section is
constructed of nonlinear optical materials.

_—
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was renoved and the Ti coating reveal ed beneath the
.chemcally etched using a solution of EDTA Herr](Q

that the KTP substrate was selectively reveal ed. Thq r

was then renpved and the Ti-nmasked substrates were 4
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purposes Of”mﬁm ﬂHﬂﬂ em;ation of Rb-exchanged wajeduide sectjonsj

al ternat el Yy W th secwi ons ©

the bul k KTP. The 34

q. A process for wavelength conversion in
accordance with Claim 3 wherein incident waves of
frequencies w; and w, are used to generate waves of
frequency wsy; and wherein w3 is equal to the sum of
w; and w;.

5. A process for wavelength conver#ion in
accordance with Claim 3 wherein incident waves of

frequency wy is used to generate waves of fregquencies

wg and wg; and wherein w, is equal to the sum of wg
and wg.

6. A process for wavelengthiconversion in
accordance with Claim 3 wherein second harmonic waves
of the incident optical waves are generated.

7. A process for wavelength conversion in
accordance with Claim 3 wherein the aligned sections
are pairs of adjacent sections of optical materials
selected such that for each pair the sum of the
product of the length of one section and its Ak
together with the product of the length of the other
section and its Ak is about zero.

8. A process for wavelength conversion in
‘accordance with Claim 7 wherein incident waves having
a wavelength of 1.064 um are used to generate second
harmonic waves, and wherein the optical waves are
directed through a waveguide having alternating
sections of KTP and rubidium exchanged KTP.

This Sheet Has Been Reilace
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masked substrates provided 36 different wavegui de p

tterns—t ' : t he
order about-400-to 1000 sections. These patterns co1ﬁf§@é§tWoggﬁégrfeas'
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wi th widths that vary in l-pmsteps from4 to 9 pmhpn
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., Segnented pha
from3 to 6 pm The'waVegdui des: were oriegged for y prt

The masked substrates were end polished to give a teptal guide Iength of
approximately 5 nm and- i on exchanged in a nolten salt bath consisting of 3

nol e % Ba(NJ[ err]): 99.nol a%puedss rfont sacbadpdisdmawi of gédéretipd

Several Channfxlx QEEBQ a\ﬁ%reewttligléfa:% ayvseixgg%tzlnc%llxé/ waveguide
width is about 6 um, the length of each KTP section
is about 1.3 um and the length of each rubidium
exchanged section is about 2.7 um; and wherein the
KTP is hydrothermally grown.

7 to
of
KTP.

10. A process for wavelength conversion in
accordance with Claim 3 wherein the length of each
section is in the range of 0.25 pym to 50um.

~ 11. A process for wavelength conversion
comprising 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 wavelength conversion; at
least one of said optical materials having a Ak which
is positive for said wavelength conversion; at least
one of said optical materials having a Ak which is
positive for said wavelength conversion; at least one
of said optical materials having a Ak which is
negative for said wavelength conversion; and the
series of sections being selected such that the sum
of the products of the lengths of each section of
material having a2 positive 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 its Ak
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
wavelength conversion system, said optical article
comprising at least one optical conversion segment

is Sheet Has Been RTlaced
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varying the exchange time from45 to 90 mnutes. Th{S,I 3 grPrpcess
~results in Rb channel waveguides with characteristi %ﬁwgﬁ mEﬁEEQV[

ange from
about 3 to 4 pm Aft nge, the Ti mask was re Wed The second |
har noni ¢ gen i Ci

|on conver eff|C| ency was neasufed uUsDrERNEA r
coupling of a “ﬂg@&éandon1y pol ari zed 48 . 1.064 pm
hh:yttriun}alu

| aser thpough a 10X ~0 25 NA"ODj ect|ve.
The coherence gt% For the KTP section for this vel ength _conversion

syst em was conS|dered.about 91 pm and the coherence length for the Rb

exchange sect congigftilly of\eycs@rded 66n¥2igned \WecEPOABUOEEGpd da about

190 pm materials for wavelength conversion, wherein said
sections are selected so that the sum of the product
of the length of each section and the Ak for that
gsection is equal to about zero, and the length of
each section is less than its coherence length;
wherein the Ak for each section is the difference
between the sum of the propagation constants for the
incident waves for the wavelength conversion system
in that section and the sum of the propagation
constant for the generated waves for the wavelength
conversion system in that section, and the coherence

' 2w

Ak
and wherein either at least one of said materials is
optically nonlinear or said article thereby comprlses

a layer of nonlinear optical material adjacent to
said segment, or both.

U

length for each section is

for that section;

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 wherein each section is constructed of
nonlinear optical materials.

15. An optical article in accordance with
Claim 14 wherein the azligned sections are pairs of
adjacent sections of optical materials selected such
that for each pair the sum of the product of the
length of one section and its Ak together with the

product of the length of the other section and its Ak
is about zero.

-
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The'neasured second harnonic generation output as a function of guide wdth

for a guide period of 4 pmand ion exchange time of .90 ninutes showed Type
Il phase natchlng having a peak in the second har [

?Lﬁ Iroﬁn ng;m nat plg“ﬂlﬂmrmlmwm gt ?ePieﬁg ¥V|r gﬁnhtél ui de surface “$héwed

the second harnonit dgenératioh t0 i ncrease continualljy %tﬁtwﬂmyagat on
di stance indicating that, for this guidgy the over :

i6. An optical article in accordance with

Claim 15 having alternating sections of KTP and
rubidium echanged KTP.

17. An optical article in accordance with

Claim 16 wherein said sections form a waveguide
having a width of about 6 um; wherein the length of
each KTP section is about 1.3 pm and the length of
each rubidium exchanged section is about 2.7 um; and
wherein the KTP is hydrothermally grown.

18. An optical article in accordance with

Claim 14 wherein the length of each section is in the
range of 0.25 pm to 50 um.

19. An optical article in accordance with
Claim 12 which is a waveguide comprising alternating
sections of a crystalline substrate having the
formula K;_yRby,TiOMO, wherein x is from zero to one
and M is P or As, and sections of substrate material
in which the cations of said substrate have been
replaced by sufficient ca..ons selected from the
group consisting of Rb*, Cs* and T1t* to change the
surface index of the fraction with respect to the
index of refraction of said substrate.

20. An optical ariicle in accordance with
Claim 14 comprising alternating sections of single
crystal KTiOPO, substrate and sections of substrate

material in which the cations of said substrate are
partially replaced by Rb.
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crystal KTiOPO4 substrate and sections of said
substrate material wherein the cations are partially
replaced by Tl and Rb.

22. An optical article in accordance with
Claim 12 wherein the optical materials are single
crystal materials having the formula K;_,Rb,TiOMO4
wherein x is from 0 to 1 and M is selected from P and
As, and single crystal materials of said formula
where the cations have beenh replaced by at least oné
of Rb*, T1* and Cs*.

23. An optical article in accordance with
Claim 22 which is 2 modified single crystal of
KTiOPO, containing sections where the cations of

KTiOPO4 have been partially replaced by at least one
of Rb* and T1%.

24. In an optical waveguide device comprising
at least one channel wavequide. means to couple an
incoming optical wave into said channel waveguide and
means to couple an outgoing wave out of said channel
waveguide, the improvement wherein the channel

waveguide is an optical article as provided in
Claim 12. '

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

(1) providing a z-cut substrate of
crystalline material having the formula Ky_gRby,TiOMO,
wherein x is from zero to one and M is P or As or
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crystalline material having said formula wherein the
cations have been partially replaced by Tl*, said
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
cations selected from the group consisting of Rb*,
Cs* and T1t in an amount efficient to provide upon
exposure 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 refraction of said substrate;

(3) applying a masking material on said
substrate to brovide a pattern of aligned areas along
said waveguide portion of said optically smooth .
surface which are alternately masked with a material
resistant to said molten salt and unmasked;

(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) finishing said substrate to provide a

clean waveguide with polished waveguide input and
output faces;

the length of said masked and unmasked areas being .
selected 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
for the series of sections of the product of the
length of each section and the Ak for that section is
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36 1.064 [err]mwas observed for a guide width of 6 [err]mand a guide
~period of 5 pm This conversion efficiency was ab T MPLE
3 A hydrothernalTy grown KTP crystal (obtained fr rdﬁWkﬁ SN VS om of
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equal to about zero, and the length of each section
is less than its coherence length; wherein the Ak for
each section is the difference between the sum of the
propagation constants 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

section, and the coherence length for each section

2%
is

for that section.
Ak :

26. The process of Claim 25 wherein the
substrate of step (1) has the formula Kj_yRb,TiOMO,.
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oog h

eﬁgﬁﬁzg?hdeawdeh_mnth a
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ns and variations

may be

Ttomcepts of

this invention. It is further underst that the invention is not confined

to the particul @PTICAL ARTICLES FOR WAVELENGTH CONVERSION AND THEIR

MANUFACTURE AND USE

Articles and process for wavelength conversion are disclosed

which use a series of aligned sections of optical materials which

are suitably balanced over the series with regard to the section

length and the section ak (i.e. the difference between the
of the propagation constants for the incident waves and the
of the propagation constants for the waves generated).

sections are selected such that the sum for the series of

sum
sum
The
the

product of the length of each section with the ak is equal to
about zero and the length of each section is less than its
coherence length. Embodiments are disclosed wherein at least one
of the optical materials is optically nonlinear and/or wherein
a layer of nonlinear optical material is provided adjacent to the

series of sections. Also disclosed is a process for preparing

a channel waveguide for wavelength conversion systems wherein
areas along a portion of a crystal substrate surface used for
forming the desired channel are alternately masked and unmasked

during cation replacement by immersion in a molten salt.

FIGURE 2



formul ati ons and exanples herein illustrated, but it

o f
forms thereof as come within the scope of the follow hIEPLACHMENT SHEET

CLAIMS What is clainmed is: 1. A process for wavel ength CONVErsTom
conprising the step of directing the incident optical Ves £l ﬁ?yeuer
conversion through at |east one opticahé onversion s nt “consi $fing g
series of aligned sections of optical erials for £ Si

wherein at | east one of said optical nﬁychgls has aferr]k which is
positive for said wavel ength conversio at )l east one oOf saldoptTT
materials has a [err]k which is negative 18
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e e,

for said wavel ength conversion; said segnent being w thout phase matching
at the end of each said section and the Iength and the refractive indices
of said sections being selected such that the sumfor the series of
sections of the product of the Iength of each section in the direction of
alignment (h) and the [err]k for that section, i.e., [erf] P
and has an absol ute value less than 2fgrr], and such tha @ﬁgApgﬂﬂvhSHfET
each section is less than its coherence | ength; wherein fhe Ak 1ot each*
section is the difference between the sum of the propag ON2GPRE Banz ﬁor
the incident waves for the wavel ength conversion systemi{in that sec n'

the sum of the propagation constant for the z;;§9$ted ves for—the

wavel engt h conversion system in 4fpat 59 cqherence length fo

each 2[err] sectlon IS --------x n and wherern
ei t her //’:;7/*
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[err]k at | east one of said materials is optically npnlinear or a |layer of
nonlinear optical nmaterial is provided adjacent to said series during

wavelength conversi on, or both. 2. A process for wavelength- . . .
conversion in accordance with Gaim1l wherein a Langmuir-Bl odgett filmis
provi ded adjacent to said series dugygg mavelength conversion. 3. The
process for wavelength convepsion ce with Caiml wherein
each section is constructed of§ponlg opti material s.
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4, A proé

i nci dent ~wg
frequency [

5. A prodess T4 ey eFalvgt-h- wopagsdsi.onf i n accordance with O al

vEsABRIACE equpsssyl .[.etor paged .use tG[o generate waves of
err] and wherein [err] IS equ o]

i nci dent wav
[err] and |
6. A proge

- AV e En r%. *slonzln accor dance with v
Phequeittes {err] ‘daid [err] are used to genérhtREAWAVE
’mﬁ\MEHﬂﬁﬁﬂF¥V§%qaltothesumof[eH]

A u VVIICI

‘i\;“smaa

quenci es

the sumof [err]

'J@r"’waapejgpqt_h.mm_e_r_m on{ i n accordance with d ailm 3 wherein

second har Nt ct-wWave

\.all]

——

example, L”%od&ﬂﬁ"ﬂ“PHFEECiht@?ﬂﬁ%dﬂéﬁﬁf@Qﬁ@ﬁfTﬁear
optical Interactions in Periodic Thin Films," Appl.
Phys. Lett., 21, 140 (1972)). &Aas with the methods
above, the intensity of the second harmonic output
increases with the square of the length of the
material used. Hpﬁever, since only a small fraction
of the beams are reflected, the overall efficiency of
this method is even less than the methods discussed
above. .

Other "quasi" phase matching techniques have
been demonstrated which involve periodic domain

reversals or internal reflection (see J. A. Armstrong.

et al., 'Intéractions between Light Waves in a
Nonlinear Dielectric®, Phys. Rev., 127, 1918
(1962)). TFor example, Hopf et al., supra, discloses
at page 52 segments of nonlinear optical material
where the nonlinear optical coefficient is modulated

at a period equal to the coherence length for the
waves in the material.

An article by MM Fejer in SPIE Vol 11 48 “Nonlinear Optical Properties of
Materials” 1989 discloses a waveguide for optical frequency conversion comprising
segment of non-linear optical material where the non-linear optical coefficient is

modulated for a period equal to the coherence length for the respective waves in
the material. '

Other modulated waveguide schemes have been
described in the art which can give phase matching by

using lengths of adjacent materials which are equal

to the coherence length. However, these periodically

modulated schemes can be very sensitive to waveguide
parameters, such as waveguide depth and modulation

period, and are not highly efficient with respect to
conversion.

There remains a need for wavelength conversion
schemes for efficiently converting fundamental



7. A process for wavel ength conversion in accordance with d ai m 3 wherein
the aligned sections are pairs of adjacent sections of gpti e_
‘sel ected such that for each pair the sumof the product ORERLABEMEN, )

of one section and its [err]k together with the product|o “Tength o
the other section and its [err]k, i.e., [err]k-h, is mnqi 'ng ﬁ@@‘ﬁ@* an
absolute value less than 2[err]. 8. A process for wavdl dng

conversL?n
)

wherein the
' sections

in accordance with Claim7 wherein incidgnt waves havin
1.064 pmare used to generate second harnoni c waves, an
optical waves are directed through a wavegui de having al
of KTP and rubi di um exchanged KTP

optical waves to useful alternate wavelengths.
SUMMARY OF THE INVERTION
This invention is based on the discovery that
wavelength conversion can be accomplished by using a
series of sections of optical materials wherein the

differences in the refractive indices and the section
lengths are balanced to control the effects of
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. Balancing the section lengths
and refractive indices requires that the length of

each section (i.e., hj) is less than its coherence

2%
length (i.e.,

)} for the wavelength conversion
k3

system; and that the. refractive indices of the

sections be such that .the sum for the series of the

product of the length and Ak for each section (i.e.,

'Aki) is equal to about zero (i.e., EAkijhy = 0).
i

A process for wavelength conversion is provided
in accordance with this invention as defined in claim 1.



39 9. A process for second harnonic generation in accordance with Caim8
wherei n t.he wavegui de width is about 6 pm the length

is about 1.3 pmand the | ength of each rubidi um exchan eRERLAGEM \K E ot
2.7 pm and wherein the KTP is hydrothermally grown. 18. process fgrL
wavel engt h conversion in accordance with C ai m 3 whereiln thf7lgmgt592ﬁ§e ch

section is in the range of 0.25 pmto 50herr]n1 11
-wavel engt h conversion in accordance with claim 1l wherei{n
sections is selected such that the sum

rocess for i

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 from one incident beam. A preferred use of
the wavelength conversion process, however, is for
second harmonic generation, wherein the generated
waves have a wavelength which is one-half the
wavelength of the incident beams. Generally, either
at least one of the section materials is optically
nonlinear, or a layer of nonlinear optical material
is provided adjacent to the seties of sections during
wavelength conversion, or both. '

Optical articles are provided in accordance with this invention as defined in

claim 12 for use in a wavelength conversion system. The articles comprise

at least one optical conversion segment consisting of
a series of aligned sections of optical materials for

wavelength conversion, wherein said sections are
selectedJso that the sum of the product of the length
of each section (i.e., hy) and the Ak for that
section (i.e., Ak;) is equal to about zero, (i.e.,

LAkshy & 0) and the length of each section
i .

is less than its coherence 1eng§h (i.e., 2w/48ky) .
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 invention wherein at least



of the products of the |engths of each section of
positive [err]k with its [err]k is,balanced with tHhe rst d
the 'l engt hs of each section of mat er i al havi ng a nqggt |¥2 éﬁé‘ﬁggmnt
[err]k so that the overall coherence |ength over tHe [waV | th’conpv
path is greater than the length of the way'el ength dorversion.path

optical article for use in a wavel ength conversion fsystem sai d opt i
article conprising a |light source arranged to emt

wavel ength into at A qastfeneedpembolditemternvolvegmstdcond harmonic
generation wherein at least one of the materials in

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

Certain embodiments_hre provided where the. p
sections may be characterized as either one segment
having q adjacent section pairs (i.e., p = 2q)
wherein the sum Akj_jh;_; + Akjh; for each pair is
about zero, or q adjacent segments of 2 sections each
‘wherein in each segment the sum Akyhy + Akyh, is
about zero. A

Channel waveguides constructed in accordance
with this 1nventzon can be used to improve optical
waveguide devices which comprise at least one channel
waveguide, means to couple an incoming optical wave
into said channel waveguiﬂe and means to couple an
outgoing wave out of said channel waveguide.

This invention further provides a process for
preparing an optical article as defined in claim 25. Onepm:msﬁx
oreparing a channel waveguide for a wavelength
convers1on—system in accordance with thls 1nvent10n
comprises the steps of: (1) providing a z-cut
substrate of single crystal material having the
formula K;_4RbyTiOMO,; 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 is suitable to form 8 channel waveguide;

(2) providing a molten salt containing cations
selected from the group consisting of Rb*, Cs* and
T1* in an smount efficient to provide upon exposure
to said waveguide portion at a selected tamxméhne

for a selected time sufficient cation replacement to
change the index of refraction with respect ro the
index of refraction of said substrate; (3) applying a



40 consisting of a series of aligned sections of ot gﬂ%ﬁf%ﬁ&@rfor :
wavel engt h conversion, wherein at |east one of saiE 9 nei-eflalls has a
[err]k which is positive for said wavel ength convels|on and at | edgsti one of
said optical materials has a [err]k which is negat]vg ﬂdkMﬁdP%\qeléength
conversion; said segnment being wthout phase matchjnfj at the end of weach
sai d section, and wherein the length angd,the refragtive rndi ces of said
sections are selected so that the sumoT the produgt_of the length of each
section (h)and the [err]k for that section, i.e., [err]k-h, is mnimzed

d h [
and has o sPeokih MALUG ool e dl SUbkecaid W bepotagl cach sector

. rence len erein the [err or each section is
the differergetberneof taﬂémnéougne plepgag&aish waveguide parkipn

incident wavgp £Q5al B4Rl BPIifo6eRY BuYEXtes Wi BEhi Brehat section and the
conversi on 9IEernakaliamatkedNithna MAFRARS crEgLstant to'safd® oMo'
molten salt and unmasked (the lengths of said masked
and unmasked areas being suitably selected to provide
phase matching in accordance with this invention);
(4) immersing said masked substrate-in said molten
salt at said selected temperature for said selected
time, thereby providing cation replacement in said
unmasked areas; (5) removing the masking material
from said substrate; and (6) finishing said substrate
to provide a clean waveguide with polished waveguide
input and output faces.
BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic drawing of an apparatus
for wavelength conversion in accordance with this
invention.

Figure 2 is a perspective view of a waveguide
for wavelength conversion in aqcordanée with this
invention. . B

Fiéu:e 3 is a perspective view of the aligned

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.

Figure 5 is a section view along section 5-5 of
Figure 4. '
Figure 6 is a perspective view of another -

waveguide for waveguide conversion in accordance with
this invention. -



2[err] length for each sectionis --------
wherein either at |east one of said materials is dr or
said article conprises a |ayer of '
adj acent to said segnent, or both. 13. An optica
with Claim1l2 wherein a Langnuir-Blodgegg filmis p |

segnent. 14. The optical article in accordance p th Cl aim 12 wherfei n each
section is constructed of nonlinear optical matertetes—tS—7AmoptTcal
article in azstoldasteomet Ak must be positive and at least one Ak

must be negative).

- for t'héﬂE%E@EMENT SHEET Jik and

dance
to said

Indeed a3 process for wavelength
conversion is provided in accordance with this

invention qhich comprises 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

wavelength conversion; at least one of said optical

materials having a Ak which is positive for said
wavelength conversion; at least one of said optical

materials having a Ak which is negative for said

wavelength conversion; and the series of sections

being selected such that the sum of the products of
the lengths of each section of material having a
positive - 8k with its Ak is balanced with the sum of
the products of the lengths of each section of
mate#ial having a negative Ak with its Ak so that.the
overall coherence length over the wavelength
conversion path is greater than the length of the
wavelength conversion path. Preferably, for -
efficient wavelength convexs;on, a sect1on having a
Ak of one sign ‘should be adjacenh to at least one
section having a Ak of the opposite sign.

For example, in a section wherein two beams of
Tncident optical waves having reséeehive frequencies
wy and w; and respective wavelengths A; and Ay are
directed through a2 medium (e.g., a crystal or a
composite material) having a 1engfh hy and having a
refractive index nj(w) which varies as a function of
the optical wave frequency, to generate optical waves
having a frequency ws and a wavelength A3 a beam

- propagation constznt k is defined for each wave beam
as equal to 2wn(w)/A, and a Aky for the section is
represented by the relationship:



optical materials selected such that for each pair

of the I'ength of one section and its Ak together wi}hither puedies?
length of the other section and its [err]kg i.e., [fr{]k-h, is mn

and has an absolute value less than 2[err]. 16. articte in
accordance with C aim 15 having alternating section el i

of KTP and
echanged KTP. kipstrAteORif Ohe af brfbikal RyaGC [ TTwhéneinl& dherein
said sections forma %ﬁyﬁgm

from 0 aé@ M is P or As or a single crystal
substrate of said formula where the cations of said
formula have been partially replaced by at least one
of Rb*, T1t and Cs*. Preferably the cation exchange
provides at least about 0.00025 difference between
the surface index of refraction of cation exchanged
sections and the surface index of refraction of the
substrate. Preferred substrates are those of said
formula. Use of these substrates for producing
channel waveguides is well known in the art, and
reference is made,tb U.S. Patent No. 4,740,265 and
U.S. Patent No. 4,766,954, A typical substrate

for wuse in producing waveguides

is
a crystal of KTiOPOy4, where x is

0 and M is P (i.e., "KTP).

As described in U.S. Patent No. 4,740,265 and
U.S. Patent No. 4,766,954, the use of substrate .
masking allows replacement of cations of one
optically smooth su;f%ce by ions selected from at
least one of Rb* dnd Cs* and T1* and a resulting
change in the surface index of refraction with
respect to the index at refraction of the starting
substrate. In accordance with the instant invention,
areas along the portion of the crystal shbstrate
surface used for forming the desired channel may be
alternately masked and unmasked during cation
replacement so that the resulting channel consists of
a series of aligned sections which alternate between
original substrate (e.g., KTiOPO,) and substrate
material in which cations have been replaced, (e.g.,
K, _4Rb,TiOPO,4 where x is not zero).

Standard
photolithographic techniques may be used to provide

the desired masking. For example, a mask of

protective material (e.g., Ti) may be applied over



having a width of about 6 pm wherein the length
about 1.3 [err]mand the |length of . each rubi di um
2.7-pm ‘and wherein the KTP i.s hydrothernally gro
article in accordance with daim 14 wherein the

in the range of 0.25 pmto 50 pm 19. An optic
with Caim12 which is a wavegui de conggi sing alt
single crystal substrate having the fornula Kfer
wherein x is fromzero to one and Mis P or As,

mat eri al i nyyisah irhesgatobseroeds iod wulgasirax arbath béess naplaask e by
suffici ent catlons sel e

ide per1o&teg groﬁlth%hxs conversion efficiency was
about 8%/W/cm? .

G0 see

sect.an
. An opﬁlc
n tH7bAUGaEH953ct

rticle in acdor
rnati ng sections

EXAMPLE 3

A hydrothermally grown KTP crystal (obtained
from Airtron Division of Litton Systems) was prepared
using the same cutting, polishing and masking process
as for Example 1 except that the mask was oriented
for x-propagation rather than y-propagation. This
sample was treated in a Rbuo3:T1N03:Ba(N03)2 bath of
mole ratio 95:4:1 at 360°C for 1 hour. Phase matched
SHG at 1.319 pm (NA:YAG) was observed for a 7 um
guide width with a 4 um pitch, (i.e., use of the bath
containing Tl adjusted the waveguide surface
refractive index for phase matching at 1.319 um
rather than 1.064 um).

Particular embodiments of the invention are
included in the examples. Other embodiments will
become apparent to those skilled in the art from a

consideration of the. specification or_pracxibe of the

invention disclosed herein. It is understood that

modifications and variations may be practic¢al without
departing from the scope of

concepts of this invention.

the novel
It is further understood
that the invention is not confined to the partlculat
formulations and examples herein illustrated, but it
embraces such modified forms thereof as come within
the scope of the following claims.

i s about
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and sectlons of substrate
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What is claimed is:

1 A process for wavelength conversion comprising the step of directing

the incident optical waves for wavelength conversion through at least one optical conversion

segment consisting of a series of aligned sections of optical materials for wavelength

conversion, wherein at least one of said optical materials has a Ak which is positive for said

wavelength conversion and at least one of said optical materials has a Ak which is negative

for said wavelength conversion; said segment being without phase matching at the end of each
said section and the length and the refractive indices of said sections being selected such that

the sum for the series of sections of the product of the length of each section in the direction
of alignment (h)- and the Ak for that section, i.e., ZAk-h, is minimised and has an absolute
value less than 2=, and such that the length of each section

is less than its coherence length; wherein the Ak for
each section is the difference between the sum of the
propagation constants for the incident waves for the
wavelength conversion system in that section and the
sum of the propagation constant for the generated
waves for the wavelength COnyersion system in that

section, and the coherence length for each
2% : .
section is for that section; and wherein either
Ak

at least one of said materials is optiéally nonlinear
or a layer of nonlinear optical material is provided

adjacent to said series during wavelength conversion,
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 process for wavelength conversion in

accordance with Claim 1 wherein each section is

constructed of nonlinear optical materials.



substrate material wherein the cations are partially replaced by Tl+ and

Rb+. 22.

MMG I n accordance with d ai nd@ areg! ntnsr
optiical materials are si rystal mat eri al s havingjt or e 2
Klerr]Ro[err] mﬁm Qg nxis fromOto I and M{s selected friom P
and As, and s erials of said formula hherdt RJGEIons fhave
been replaced by Gt Ieast one of Rb+, TB# and Cs+. 23 An optical article
in accordance with daim22 which is a nodified singlg crystar o
KTi OPJ err] containing sections where the cations of L OPJ err] have bieen

partially replaced by at |east one of Rb+ and TI +.

q. A process for wavelength conversion in
accordance with Claim 3 wherein incident waves of
frequencies w; and w, are used to generate waves of

frequency wy: and wherein w3 is equal to the sum of
wy and w,.

S. A process for wavelength conversion in
accordance with Claim 3 wherein incident waves of
frequency wy is used to generate waves of frequencies

wg and wg; and wherein wy is eqgual to the sum of we

6. A process for wavelength conversion in
accordance with Claim 3 wherein second harmonic waves
of the incident optical waves are generated.

7. A process for wavelength conversion in
accordance with Claim 3 wherein the aligned sections
are pairs of-adjacent sections of optical materials
selected such that for each pair the sum of the
product of the iength (h) of one section and its Ak together with the
product of the length of the other section and its Ak, ie., ZAk-h, is
minimized and has an absolute value less than 2x.

8. A process for wavelength conversion in
accordance with Claim 7 wherein incident waves having
a wavelength of 1.064 pm are used to generate second
harmonic waves, and wherein the optical waves are
directed through a waveguide having alternating
seqtions of KTP and rubidium eichanged KTP.



24. An optical wavegui de device conprising at |east one channel
wavegui de, neans-to-couple an incom ng optical wave_into said channel
mavegU|de and neans to coupl e an outgoi ng wave out

de and | . QiEFfaafald CtT*aﬂHFET
brovided i n geiﬂlllll!lll LT Rt e apmesmiohs

h channel “@ng | de for
a wavel ength conve fsi'bn *Syst eth conpri sing the step ff‘? ﬁﬁ ovj I Ng a
Ernula Klerr] |

z-cut substrate of crystallji.ne material Baving thelf [ err]
TiOMJ err] wherein x is fromzero to one and Mis P or As or :

V)AL

9. A process for second harmonic generation
in accordance with Claim 8 wherein the waveguide
width is about 6 um, the length of each KTP section:
is about 1.3 um and the length of each rubidium
exchanged section is about 2.7 um; and wherein the
KTP is hydrothermally growﬁ.

10. A process for wavelength conversion in
accordance with Claim 3 wherein the length of each
section is in the range of 0.25 pm to 50um.

1]l. A process for wavelength conversion
in accordance with claim 1 wherein the series of sections is selected such that the sum

of the products of the lengths of each section of
material having a positive Ak with its Ak is balanced
with the sum of thé products of the lengths of each
section of material having a negative Ak with its Ak
so that the overall coherence length over the
wavelength conversion path is greater thén the length
of the wavelength conversion path.

12. An optical article for use in a
wavelength conversion system, said qotjcal article
comprising a light source arranged to emit light of a predetermined
wavelength into at least one optical conversion segment



43 crystalline matetial—having said formula wherei Fﬁﬁe catwqgé?Eg&e been
partially réplaced by Tl + d substrate includin

 Bn optically s th

surface W|th mm‘“\ nat which it is suifa |e|i(hlf('pl‘i999a‘c nnel
wavegui de; ‘“ Iten salt containing ¢ations selectgd from
t he group consﬁstan of " Rb+, Cs+ and Tl ggi n an anognt—effcrem [O pf ovi de
upon exposure to said wavegui de portion at a selecied tenperature fof a
selected tine sufficient cati-on replacenent to change the | ndex of

refraction wddhsisting of a series of aligned sections of optical

nmﬂshmdaghmsmmehabaﬁmdaﬁdopﬁdnmﬂsresaAkmmbmhwd
mmmmab&mdﬂdmmnmﬁsma&mmsnegaﬁwhwmh
conversion; said segment being wihout phese matching at the end of each said section, and wheren the length and
the refractive indices of said sections are selected so that the sum of the product of the length of
eachsedon(i\)a\dherr_JrMsedm.le,mkh,bniniﬁzedaldi’asmd:souevabemﬁm&,mdmaghd
each section is less than its coherence léngth:
wherein the Ak for each section is the difference
between the sum of the propagation constants for the
incident waves for the wavelength'conversion system
in that section and the sum of the propagation
constant for the generated waves for the wavelength
6onversion system in that section, and the coherence
2%

length for each section is for that section;

Ak
and wherein either at least one of said materials is
optically nonlinear or said article

comprises
a layer of

optical material adjacent to
said segment, or both.

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 wherein each section is constructed of
nonlinear optical materials.

15. An optical article in accordance with
Claim 14 wherein the aligned sections are pairs of
gdfacent'sections of optical materials selected such
that for each pair'the sum of the préduct of the
length of one section and its Ak together with the
product of the length of the other section and its Ak

i.e., TAk-h, is minimized and has an absolute value less than 2x.



respect to

the_i ndex of refraction of said substrate; (3)

applying a
maski ng materia d substrate to provide a pattern of-alig ar eas
al ong said mav portio aid optically s qq Lﬁgwtaﬂéqﬂﬁfba are
alternately na rial resistant to s
unmasked; (4) masked substrate ip $ai { at said
sel ected terrperat ure "foﬂ" s el ect ed‘lii me, ther gby d%% ﬁ@gca I on
repl acenent in said unnmasked areas (5) removin 1he masking tefial
fromsaid substrate; and (6) finishing said subgtrate to prOVide cl ean
wavegui de wi th polished wavegui de i nput and .

16. An optical article in accordance with

Claim 15 having alternating sections of KTP and
rubidium echanged KTP.

17. An optical article in accordance with
Claim 16 wherein said sections form a waveguide
having a width of about 6 um; wherein the length of
each KTP section is about 1.3 pm and the length of
each rubidium exchanged section is about 2.7 um;
wherein the KTP is hydrothermally grown.

and

18. An optical article in accordance with

Claim 14 wherein the length of each section is in the
range of 0.25 um to 50 um.

19. An optical article in accordance with
Claim 12 which is a waveguide comprising alternating
sections of a single cryatal substrate having the
formula' K;_yRbyTiOMO, wherein x is from zero to one
and M is P or As, and sections of substrate material
in which the cations of said substrate have been
replaced by sufficient cations selected from the

group consisting of RbY, Cst and T1* to change the

surface index of refraction with respect to the

index of refraction of said substrate.

20. An optical article in accordance with
Claim 14 comprising alternating sections of single
crystal . KTiOPO, substrate and sections of substrate

material in which the cations of said substrate are
partially replaced by Rb.
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Claim 14 comprlslng alternating sections of single

crystal KTiOPO, substrate and sections of said

substrate mateérial wherein the catiéns are partially
replaced by T1* and Rb*.

22. An optical article in accordance with
Claim 12 wherein the optical materials are single
crystal materials having the formula K;_yRbyTiOMO4
wherein x is from 0 to 1 and M is selected from P and
As, and single crystal materials of said formula

where the cations have been replaced by at least one
of Rb*, T1* and Cs*.

23. An optical article in accordance with
Claim 22 which is a modified single crystal of
KTiOPO4 containing sections where the cations of

KTiOPO, have been partially replaced by at least one
of Rb* and T1*.

24. An optical waveguide device comprising
at least one channel wavequide, means to couple an
incoming optical wave into said channel waveguide and
means to couple an outgoing wave out of said channel
waveguide, wherein the channel i

waveguide is an optical article as provided in
Claim 12.

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

(1) providing a z-cut substrate of
crystalline material having the fprmula'xl_xbeTiOMO4
wherein x is from zero to one and M is P or As or
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crystalline material having said formula wherein the
cations have been partially replaced by Tl%, said
substrate incliiding an optically smooth surface with
a selected portion at which it is suitable to form a
channel waveguide;

(2) providing a molten salt containing
cations selected from the group consisting of Rbt,
Cs* and T1* in an amount efficient to provide upon
exposure to said waveguide portion at a selecfed
temperature for a selected time sufficient cation

~replacement to change the index of refraction with
respect to the index of refraction of said substrate;

(3) applying a masking material on saigd
substrate to érovide a pattern of -aligned areas along
said waveguide portion of said optically smooth
surface which are alternately masked with a material
resistant to said molten salt and unmasked;

(4) immersing said masked substrate in said
molten salt at said selected temperature for said
selected time, thereby providing cation replacement in
said unmasked areas;

(%) removing the masking material from said
substrate; and

(6) finishing said substrate to provide a
clean waveguide with polished waveguide inpﬁt and
output faces;
the length of said masked and unmasked areas being
selected 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 qf aligned
sections of optical- materials witﬁout phase matching at the end of each said section
wherein at least one of said optical materials has a Ak which is positive for said wavelength

conversion and at least one of said optical materials has a Ak which is negative for said
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wavelength conversion; and the length and the refractive indices of said sections being
selected such that the sum of the series of sections of the product of the length of each
section and the Ak for that section, i.e., ZAk-h, is minimized and has an absolute value less
than 2x , and the length of each section is less than its coherence length; wherein the Ak for
each section is the difference between the sum of the
propagation constants 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
section, and the coherence length for each section

2w

1S

for that section.
Ak



