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'OPTICAL ARTICLES FOR WAVELENGTH
5 CONVERSION AND THEIR MANUFACTURE AND USE

' Th1s invention telates to optical articles. and
more particularly to opt;cal articles useful for
~ wavelength conversion. ‘
w0 BACKGROUND OF THE INVENTION
| Considerable effort has recently been directed
toward develop;ng optical systems such as
'communxcatzon systems uszng optzcal waves. A
challenge often encountered in the design of such
15 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

35 waves. . . '
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o Typically in optical articles for wavelength
conversion, 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 enpioy someﬂtechnique to control

the effects of such destructive interference.
In somewhat more theoretical terms, wavelength.
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

n is the refractive index of ‘the medium and X 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

interacting optical waves in the conversion medium

c3h clearly be different . _
Generally, for wavelength conversion the sum of

: freqnencies 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 nas generally been considered

“desxrable that the sum of ° ‘the propagation constants

of the 1nteracting incident waves also closely
approximate the sum of the propagation constants of
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the waves generated by the interaction. 1In other
words, for the optical waves involved in the
wavelength conversion, iﬁ 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.
An opt:cal parameter of some interest in
wavelength conversion systems for a particular medium

is the coherence length, coh, which is generally

2%

~ defined as ' . For conditions where Ak is about

Ak

‘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

two beams of incident optical waves having respective
frequencies “1 and w, and respective wavelengths A
and A\, are directed through a medium (e.g., a crystal
or a composite material) hav1ng 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 A3, a8 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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o -'an(ua) ) 2wn(w2). _ 2mn{w, )

1 .

The maximum output intensity occurs in such a
system when under conditions where the phase system
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
frequencies w; and wy are taken os equal and as one
half of the frequency wy. Accordingly, the

'waveIEngths-ll and A, are twice the wavelength A3 and

Ak for second harmonic generation systems. may be
tepresented in terms of the above example, by the

_relat1onsh1p.

- 2w _ ."'- \
Bk = = n(wy)-n(w,)).
. - .
The oohersnce length for such second harmonic

generatxon systems may thus be represented by the
relat;onshxp'

|  a - 0.8X

n(uy)-n{u;)  nlwz)-nlw;)

‘An alternate example of a wave conversion
scheme involves generating two waves with'anelengths_
Ag-and Ag from a single input wave of wavelengths Aqe
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Se#eral-techniques have been demonstrated or
proposed fo:'achieving efficient pnase matching.
(See, for example, 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 deneration. In angle

 tuning of bulk material such as a single crystal, the

orientation of the crystal relative to the incident
light is ad:usted to achieve phase matchxng. The
techn1que is generally conszdeted 1nappr0pr1ate for

- use in art:cles such as_wavegu;des which by nature of

their design must be oriented in a particular
direction with rega;d,to incident waves. Temperature
tuning relies on the temperatute'dependence of the
birefrzngence of the mater1a1 and may be used for

-wavegu;des as well as bulk material._ However, for  '.
‘many mater;als the temperature dependence of the

b1re£r1ngence is. large and, although temperature

~ tuning is poss;ble_for wavegu1des,1n 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

g This Sheet Has Been Re

(WA [




WO 91/09339 | - | ~ PCI/US9/07053

10

15

25

30

35

_above.

example, S. Somekh, "Phase-Interchangeable Nonlinear

Opticsl 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 .

mater;al used. However, since only a small fractxon

of the_beams are reflected.-the overall efficiency of-

this method is even less than the methods discussed

Other 'quasi" phase match:ng techniques have

h been demonstrated which involve periodic domain

teversals or internal reflection (see J. A, Armstrong
et al., 'Interactzons between Light Waves in a

' Nonlznear 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
to the cohetence length However, these per10d1cally
- modulated schemes can be very sensitive to wavegu1de

patamete:s._snch:as_wavegu1de depth and modulation

_.perjod,'and are not highly-etficient with respect to

conversion. S
" There remains a need for wavelength conversion

“ schemes for efficiently converting fundamental

optical waves to useful slternate wavelengths.
. : N _ .
This inventxon is based on the d1scovery that

.wavelength conversion ‘can be accomplished by using a

serzes of sect;ons:of_optical materials wherein the

——
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differences in the refractivc 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. Balancipg‘the section.lengths
and refractive indices requires thatlthe length of
each section (i.e., hy) is less than its boherenue

2w '

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 ﬁhe
product of the length and Ak fqr each. sgction (z.e..

Ak;) is equal to about zero (i.e., LAkih; & 0).
. . ' N i .

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., |

LAk;h; & 0) and such that the length of each
L =0 |

ééction is iess than its cohgrencé length

2%
(i.e.,

). The Ak for each séction is the
aky

difference between the sum of the propagatxon
constant; £9r thg incident waves for the wavelength
conversion system in that section and the sum of the

* This Sheet Has B

I Wi



WO 91/09339 : ' PCT/US90/07053

10

15

20

25

30

as

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

2w

coherence length £dr'each section is for that

Ak

.section" The process may be used to generate beams

having a certain wavelength £rom two 1nc1dent beams.
Alternatively,.the process may be used to generate
two beams from_one'incident'beam.”_A oreferred_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. Generallv, either
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.- _
Optrcal 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
wavelength conver51on, 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 equal to about zero, (i.e.,

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

- 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
in accordance.with.this invention wherein at least

_—'—’_——‘————__’__—'-—-‘—
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one of the section materials is nonlinear; wherein
each_secfion is constructed of nonlinear optical
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. Pteferred optical materials are
single ctystal'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*, Tl* and Cs*t.
For a segment having p sections of respective

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 nz(w)

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

~section and the total propagation constants'fo:'the

generated waves for the'wavelength conversion system'

in the section. 1In acco:danée'with this inﬁention.
‘the sections for each segment are selected so that

the sum Akyh; + Ak,hy; + ...Akjh; + .3.Akphp'£ot the
gegment (i.e., the sum h;jAk; for the series, or
;Akihi) is equal to about zero, and each section’
i

B : . 2%
length hi is less than — .
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- A preferred embodiment involves second harmonic
generatioh wherein at least one of the materials in .
the series has a nonlinear optical coefficient which
is non-zero. ' ' '

‘Certain embodiments are provided where the. p

7sectaons may be characterzzed as either one segment
having g ad;acent sectzon pairs (i.e., p = Zg)

wherein the sum Ak; j=1Bj-1 + 8kjh; for each pair is
ahout zZero, oOr g'adjacent segments of 2 sections each
wherexn in each segment the sum Aklhl + Akyh, is
about Zero.

. Channel wavegu1des constructed 1n accordance

_thh this 1nventzon can be used to improve optxcal :

. . waveguide devices.whxch comprzse at_least one channel

. 20

25

30

35

_waveguide, means to couple.an incoming optical'wave

into said channel wavegnide and means to couple an

outgoing wave out of ‘said channel waveguide

This 1nvent1on further provides a process. for h

.cpreparzng an optzcal art1c1e One prccess,for

prepar;ng a channel wavegulde for a Wavelength
conversion system in accordance with th1s 1nvent10n
compr;ses the steps of: (1) provzdrng a z-cut
substrate of single crystal material having the
formula K;_xRb,TiOMO, wherein x is from zero to one
and M is P or As, said substrate including an
optzcally smooth surface with a selected port1on at
which it is suitable to form a channel waveguide;
(2) provid:ng a molten salt conta1ning cations

_'dselected from the group consisting of Rb*, Ccs* and

1+ in an amount efficient to provide upon exposure
to sazd waveguide portxon 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

This Sheet H;
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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 unﬁasked areas being.suitably seiected'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 .
£rcm'said substrate, and (G) finishing said substrate

to provide a clean waveguide Wlth polished waveguide

input - and output faces. '
BBIE2_DESQEIEIIQH_QE_IHE_DBAHINES
Figure 1 is a schematic drawing of an apparatus
for wavelength conversion in accordance with this

-Qinvention.

_ Figure 2 is a perspective view of a waveguide
for wavelength conversion 1n 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 8 perspective view of another
waveguide for wavelength conversion in accordance
with this invention. o
- . 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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F1gure 7 is an illustrative plot of a

'calculated relationship between depth and refract:ve'

index mismatch for different waveguide widths.
In- accdrdance with this invention means are

:'_-prov1ded which are suitable for at least partially

10

20

25

30 the sum for the series of sections of the product of

35

ﬂs.

converting optical waves having one wavelength, into
optical waves of a different wavelength. In general,
during wavelength conversxon the sum of the

frequencies of the incident waves and the sum of the

frequencies of the generated waves is egual.-

'Aecord1ngly, ‘for wavelength.convers1on systems where

waves of frequency vy and'wavelengthlli are used
along_wjth“waves'of £requency w,y and wavelength Ag to
generate:wavea of_frequency ag and wavelength A3, y3ﬂ
is equal to-the'Sum"of' w) and w,; and for wavelength'
converszon systems where waves of frequency wg and’
wavelength LY are used to generate waves of frequency

. Wg and wavelength 15 along wrth waves of freguency wg

and wavelength Ag» Wy is egual to the sum of s and

A process for wavelength conversion is provided
in accordance with this invention ‘which comprises the

.step of directing the incident optzcal waves for
-'wavelength conversion through a series of allgned
. sections of optical materials for wavelength

conversion, said sections being selected such that

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 diseussed_belbw Ak for
each section is the difference between the sum of the
propagation cbnstants for the incident waves for the

. This Sheet 4
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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 length for each

2w S :
for that section; The process may

Ak
be used to generate beams havxng a certain wavelength
£rom two incidental 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.

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 convers:on. The series may be represented

as:a_plurality of p aligned_adjacent sections of
Optical materials' m1' mz, 'ooami' ao__o!npa EaCh
section has by a length h; in the direction of

~alignment and a refractive index nj(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 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., Akjh; + Akjhy; +
«o.Bkijhy 4 ...Akphp) is equal to about zero;
. f‘“_“‘““*;‘“-—--—
" This Sheet Has B
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. 2%
and each h, is less than .
b 3 .
Aki

It is desireable that the IAk;jh; be as close to
: i

zero as practical It should be understood, however,
that perfect balance of the opt1cal 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 wavelength conversxon path is greater than the
length of the wavelength conversion path itself. Aan
approach to desrgnlng wavelength converslon 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 the_entzre wavelength
conversion path'of'the products of the'Ak of each
section wrth the length for that sect;on 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 seguence, with the segments 1, 2, ... and
N respectively having Py, P2, ... and py sections, it
is desxreable that each segment be designed such

that zAklh for the wavelength conversxon system
i

-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, py+py+...+py. in the

is Sheet Has Been Reﬂlaced
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wavelength conversion path remain about zero in the
sense described above (i.e., has an absolute value
less than 2n). Preferahly, 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
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 sectibns

- including a plurality of aligned sections (57), (59),
: (61), (63), (65), and (67) of KTiOPO4 wherein the

cations have heen part;ally replaced by Rb*
alternating with a plura11ty of aligned sections
(58), (60), (62), (64),.(66)_end (68) of KTiOPO,

~.wherein the cations have been partially replaced

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'guidadee of the wave on the

_bptical path through the waveguide.

The sections in Figure 6 are sized such that
the opt;cal 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

rconversion.segment represented by aligned sections

(61) and (62); a fourth optical conversion segment

 represented by eligned sections (63) and (64); a

£fifth optical conversion segment.represehted by
aligned sections (65) and (66); and a sixth optical
conversion segment represented by aiigned sections
(67) and (68). Thus, in this simple illustrative _
case the number of optical conversion segmenfs. N, is

T
- This Sheet Has B
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6 and the number of sections for each segment, p, is
t2._ 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 of ept:cal conversion'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 cractzcal matter. in many cases because of
limitations on the precision associated wlth
preparing a series of sectiens for use .in this
invention (including prepariﬁg the optical materials
25 themselves) one may wxsh 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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at'least one Ak must be positive and at 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'éligned-secfions of optical materials for
wavelength conversioh: at least one of said optical

| materials having a Ak which is.posiﬁive 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'
bezng selected such that the sum of the products of
the 1engths of each section of material having a
negatzve Ak 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
overall coherence_length over the wavelength

conversion path is greater than thehlength of the

wavelength conversion path. Preferably, for
efficient wavelength cénversion, a section having a
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 opticél'waveé having reséective freguencies
w; and wy and fespective'waveiengths A, and A, are

' directed'thfough'a medium (e. q}, a crystal or a

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
as equal to 2wn(w)/A, and a Ak; for the section is
represented by the relationship: |

This Sheet Has Been Reﬁlaced
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: In accordance with the process of th;s

'invent:on, the incident optical waves of. such
_ wavelength_converszon systems (having frequencies vy

and wy) are directed through a series of sections

- selected such that the sum of hiAki for the series is

egual to about zero. The optical conversion segments'
for optical art1c1es us1ng such. wavelength convers1on
systems consisting of .a series of sections selected
such that the sum of h Ak; for the series is about

: zero._g

In the case of second harmonic. generat1on, “1
and @, are equal and are each one-half of wj.
Accordxngly, for second harmonlc generation, the Aks

for each sect1on may be represented by the
relat1onsh1p° '

) S 2% 3
: Aki - X . n(ws) - n(w-l) N
3 _ R

Alternatively, in'a section where a beam of
incident optical waves havlng a frequency wy and
wavelength 14 is d;rected through a medzum having a
length h; and having a_refractive index ni(m) which
varies as a function of the optical wave frequency,
to. generate two beams ofloptical waves having
respective freguenc1es wg and g, and respective
wavelengths Ag and 16' a beam propagatlon constant k;
is defxned for each wave. beam as equal to 2wn;(w) /2,

and a Ak; for that section is represented by the
relat1onship°
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In accordance with the process of this
invention; the inciﬁent'optioal waves of such
wavelength conver51on systems (having frequency wy)
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
a:tioles using such wavelength conversion systems
consist of a series of sections selected such that
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._-

o 2w
coh, = .
e ¥ -
8k

in accotdancegwith the process of this
invention, each'of,the sections in the series th:ough
which the incident optical waves of the wavelength
conversion system are directed has 2 length h; which

-is less than its coherence length cohl. The optical
conversion segments for optical articles using such

wavelength conversion systems consist of sections
hav1ng lengths hy which are less than their

‘respective coherence lengths coh;.

For certain embodiments of this invention the p
sections of optical‘mate:ials_may be characterized as
q pairs of adjacent sections of opticel'materials, my
and mz,.m3'and Mg, ...my_y and my, ...myq_) and myq
(i.e., p = 2q) each section being characterized by

/
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corresponding lengths, h;, hy, ...hj, ;..hzq}

‘corresponding refractive indices, n;, ny, ....nj.

5 ...nzé 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) COmptisingﬁafsegment_wherein the sections.

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

In general, the lengths, hy, hy, ....hj, ...hp

‘are much less than the coherence length and typically
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 _

. adjacent Section leﬁgths (i.e., h3_3:hy) is-hsually.
in the range of 1:20 to 20:1. Typical section widths
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",mater1als. . _
Preferred opt;cal mater;als for the optical .
'erticles of this invention for use in a wavelength
conversion 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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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 practical
reasons, when using materials of said formula wherein
the cations have beép-partially replaced and x is

. about 0.8 or more,.the #eglacement cations preferably

10

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., Ca**, sr*+ and Ba**) with Rb*, Cs* and/or Tt
jons can provide a wide degree of control of
refractive 1ndex.__The-d1va1ent ions._as well as Rb*,

~ Cs* and/or T1* ions can exchange with the monovalent

15

- cations of Substrate material (e.g,. the K* ions of a

- KTiOPO, substrate). Examples of articles using the

20

25

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'
._sequentxal sect1ons of KTiOPO, and sections of

Kl_xbeTiOMO4 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 KTiOPO4 where the
cations are partially replaced by a mixture of Rb*t

_and Tl* jons or a mzxture of Rb*, Tit and Ba*t ioms.

30

35

Optionally, a layer or £ilm (e.g., an oriented
Langmuir-alodgett £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 1s
a waveguide or other optzcal article, where

gAkihi is about zero and none of the optical
i :

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

—_—
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equal to zero. 1In this case, phase matched

L 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 1n 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
insensitive to proce351ng conditions such as

_temperature.

There is believed to be actually no theoretical
limit as to how many sections’ of optical materials
make up the optical article, as long as the_length of
each section'is less thaniits coherence 1ength and as

long as for each segment 2Ak h1 is about zero

For waveguides, the: number of sections provided 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

p aced
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(i.e., YAG or YgAlg0;,) or Al,03 uses 2 single
crystal fiber grown with d1f£erent or1entatzons, with

the orrentatlon chang;ng so that the LAkshy is about
i
zero condrtron 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 film. Another example of an

opt1cal element in accordance wzth the invention is

' one formed as a serres of platelets stacked one on
- another of a nonllnear_brrefrrngent material, such as

LiNb03'or.3-methy1—4-methoxy_nitrcstilbene, where the
plates are alternately.orienteﬂ (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 (1 e., ma) oriented.
.in the same ‘direction and separated by a linear
-transparent f:lm or adhesive mater1a1 (i.e., mb) such_

that -Akghg + Akbhb is about zero, where a refers to
the platelet and b refers to the transparent film or
adhesxve
The inventzon may be employed for waveguide

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

~ The instant 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
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channel waéegulde._ The device is improved by using
an artzcle in accordance with this invention as the
wavegu1de thetezn.

Employment of the 1nstant invention is

eillustrated by_reference to the apparatus (10) shown

in Figure 1 wherein optical waves emitted by laser
(12)-et one'wavelehgth_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 (lé)lend a'Sécénd lens (17) is provided to

_coll1mate the optical waves emerging from the

waveguide. ‘A filter (18) 1s provzded in the
arrangement shown to filter out the remaining opt1cal

‘waves whzch have the wavelength of the emitted waves,

whlle allowzng the optlcal_waves of the desired

-ﬁavelengthtwhichlwete generated within the waveguide
. (14) to pass through. Thus, for example, if laser
(12) is a N4 YAG laser used to generate polarized

light at wavelength l 06 um, and the waveguide (14)
is constructed in accordance with this invention for
second harmonzc generation using such incident light,
the filtex {18) would be adapted to allow optical

. waves;of wavelengthlo.sﬁ pm to pass_through while

optical waves of wavelength 1.06 pym are filtered from
the collimated beam which emerges from the

waveguide. A device incorporating the apparatus of
Eigure'l (i.e. the laser (12), the wevegulde (14),

. the filter (18), and the lenseés (13) and (17) is
considered to be an article within the scope of this
~invention. Indeed, waveguides such as waveguide (14)

are themselves considered to be articles withzn the
scope of the 1nvent10n.

”’/?;;;/’//’//:;;;
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One embodiment of a waveguide of the instant
invention is shown by the waveguide 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 ome, and
preferably both of the materials has nonlinear
optical properties. The sections (24), (25), (26),
(27) and (28) are aligned berﬁeen'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 surfeeeV(Sd) 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;sectioﬁs (24), (25).”(26),-(27):
and (28) as well es'sections reﬁresented by'the
portions of block (22) in alignment with said
embedded-seotions, 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 8
number of sections comprised of one material
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
type illustrated in.tigures 2 and 3 in accordance
with this invention is to modify a single crystal
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substrate of the formula K;_y Rb TiOMO4, wherein x i
from 0 to 1 and M is P or As or a s1ngle crystal

substrate of said formula where the cations of said

formula have been partially replaced by at least one
of Rb*, T1%* and Cs*. . Preferably the eation'exehengej
provides -at least about 0.00025 difference between
the surface index of refraction of. cation exchanged
seetions and the Su:faee.index of refraction of the
subétrate._ P:eferred'substrates are those ef said
formula;u Use of these'subst:ates 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. Petentlnp.14,766,954 which are both hereby"
inco:perated hetein'inetheir entirety. A typical
substrate for use in prbducing waveguides is a

crystal of KTiOP04, where x is 0 and M is P (1 e.,
’ .KTP")

as descnbed in U.S. Patent No.' 4,74'0,_ 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 T1* and a resulting

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_for.torming the desired channel may be
alternately 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.,

 Ky.xRbyTiOPO, where x is not zero). Standard

photolithographic Eechniques may be ueed Ee pfovide

' the desired masking. For example, a mask of

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

=
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t-e surface of the crystal substrate kith a pattern
cznerated therein to allow, upon suitable exposure to
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
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 Kl;tbeTiOMQ4_

‘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) prov:dzng a molten salt

conta1n1ng cations selected from the group cons;stzng

~of Rb*, Cs* and Ti* in an amount efficient to provide

upon exposure to saxd wayeguide portlon.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
prov:de a pattern of al;gned areas along said

._waveguzde port1on of sazd optically smooth surface

35

which are alternately masked with a material
resistant to said molten salt and unmasked; (4)
1mmers1ng said masked substrate in said molten salt
at said selected temperature for said seleted time,
thereby prov1d1ng,catzon replacement in said unmasked
areas; (5) removing the masking material from said
substrate;land (6) finishing said substrate to
provide a clean waveguide with polished waveguide
input and output faces. In this process the length
of said masked and unmasked areas is selected such
that after said cation replacement in the unmasked

areas, a channel waveguide is provided at said
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portion_which-comprises at least one optical
conversion segment consisting of a series of aligned
5 sections of optical materials; and such that the sum
for the series of section of the product of the
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 conversion system in that section and the
-sum of the propagation constant for the generated
waves for said ﬁevelength conversion system in thet
15 .section, and the coherence'length for each section
2w '

is for that section.-'Thaliium containing
~Ak” : '

substrates (1 e., substrates of the formula
Kl_xnb £ TiOMO, wherein the cations of said formula
have been partially replaced by Tl*) are also
eonsidered suitable. KTiOMQ4 (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 crystal
with an optically snooth surface). A maskind of Ti
may be provided in accordance with step (3) in
;conformance with standard photolithographic
S _techniques by sequentially applying Ti on the
30 substrate; applying 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.photoresist and etching away
the Ti beneath the removed photoresist; and removing
the unexposed photoresrst, so that the patterned Ti
maskrng remains_ Typically, the substrate will be

20

25

35
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end polished before it is immetsed'in the molten
salt; and washed after removal of the salt.
Typically the substrate is finished in accordance
with step (6) by polishihg it. After the Ti mask is
temoved, the waveguide may be suitably mounted SO
that a laser beam may be directed the:e1n.

It should be‘recognized that the Ak for each
section in which cations have'been exchanged in
accordance with this process for waveguide

_pteparatxon can be varied somewhat by changzng the

section width and/or depth, and may also vary
somewhat as a funct:on of replacement ion type and
concentration. Accordlngly, one may wish to prepare
a number of waveguides having various widths, etc. to
determine optimum design for a particular wavelength
conversion system using partiéular materials.

To further 111ustrate the processxng latitude.

 afforded by this invention and the relationship

between_wavegu:de_depth and refractive index
mismatch, An, one skilled in the art can calculate
the refractive index,mismatch, i.e., An, for second
harmonic genetation'in'KTiOPQA'(KTP) with
y-propagation (i.e., 4n = 0.5 (ng(w) + ny(w)) -

'nx(Zw),.whete_hx(w) and nz(w) are respectively the

Tffective teftactive indexes of the incident optical
wave of frequency w for x polarization:and z
polarization and nx(Zw) is the effective refractive

“index of the generated optical wave of ftequency 20
for x.-polarization) as a function of guide depth for

various waveguide widths, usinq the methods described -
in M. J. Adams, "An Introduction to Optical
Waveguides", (John Wiley & Sons, RY 198l1). Using
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
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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 pm and ny = 1. 779 at A =
0.532 ym, as dlsclosed in J. D. Bierlein and H. '
Vanherzeele, J. opt. Soc. am., B, 6, 622-633.(1989);;
Fof-pianarhab-exchanged_waveguides'the surface index

. has been measured to'be:nx'- 1.7644, n; = 1.8511 at A

= 1.064 pm and ny = 1.8042 at A = 0.532 pm. The
result of the caiculation is shown in Figure 7. At

zero waveguide depth, the 4An equals the bulk KTP

substrate value for y-propagation._ The cofreSpOnding

~ ‘cohererce length is 92 pm. For the Rb-exchanged

guides, the cutoff for 1.064 uym wavelength is at a
'depthIOf 2. d pm. At infinite depth the An would |
corresponﬂ to that for bulk RbTiOPO4 (RTP) .

m1n1mum occurs in the 2 to 3 ym depth range, which is

-[near the range for the waveguides prepared in

acco;dance thh th1s 1nvention {see Example l.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

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, hy = 3.4 pm, which is in
substantial agreement with the actual experimental
value found in 'Example 1 below (i.e., 4 um).

Figu:e 7 illustrates the practical advantage of
_uszng waveguzdes segmented in accordance with the

teachings of_ghzs invention relative to uniform

wayeguides for achieding.phase:matching for second
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harmonic generatidn, Since a minimum occurs in the
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, i.e., a waveguxde'
without the segmented structure taught in this
inventzon. where phase match:ng requires that An be
about equal to zero thrqughout 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, ptocesszng latitude will be much narrower.
" Another advantage of using waveguzdes 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. . o
Another embodiment of a device_for.waveiength

25 conversion is illustrated at Figutes 4 and 5.

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 pqrtiens 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
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materials. The waveguide device is designed so that
during operation} the incident beams of optical 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 Eherewith,'the'evaneScent
~ 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.

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

sections which alternate between original substrate
material and another optical material; and after the
channel ‘has been provided, providing a ‘thin organic
£ilm along the surface by the Langmuir-qudgett
method. One method of providing a thin_organic film
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
dipping and withdrawing the segmented waveguide
substrate into and out of the monolayer-clad water
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while keeping the surface density (pressure)
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

Electronzcs, Vol. 1, 2~ 17 (1985) and U.s. Patent No

4,792,208).

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 -

'£1rst cut into approximately 1 mm thick z-plates,

polzshed 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

_oontact exposed through a photomask containing the
desired waveguide patterms. 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 NH,OH 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
gene:ated'in the Ti mask for the purposes of allowing
preparation of Rb-exchanged waveguide sections
alternately with sections of the bulk KTP. The

-
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fmasked sibstrates provided 36 different waveguide

patterns havxng in the order about 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.1 pm
‘step lengths ranging from 1.7 to 4.7 um with 1.3 pm

Ti separations. i e., segmented waveguide periods of

: from 3 to 6 um. The waveguides were oriented for y

propagation in the KTP. _
'The masked substrates were end polished to give
a total guide length of approximately 5 mm and ion
excnanged in a molten salt bath consisting of 3 mole
% Ba(NO3):97 mole% RbNO3'at a temperature of 330°cC.
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 pm. After exchange, the Ti mask was

'removed.

The second harmonic generation conversion
efficiency was measured us1ng endfire coupling of a

- cw diode pumped randomly polarized 48 mw, 1.064 pm

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

considered about 91 um and . the coherencejlength for
the Rb exchange sections of this wavelength

‘conversion was considered to be about 190 pm.

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
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generation output near a 6 ym guide width with a peak

width (FWHM) of less than 1.5 um.

_Examination of the weak scattering from the
guide surface showed the second harmonic generation
to 1ncrease continually with propagat:on distance
indicating that, for this guide, the overall
coherence length was greater than the guide length
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 paﬁtérns,-having
differeot widths and periods and orders of magnitude

lower second harmonic generation conversion

effzc:ene;es, several coherence lengths were observed
and phase match:ng was not ach:eved for this

'wavelength.

The maximum conversion efflciency observed

measured was 15=4 %IW/cm2
. The temperature of the waveguide exh1b1t1ng
phaee matohing 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).
. | EXEHEIE'2

A flux grown KTP crystal was obtained from

China (Research Institude for Crystal Growth,

‘Beijing) and was cut, polished and masked usxng a
rprocess, propagation direction and mask generally 1n

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 growh KTP is significantly (1oox - 1000X) larger
than hydrothermally grown KTP and hence the
processing conditions are different). Of the various
patterns, phase matched second harmonic generation at
‘This Sheet H.
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1.064 B was 6bserved.£or a guide width of 6 pm and a
guide period of 5 Hm. This conversion efficiency was

about '8%/W/cm?,

_ EXBMPLE 3 _ : _

A hydrothetmally grown KTP crystal (obtained
ffom Airtron Division of Litton Systems) was prepared
uszng the same cuttzng, polish1ng and masking process
as for Example 1 except that the mask was oriented

for x-propagatxon rether than y-propagation. This
 sample was treated in a RbNO3:TIN03;Ba(NO3)2 bath of
~mole ratio 95:4:1 at 360°C for 1 hour. Phase matched

15

SHG at 1‘319 um (Nd:YAG) was observed for a 7 ym

_gu;de width with a 4 pm.pitch, (i.e., use of the bath

containing Tl adjusted the wavegu:de surface

_zrefract1ve index for phase matchlng at 1.319 um
‘rather than 1. 064 um) .

Partzcular embodiments of the 1nvention are

included in the examples. Other embodiments will

beeome'appa;ent td;those skilled in the art from a -

consideration of the.Speeification or practice of the
. invention disclosed herein. It is understood that

25

30

35

- modifications and variations may be practical without

departzng from the sp1r1t and scope of the novel
concepts of this invention. It is further understood
that the invention is_not eonf1ned to the particular
formulations and e:amples,nerein iliustrated,'but it
enbraces such,modified_fbtms thereof as come within

~the scope of the foilqwing claims.
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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 a series of

" aligned sections of optical materials fnr'anelength_

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

' 1s 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- section and the
sum of the propagation constant for the generated
waves for the wavelength conversion system in ‘that"
section, and the coherence length for each

: 2w
section is

. for that section; and wherein either
Ak o S - :

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

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

‘2. A'process for wavelengthﬁconverSion 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.

. This Sheet Has B
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4. A process for wavelength conversion in
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

u_l and.wz. _

5. A process for wavelength conversion in

' accordance with Claim 3 wherein incident waves of
frequency wy is used to generate waves of frequencies'

ws and wg; and wherein u4 is equal to ‘the sum of wsg

15

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

7. A process for wavelength conversion in
accordance witthlaim'3hwherein'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
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
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.
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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 pm; and wherein the

' KTP'is'hyd:dthermally grown.

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
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

is pos:tlve for sazd wavelength conversion; at least
one of said optlcal materials having a Ak which is
positive for said wavelength conversion; at least one

- of said opt1ca1 mater;als having a Ak whxch is

negatzve for said wavelength conversion; and the
series of sections. belng 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
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
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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 and the Ak for that
section is‘equal'to”ebout zero, and the length of
each section is ‘less than its coherence length,
wherein the Ak for each sectxon is the difference
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

constant for the generated waves for the wavelength

conversion system in that section, and the coherence

2w

lehgth'for eachleection is. for that section;

Ak

'_and wherein either at least one of said materials is
'optically non11near or said article thereby comprises

a layer of nonlinear opt:cal mater1a1 adJacent to
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._

| 14._._The optical article in accordance with
Claim 12 wherein each section is constructed of
nonlinear optical'materials.

15. An optical article in accordance'ﬁith
Claim 14 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 tcgether with the
product of the length of the other section and its Ak
is about zero.
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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
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.

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
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
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.

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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21. An optical att1c1e in accordance with
c1aim 14 comptzsing alternatzng sections of single
crystal KTiOPO4 substrate and sections of said
substrate mater1a1 wherein the cations are part;ally

'replaced by T1 and Rb.,

22. An opt;cal article in accordance with

Cla;m 12 wherein the optical materials are single

crystal materials having the formula K;_,Rb,TiOMO,4

' 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 xb* 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
XT1OPO4 have been part1a11y replaced by at least one

- of nb* and r1+

24, In an_optical.waveguide device_comprising'
at least one'channel"wavequide,.means to couple an
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,

25. A process for preparing a channel
waveguide for a wavelength conversion system

_comprzsing the steps of'

(1) providing a z-cut substrate of
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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crystalline material having said formula wherein the
cations have been partially replaced by T1%, said
substrate 1ncludxng ‘an optically smooth surface w1th
a selected portion at which it is suztable 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

_replecement_to change'the index of refraction with

respect to the index of tefractiqn of said substrate;
' (3) eéplying a masking material on saiad
substrate to brovide a pattern of aligned areas along
said waveguide portion of said'optically_emooth '
surface which are alternately masked with a material
resistant to said molten salt and unmasked;
(4)  immersing said masked substrate iﬁ‘said'

" molten salt at said. selected temperature for said

seleted time, thereby prov1dlng cation replacement in
said unmasked areas;

_ (5) removing the mask1ng material from sazd

substrate; and ' -
(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

-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 alzgned
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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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

propagatien constants 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
section, and the cohetenee length for each sect;on

2% _
is em—m _£o:-that“sectxon;
Ak. ' . o

26. | The'prbeess 6£ Claim 25 wherein the
substrate of step (1) has the formula Kl_znb TiOMO4.
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