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1. Get dn/dT values for both glasses 
from vendor's catalog and convert 

them to df/dT and df/dT 

2. Polish glass puck 1 to target 
frequency/thickness + 100 um using 
Eq. 6 with nominal glass temperature 

characteristics 

3. Remove puck 1 from optical path 
length measurement system r 

4. Polish glass puck 2 to target 
frequency/thickness + 100 um using 
Eq. 7 with nominal glass temperature 

characteristics 

5. Dice a pair of micro-optical 
elements from glass 1 and glass 2 

pucks 

6. Build one stage, single port 
"interleaver using micro-optical elements 

7. Measure df/dT of the test 
"interleaver' (f=interleaver freq.) 

while temperature cycling 

8. Correct glass dn/dT based on the 
df/dT measurement and get exact 
glass temperature charateristics 

FIG 4 
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Make slightly oversize pucks 1 & 2 
using conventional measurements 

Test frequency periodicity of puck 1 against air 

Calculate target frequency from equations using 
measured glass temperature characteristics (Fig. 4) 

Polish puck 1 until the desired frequency period is achieved 

Test frequency period of puck 2 against polished puck i 

Polish glass puck 2 until the desired frequency 
period for the glass pair is achieved 

Antireflection coat glass pucks 

Dice glass pucks into microoptic delay elements 

FIG 5 
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FIG. 6B 
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SYSTEMAND METHOD FOR FABRICATING 
COMPONENTS OF PRECISE OPTICAL PATH 

LENGTH 

REFERENCES TO RELATED APPLICATIONS 

0001. This application relies for priority on U.S. provi 
sional application No. 60/230,618 filed on Sep. 5, 2000 and 
entitled “System and Method for Fabrication Components of 
Precise Optical Path Length', P. Chen et al, and U.S. 
application Ser. No. 09/898,469 filed Jul. 6, 2001 by A. Eyal 
et al for “Interleaver Filters Employing Non-Birefringent 
Elements'. 

FIELD OF THE INVENTION 

0002 This invention relates to methods and systems for 
the fabrication of optical elements of precise length and 
more particularly to fabrication of elements having optical 
path lengths exact enough to be used in applications for 
optical communications which use optical interferometry. 

BACKGROUND OF THE INVENTION 

0003. There have long been needs for exactness in 
mechanical and optical devices and Systems, and these needs 
have heretofore been met by a variety of techniques, from 
mechanical to optical. Examples of the latter are found in a 
1922 publication of the Department of Commerce, entitled 
“Interference Methods for Standardizing and Testing Preci 
sion Gage Blocks” by C. G. Peters and H. S. Boyd, which 
describes light wave interference methods which are not 
subject to the “appreciable errors' found with “micrometer 
microScopes' and “contact instruments'. The authors 
describe optical interference approaches imparting about an 
order of magnitude improvement, e.g. from 0.25 to 0.025 
microns. While directed to the calibration of gage blocks, 
this article nonetheless evidences what even today must be 
acknowledged as an ingenious optical approach to ascer 
taining the dimensions, flatneSS and parallelism of gage 
Surfaces. 

0004. In modern telecommunication systems, however, 
dimensional measurements are embedded in a number of 
other factors which arise from the way in which optical 
elements are used. In telecommunications Systems using 
device wavelength division multiplexing (DWDM), for 
example, polarization interferometry that requires precise 
differential delays between different beams is used in gen 
erating a required filter function. Interleavers employing 
these relationships are described in U.S. application Ser. No. 
09/898,469 referenced above to provide athermal operation 
within individual Stages of multi-stage multiplexers and 
demultiplexerS. 
0005 The optical path length of an optical component 
through which light traverses is dependent not only on 
distance but also on intrinsic properties, Such as the index of 
refraction, of the components. Modern optical Systems must 
meet Such demanding Specifications that optical path length 
has become an important consideration. The fabrication of 
interleaving optical filters for DWDM using athermal delay 
line interferometers requires Strict control of the optical path 
lengths of the glass elements. This control is necessary to 
meet the tight tolerances on absolute channel frequencies for 
DWDM applications. Traditional physical path length mea 
Surements Such as mechanical or non-contact thickneSS 
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probes with Sub-micron accuracies are thus not adequate 
because the optical path length depends on both physical 
thickness and the absolute index of refraction of the 
medium. Also, for individual glass melts the index of 
refraction of typical optical glasses varies by 10 to 10" 
from a nominal or target value despite best production 
methods. This variation introduces Substantial uncertainty in 
optical path length even if the physical thickness of the glass 
is known exactly. A particular additional requirement is that 
the optical path length of any "glass window' must be 
accurately measured at a chosen wavelength of operation 
(e.g., 1550 nm) to account for material dispersion. 

SUMMARY OF THE INVENTION 

0006 Methods and systems for fabricating optical ele 
ments Such as microoptic elements used in introducing 
differential delays in DWDM interleavers, use a number of 
different measurements of frequency periodicity at Succes 
Sive evolutionary processing Steps leading to final sizing. 
The method and System provide precise frequency period 
icities, with optical elements being So interrelated as to be 
acceptably athermal at a chosen frequency. The optical 
elements thus form the basis for a desired transmission 
spectrum for a DWDM interleaver. Frequency periodicity is 
Synthesized by measuring output amplitudes derived from 
differential delays of a test beam at a plurality of incremen 
tally varying wavelengths in the wavelength range of inter 
est, using polarization interferometers to introduce a filter 
function. 

0007 To fabricate to interleaver precision, the optical 
frequency response of the interleaver must be characterized 
to Sub-GHz in terms of accuracy. The first step in the 
characterization process is to measure the temperature 
dependence of the glass, and then calculate to high accuracy 
the physical lengths needed for both athermal operation and 
desired frequency periodicity. A first optical element or 
window is then ground and polished to the desired frequency 
periodicity given by a first calculation. For example, con 
sider the case of a 50 GHz interleaver with a 100 GHz free 
spectral range (FSR). The first window is fabricated from the 
higher index glass of a pair of glasses to be used and is 
polished to within about 0.04 GHz of the target value to 
ensure good temperature insensitivity of the final interleaver. 
This glass element is left in the optical frequency measure 
ment System, and the Second window is then ground, pol 
ished and repeatedly measured by placing into the Second 
arm of the optical path length measurement System until the 
frequency periodicity of the combined two glass interleaver 
is 100.00+-0.03 GHz. A like process is utilized to fabricate 
time delay elements for other FSR's, such as 25 GHz to 200 
GHZ. 

0008. In accordance with the invention, the frequency 
periodicity is ascertained during different StepS using the 
differential delays introduced between different optical ele 
ments or one optical element and air in the delay paths of a 
polarization interferometer. An input test beam is propagated 
through both delay paths, but varied incrementally in wave 
length through a Selected range of wavelengths. This results 
in derivation of a sinusoidal variation from which peak to 
peak Spacings determinative of frequency period can be 
calculated So that optical path length correction can be 
computed to a degree of accuracy dependent on the State of 
dimensional refinement of the element. By Starting with 
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precursor elements large enough in transverse area for 
multiple microoptic elements, and using the given oversize 
in thickness in the precursors, removal of thickness to final 
dimension can Suffice for all microoptic elements at the same 
time. 

0009. To achieve these tolerances, the measurement sys 
tem described herein meets the extremely high accuracy 
Standards implicitly required for the measurement of optical 
path length. During the final polishing process of the glass 
window blanks, the optical path length is periodically mea 
Sured until the target value is achieved. This measurement 
technique enables conventional polishing techniques to 
achieve the desired thicknesses. 

0.010 Precise optical path length measurements have 
been achieved, accurate to better than 10 ppm. That is, a 
glass element with a free spectral range of 100.000 GHz can 
be fabricated to have a period accurate to better than 1 MHz. 
The parameter that is directly measured is the optical 
frequency response of the interleaver in about the 1500 to 
1600 nm wavelength range but the determinative result is 
the establishment of optical path length. 
0.011) A measurement system in accordance with the 
invention employs a tunable laser, controlled by a data 
processor to Scan a Selected wavelength range in equal, 
Small increments, to generate wavelength varying test 
beams. The beams are directed through a differential delay 
System using polarization interferometry to generate a wave 
length dependent output. This is received at a spectrum 
analyzer which Stores the sinusoidally varying amplitude 
readings from the different wavelengths for analysis. 
0012. The data processor receives the data and employs 
a least Squares fit program to analyze the Sinusoidal varia 
tions and ultimately derives the length correction needed for 
an optical element. The optical measurement apparatus for 
introducing differential delays in microoptic elements, 
which area used in testing temperature dependence is in the 
form of a single Stage interleaver. Measurement apparatus 
for large precursor elements incorporates Stages which can 
be adjusted in two dimensional to position the optical 
element. Additionally, using illumination directed from a 
broadband light Source through the optical element onto the 
Spectrum analyzer, the tilt and tip orientation of the optical 
element can be optimized before differential delay readings 
are made. The laser beam power is advantageously moni 
tored by a power meter coupled to provide measurement 
Signals to the data processor for use in equalizing readings 
derived during Scanning. Also a polarization Scrambler is 
preferably employed in the beam path where polarization 
dependence in the interferometer may affect readings, by 
assuring that there is no dominant polarization. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0013 A better understanding of the invention may be 
made by reference to the following description, taken in 
conjunction with the accompanying drawings, in which: 
0.014 FIG. 1 is a block diagram of an optical measure 
ment System in accordance with the invention that includes 
a top view of a polarization interferometer optic, 
0015 FIG. 2 is a side view of the optical layout of the 
polarization interferometer optical path length measurement 
system of FIG. 1; 

Jul.18, 2002 

0016 FIG. 3 is a top view indicating the location of 
positioning elements for placement of glass elements into a 
polarization interferometer; 
0017 FIG. 4 is a process flow chart depicting steps in 
determining glass temperature characteristics to high accu 
racy, 

0018 FIG. 5 is a process flow chart depicting steps in 
fabricating glass elements to high accuracy in frequency 
optical path length; 

0019 FIGS. 6A and 6B are graphs presenting the tem 
perature Stability of the center frequency of fabricated using 
the process outlined in FIGS. 4 and 5; 
0020 FIG. 7 is a graph illustrating the center frequency 
temperature dependence achieved with two and three glass 
designs; and 

0021 FIG. 8 is a graph illustrating the temperature 
dependence of the response of an interleaver fabricated in 
accordance with the process depicted in FIGS. 4 and 5. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0022 Extremely tight fabrication tolerances must be 
maintained between the differential optical paths of a System 
Such as an advanced State of the art interleaver (e.g. Ser. No. 
09/898,469 Supra) to both provide athermal operation and to 
achieve the desired frequency periodicity. The differential 
optical path length between the two arms must be kept 
constant to a high level of precision (1 part in 10") to 
maintain a constant period of 100.00 or 200.00 GHz, for 
example. The approximate optical frequency is 193.000 
THZ, and the absolute frequency of each channel should be 
aligned to the ITU wavelength grid to better than 1 GHz. The 
deviation of the frequency period from the target value, for 
a typical 80 channel C band application, should be below 50 
MHz. Practically, there is no glass material available with 
optical path length temperature dependence matched to the 
necessary level to that dependence exhibited by air. Indi 
vidual glasses have a relatively large dependence of the 
optical path length on temperature. Therefore, a Second glass 
material is necessary to compensate for the temperature 
dependence introduced by the first glass, and a third glass 
material can also be used for further improvement. Further 
more, it is advantageous to place glasses of Substantially 
equal length in both arms. This eliminates the dependence of 
the interleaver's frequency response on ambient air condi 
tions, which can be significant for 50 GHz or denser 
interleavers. The length of glass is Selected to give the 
correct optical path length difference. The two glasses also 
should be matched in their optical path length temperature 
dependence. 50 and 100 GHz interleavers include glass 
elements cascaded from length L., Such as 2L and 4L in a 
Stage, where L is typically about 5 mm. The tolerances of L 
are on the Submicron level, requiring precise thickneSS or 
optical path length control during the polishing process. 

0023. Some considerations based on the theory of the 
polarization interferometer are desirable to understand the 
degree of exactitude needed in optic components for optical 
interferometer Systems. The transmission frequency 
response in terms of optical power of a single interleaver 
Stage is given by: 
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T=sin (cp), (1) 
0024 where the phase for an N glass interleaver is given 
by: 

27t 2 
(i) = it? (n, - nai) Li - (n2 - nai) L2 - ... - (in N - nai) LN). (2) 

0.025 The frequency dependence of the phase for an N 
glass interleaver is: 

85 27t (3) 
af (n, - nei) Li - (n2 - nai) L2 - ... - (in N - nai) LN) -- 

2it f( Ön on 2 Öny 
(TL, - L. -...- T. L.) 

0.026 In the following, we will focus specifically a two 9. p y 
glass interleaver design; however, Similar analysis applies 
for the case of three or more glass types. For this case of two 
glasses the temperature dependence of the phase is: 

8 L1 8 L2 
(n, flair) a? - (n2 - ni), -- - - 

0027. The frequency periodicity of the total interleaver is: 

C (5) 
on 1 on 2 

((n - nai)L - (n2 -ni.) L2) + f(TL, TL.) 

0028. For example, for a 50 GHz interleaver, Af=100.00 
GHZ, and for a 100 GHz interleaver, Af=200.00 GHz. The 
frequency periodicity of individual glasses 1 and 2 under the 
condition of temperature compensation is: 

of (6) 
Afi = Af 1-A 

T 

of: (7) 
Af. = Af Af - 1 

T 

0029. By choosing L=L, the temperature dependence of 
air factors out of the interleaver frequency response. If this 
condition were not met, a 6 mm element of air would 
contribute a frequency shift of approximately 3 GHZ/10 C. 
This effect also depends on whether the interleaver operates 
under constant pressure or constant Volume conditions after 
it is Sealed and packaged. Therefore, for highly stable 
telecom applications, insensitivity to inner atmosphere (e.g., 
air pressure or temperature) is necessary. 

Measurement System 
0.030. A functional diagram of a measurement system 
used to characterize the glass elements is illustrated in FIG. 
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1. The measurement System comprises a number of opera 
tive elements: a computer 10 with frequency period analysis 
Software, a tunable laser 12 operated in a wavelength 
Scanning mode by the computer 10 using Scanning control 
algorithms, a polarization Scrambler 14, an optical measure 
ment bench 16, a power meter 18 to which the laser beam 
can be directed after the bench 16 at a junction 19 compris 
ing a Switch, fiber or Splitter, and an optical spectrum 
analyzer 20. the power meter 18 and the spectrum analyzer 
20 provide Signals to the computer 10 for use in normalizing 
the readings. The computer 10 is interfaced to the tunable 
laser 12 using a Standard bus Such as GPIB, Serial, or 
parallel, and the optical measurement bench 16 provides 
communication between the tunable laser 12, optical power 
meter 18 and optical spectrum analyzer 20, through Switches 
or optical fibers. A separate, broadband light Source 22 
provides light into the laser beam path via a junction 24 
which may comprise a beam combiner on an optical Switch. 

0031. The optical measurement bench 16 consists of a 
Series of polarization beam splitters, 72 waveplates and 
polarizers, as seen in both FIGS. 1 and 2, corresponding in 
Substantial part to the basic elements of the interleaver. 
Beam displacers, fabricated from birefringent crystals, can 
be used for both the polarization beam splitters and polar 
izers. In general terms, an incoming beam from the laser 12 
is split in the optical measurement bench 16 into two 
polarized beams which are laterally displaced from one 
another but exit the crystal along parallel paths. One out 
going beam from the displacer is e polarized, the other is o 
polarized, where the orientations of the e and o polarizations 
are dictated by the crystal orientation of the beam displacer. 
The parallel beams are directed through differential delay 
paths which are used in the testing of different glasses or 
relationships before the beams are recombined for the 
remainder of the measurement. 

0032. Several optical layouts achieve the desired optical 
measurement response. This example (FIGS. 1 and 2) 
utilizes an input collimator 30, a polarizer 32 (Coming 
PolarcorTM for example) oriented at 45 to the horizontal, a 
first horizontal beam displacer 34, and a true Zero order /3 
waveplate 35 to rotate the polarization of the displaced e and 
o beams by 90 before one or more glass elements to be 
measured for optical path length. The elements, called 
windows or pucks when in multi-element size, or microop 
tics elements if they are sized for use in an interleaver, may 
be used singly or in combinations in the measurement bench 
16. in this example, two windows, 36, 37 (designated 
Glasses 1 and 2) are depicted as in positions they occupy 
(individually or concurrently) intercepting the beam paths in 
the delay segments. An optional window 38, shown in dotted 
lines in FIGS. 1 and 2, is Glass 3 which may be measured 
also if a three glass Stage is to be fabricated. A Second 
horizontal beam displacer 40 follows the windows 36, 37 to 
recombine the two beams, an output polarizer 42 oriented at 
-45 to the horizontal, and an output collimator 44. All 
optics are antireflection coated in the 1500 to 1600 nm 
window, and the Zero order waveplate is here designed for 
1550 nm operation. Note that this optical layout closely 
resembles a Single Stage of the actual microoptic interleaver 
described in U.S. patent application Ser. No. 09/898,494 by 
Eyal et al., but on a larger Scale to allow the precursor 
window blanks to be tested before dicing into microoptic 
windows. 
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0033. The input optical beam is here, however, not 
dependent on the State of polarization of the laser 12 output. 
The polarization Scrambler 14 rotates the input beam polar 
ization repeatedly during the duration in which each beam of 
different wavelength is transmitted. The power meter 18 
Samples the beam amplitude and is operated Separately from 
the optical Spectrum analyzer 20 after recombination, So that 
the computer 10 can normalize the readings from the Spec 
trum analyzer 20. 
0034. This arrangement provides a relatively simple yet 
precise means of Sampling the wavelength Scanning test 
beams. If the laser output is uniformly polarized, the com 
ponents may be oriented Suitably to that reference. If the 
beam has an arbitrary State of polarization, the input beam 
may be split into upper and lower pairs of orthogonal 
polarizations, to provide a polarization independent output 
as in the Eyaletal application. 

0035. The input horizontal beam displacer 34 separates 
the input beams into e and o polarized beams, horizontally 
Spaced by about 0.7 mm. The e and O beams may pass 
through one or more different glass elements 36, 37, etc., 
depending upon the measurement to be performed. Upon 
propagating through the glass elements, 36, 37, etc., the two 
beams acquire a relative phase shift between one another, 
because of the different indices of refraction of the glasses, 
and next enter a /2 waveplate 35 oriented at 45 to convert 
the O to e and the e to O polarizations. The two beams are 
then recombined into a single output beam by the output 
horizontal beam displacer 40. The waveplate ensures that the 
optical path lengths traveled by the two beams (left and 
right) through the displacers 34, 40 are equal. The lengths of 
the input and output beam displacers 34, 40 are also pre 
cisely matched to ensure that the Split beams are recombined 
into a Single spot, and to precisely match the net distance 
each beam travels within the two displacers. Any residual 
path-length mismatch is precisely measured and mathemati 
cally corrected for in the data processing performed during 
the measurements. 

0036) This optical system is connected to the lightwave 
measurement System (FIG. 1) which Scans and processes 
the wavelength response of the polarization interferometer. 
An Agilent 81641 tunable laser mainframe 12 provides a test 
beam to the interferometer input, and the interferometer 
output is measured by the Single channel optical power 
meter 18 to record the transmitted optical power in trans 
mission on the computer 10. The laser 12 is scanned from 
1520 to 1570 nm with a 0.01 nm step size for a total of 5000 
points. The Signals measured by the lightwave measurement 
System constitute a sinusoidal amplitude response varying 
with optical frequency. The data is least-Squares fit by the 
computer 10 and period analysis Software to a sinusoid, the 
two fit parameters being the optical frequency period and the 
phase to determine the frequency period to a few parts in 
10,000. A 50 GHz interleaver, for example, requires an 
optical frequency period of 100.00 GHz. The control of the 
laser wavelength Scanning, data acquisition, and least 
Squares curve fitting is performed by commercial Software, 
for example, LabVIEW from National Instruments, Inc. 
0037. The optical path length of the glass windows 36, 
37, 38 depends partly on the angle of incidence of the beams 
with respect to the windows. Normal incidence corresponds 
to the shortest optical path length. To ensure that the one or 
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more glass windows are positioned exactly normal to the 
optical beams (within a few arcmins), an Agilent 71452B 
optical Spectrum analyzer functioning with the broadband 
light Source 22 in the communication link may be used to 
monitor the Spectral response of the polarization interfer 
ometer in real time as the tilt and tip of glass windows 36, 
37 are adjusted. 
0038. Upon inserting only the first piece of glass, e.g. 36, 
the tilt and tip are to be adjusted until the frequency period 
of the interleaver is minimized, which minimizes the optical 
path length in the glass. FIG. 3 illustrates the apparatus used 
to achieve orientational adjustment of the glass windows 
during the measurement process, with commercial micropo 
sitioning tables 47, 48 being employed that are adjustable in 
two angular directions, Specifically in tilt and tip. Such 
micropositioning tables are available from Newport Corp. 
and other optical equipment Suppliers. For the Second piece 
of glass, the tilt and tip are also adjusted until the frequency 
period of the interleaver is maximized or minimized, 
depending on the glass type, index of refraction and its 
length. Additional pieces of glass are to be inserted using a 
similar procedure. Those angles (1b, 2b, 3b) which are to be 
maintained close to normal incidence are indicated as Small 
squares in FIGS. 1 and 2. If the angles are not 90 degrees, 
then the optical path length measurement is incorrect. The 
beam displacers and waveplates are epoxied in place to 
maintain mechanical Stability during the measurements, and 
the input and output collimators are welded to the optical 
bench. The polarization scrambler 14 is typically installed 
in-line with the tunable laser output to ensure that the State 
of polarization is Scrambled or depolarized at the input to the 
measurement System 16. 

Characterization of Temperature Dependence of 
Glasses 

0039 FIG. 4 is a flow chart outlining the steps required 
to characterize glass delay line elements to the level -needed 
to temperature compensate interleavers while also achieving 
the precise frequency periodicity. The flow chart of FIG. 5 
depicts processing StepS used after this characterization has 
been completed. 
0040. This example applies to a two glass design, but the 
method can be readily extended to a three or more glass 
design using Equations 2-3 above. These delay line elements 
are to be processed as large glass "pucks' or plane parallel 
windows, which are Subsequently diced into microoptic 
elements. The first Step is to Select Suitable glasses which 
compensate for one another's temperature dependence. This 
is based initially on the thermo-optic and thermal expansion 
contributions to the temperature dependence, as determined 
from the Vendor Specifications. These published parameters, 
which are not adequately precise for present purposes are 
input into Equations 6 and 7 to provide the target frequency 
periodicity of each glass. The glass pucks are then ground 
and polished to be at Some predetermined frequency above 
the target frequency. Typically, these frequencies are chosen 
to correspond to pucks each 100 ums thicker than the 
predicted target thicknesses (each about 9 mm thick). A 
microoptic element from each puck is then diced and used 
to build, in effect a one Stage interleaver, from which the 
temperature dependence of the center frequency is mea 
Sured. These measurements enable the residual temperature 
dependence of the pair to be calculated, from which the 
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errors in the published specifications can be calculated and 
corrected for. Each glass melt has slightly different index of 
refraction and thermal characteristics, So that in general this 
thermal characterization proceSS should be repeated for each 
glass melt, and used in calculating the residual temperature 
dependence. 

Method to Fabricate Glass Elements of Precise 
Optical Path Length 

0041 FIG. 5 illustrates the method by which glass ele 
ments are fabricated to a precise optical path length, after the 
measurements have been made which characterize the tem 
perature dependence of the glasses. The input signal to the 
optical measurement bench 16 is generated by the tunable 
laser 12 which Scans the wavelength region of interest (C or 
L band). The polished window blanks e.g. 36, 37 are first 
ground and polished to a thickness slightly over the target 
value. Conventional thickness measurement techniques are 
used up to this point. Next, the optical thicknesses of the 
parts are determined using the measurement System 
described herein and the following Sequence. First, one 
oversize glass element e.g. 36, is placed in the optical 
measurement bench 16 and aligned. Next, the amount of 
material to be removed is calculated, and further material is 
removed. This step is typically a final mechanical polishing 
Step which can be carried out commercially to a high degree 
of precision once the absolute value of material to be 
removed is known. Alternatively, processes Such as reactive 
ion etching or chemical etching can be utilized to remove the 
Small amount of material during this final process Step. 
Magneto-rheological polishing is an alternate technique 
which allows precise figuring of both the flatneSS and optical 
thickness of individual polished windows. When the first 
glass element 36 has been polished to the correct optical path 
length, the Second glass element is inserted, and it is 
polished until the Second target frequency periodicity is 
achieved. This process may be continued if more than two 
glass elements are used in the design. Note that the polishing 
may be simultaneously conducted on a large number of 
relatively large glass "pucks' of identical thickness. This 
provides the advantage of batch processing because thou 
Sands of microoptic elements are produced during each 
production run. 
0042. The windows are ground on a double sided ring lap 
using aluminum oxide Slurry, and Subsequently are polished 
on a similar double sided ring lap using cerium oxide Slurry. 
Both these double sided machines optimally utilize pitch 
polishing rather than pad polishing. Alternately, a conven 
tional double sided polishing machine using polyurethane 
pads, for example, may be Suitable for the lapping and 
polishing operations. In either approach, the double sided 
polishing has the inherent advantage that the flatness errors 
of both Surfaces are in general complementary. As a conse 
quence, the transmitted wavefront distortion of these plane 
parallel windows is inherently low, which is important to 
maintain consistent optical path length across the entire 
window. These windows are fabricated to provide a trans 
mitted wavefront distortion of better than 2/3 to 2/10 (where 
2=633 nm) across the 2 inch diameter substrate. 
0.043 Processing of large diameter parts provides several 
advantages, namely, excellent Surface flatness, transmitted 
wavefront distortion, parallelism of polished Surfaces, and 
batch processing. The optical path length or physical thick 
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neSS of the parts can be measured during the polishing Stage 
to determine how much material should be removed. The 
removal rates are a well characterized part of the proceSS 
(e.g., um per hour). This ensures that the glass elements are 
fabricated to the correct thickness to guarantee temperature 
insensitivity and to achieve the correct interleaver frequency 
response. 

0044. After these frequency targets are achieved, the 
glass is diced into a large number of identical microoptic 
windows. Upon dicing these large windows into microoptic 
delay line elements of, for example, 2.6x2.6 mm croSS 
Section, the residual power contribution to the flatness, 
which Scales as the Square of the diameter of the part, results 
in a transmitted wavefront distortion of less than 2/300 
across the individual parts. Note, however, that this level of 
wavefront distortion is in practice not measureable. 
0045. In practice, this procedure gives extremely good 
temperature stability of the center wavelength. FIGS. 6A 
and 6B illustrate some typical dependencies of the center 
frequency with temperature, for 50.000 and 25.000 GHz 
interleavers, respectively. Note that the frequency drift Var 
ies approximately quadratically with center frequency 
within the passband. The linear dependence has been effec 
tively nulled. The total shift with temperature is typically 
less than 2 GHz over the -5 to 65 C. operating temperature 
range for this group of interleavers. 
0046 By adding a third glass element, additional design 
flexibility is obtained. The residual quadratic temperature 
dependence can then be nulled, leaving only a cubic depen 
dence. FIG. 7 illustrates the residual temperature depen 
dence for a two and three glass design. FIG. 8 depicts the 
resulting transmission Spectrum of an interleaver using the 
process described herein to fabricate a 50 GHz interleaver of 
precise period and low center frequency drift with tempera 
ture. The measured transmissions at -5, +5, +25, +45, and 
+65 degrees C. are overlaid for comparison. 
0047 Systems and methods in accordance with the 
invention enable noncontact measurement of optical path 
length in terms of the thickness of optical windows to an 
accuracy of 100 nanometers. Further it is amenable to use in 
high production processes Since large precursor blanks can 
be dimensioned together to provide a multiplicity of indi 
vidual microoptic elements. While particularly Suited for 
meeting the critical requirements of optical communication 
System, Such as interleavers, these Systems and methods are 
applicable wherever comparable requirements exist. 

We claim: 
1. A System for enabling manufacture of elements of 

precise optical path length to levels of precision needed for 
DWDM filtering applications, comprising: 

an adjustable monochromatic optical wavelength Source 
providing a test beam output; 

a Scanning control coupled to the Source to vary the test 
beam output Sequentially through incrementally vary 
ing wavelengths, 

an optical delay line System coupled to receive the test 
beam from the Source and including at least one input 
beam displacer for receiving the test beam and propa 
gating two beams in parallel along a first and Second 
delay path, at least one output beam displacer for 
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recombining beams from the first and Second delay 
paths into a single, co-propagating path, the two delay 
paths each being adapted to receive one or more glass 
elements, each of different optical path length, and 

an optical transmission analysis System receiving recom 
bined beams from the delay line System and providing 
an output representing the frequency periodicity of the 
recombined optical beams, the frequency periodicity 
resulting from the interference of beams traveling along 
the different optical delay paths. 

2. A System as Set forth in claim 1 above, wherein the 
transmission analysis output is a Sinusoidal variation having 
a frequency periodicity measurable by the peak to peak 
spacing in the Sinusoid output. 

3. A system as set forth in claim 1 above, wherein the 
System also includes a data processor in communication 
with the transmission analysis System for measuring the 
peak to peak frequency Spacing in the Sinusoidal output, 
mathematically extracting the frequency period, and calcu 
lating length corrections needed in the optical elements. 

4. A System as Set forth in claim 1 above, wherein the 
adjustable wavelength Source comprises a tunable laser, a 
polarization Scrambler in the test beam path to the optical 
delay line System, an optical power meter monitoring the test 
beam power, and the data processor comprises Scanning 
control algorithms to interrelate the outputs from the power 
meter and the transmission analysis System to provide a least 
Square fit deviation of frequency periodicity from the mea 
Sured output. 

5. A system as set forth in claim 4 above, wherein the 
delay line System includes adjustable glass element Support 
Stages in each of the delay paths for Selectively interposing 
glass elements relative to the individual delay paths, and 
wherein the System further includes a broadband light Source 
positioned to illuminate the transmission analyzer through 
the glass elements, So that the elements can be adjusted for 
precisely normal incidence angle in relation to output from 
the optical transmission analysis System, and wherein the 
transmission analysis System comprises a spectrum analyzer. 

6. A system as set forth in claim 3 above, wherein the 
Scanning control operates the wavelength Source at Succes 
sive wavelength steps in the range of 1520 to 1570 nm. 

7. A method of providing Sets of interrelated glass ele 
ments for use in DWDM applications, wherein the sets of 
elements provide an athermal interferometric function with 
a Selected frequency periodicity, comprising the Steps of 

calculating preliminary target values for at least two 
different glasses which establish the athermal condition 
and the frequency periodicity desired for the interfero 
metric function; 

initially fabricating lengths of glass elements of the dif 
ferent materials to slightly greater dimensions than the 
target lengths, 

generating a sinusoidally varying transmission response 
using the initially fabricated glass elements in different 
delay paths, 

calculating a temperature compensated frequency period 
icity from the Sinusoidally varying transmission func 
tion; and 

adjusting the lengths of Sets of glass elements to final 
target lengths having Selected frequency periodicity 
and Substantially athermal response at a center wave 
length. 
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8. The method as set forth in claim 7 above, wherein the 
Steps of generating a sinusoidally varying frequency 
response comprises the Steps of directing a Series of beams 
varying incrementally in wavelength through the initially 
fabricated lengths, combining beam components from the 
different delay paths, and measuring the amplitude 
responses from the different incrementally varying wave 
length beams. 

9. The method as set forth in claim 8 above wherein the 
Step of calculating the frequency periodicity comprises 
calculating the peak to peak spacing in the Sinusoidally 
Varying frequency response. 

10. The method as set forth in claim 8 above, wherein the 
varying wavelengths are Substantially centered on a Selected 
central operating wavelength, and wherein the method fur 
ther comprises the Steps of testing temperature response at 
the central wavelength of the adjusted lengths of glass 
elements under interferometric conditions and adjusting the 
lengths of the glass elements to the final target lengths. 

11. The method as set forth in claim 7 above, wherein the 
lengths of glass elements in the different delay paths com 
prise one glass element in one delay path and two glass 
elements in the other delay path. 

12. The method as set forth in claim 7 above, wherein 
there are individual glass elements of different indices of 
refraction in the two delay paths. 

13. The method as set forth in claim 7 above, wherein the 
glass elements for DWDM applications are microoptic ele 
ments and the initially fabricated elements are of Substan 
tially greater cross-section than the microoptic elements, and 
further including the Steps of forming at least a pair of 
microoptic elements from the initially fabricated elements, 
employing Such microoptic elements in the delay paths in to 
generate a sinusoidally varying transmission response, mea 
Suring the temperature dependence at a center wavelength, 
calculating final target lengths needed for frequency peri 
odicity and athermal characteristics, measuring the fre 
quency periodicity of the initially fabricated elements, cal 
culating the correction needed for establishing the final 
target lengths, removing material from the initially fabri 
cated elements to establish the final target lengths, and 
dividing Such elements into microoptic elements of the final 
target lengths. 

14. The method of fabricating microoptic elements of 
precise optical path lengths for use in optical communication 
Systems employing differential delays in interferometric 
processes in which frequency periodicity and Stable tem 
perature response at a center wavelength must be precise, 
comprising the Steps of: 

fabricating at least two different types of precursor optical 
elements that can each be formed into multiple 
microoptic elements, the precursor elements having 
preliminary thicknesses which are oversized relative to 
values calculated on the basis of nominal index of 
refraction, thermal expansion coefficient and thermoop 
tic properties for each precursor optical element; 

Separating individual precursor microoptic elements from 
each precursor optical element; 

employing precursor microoptic elements of at least two 
different types of delay elements in a multi-frequency 
interferometric measurement under varying tempera 
ture conditions, 



US 2002/0093662 A1 

calculating final target thicknesses needed for Stable tem 
perature response and 

removing corrective amounts of material from each of the 
precursor optical elements to provide final thicknesses 
needed for Selected frequency periodicity and Stable 
temperature response. 

15. The method as set forth in claim 14 above, including 
the added Step of Subdividing the corrected precursor optical 
elements to multiple microoptic elements of the Selected 
thicknesses and precise optical path lengths. 

16. The method as set forth in claim 15 above, wherein the 
Step of removing corrective amounts of material comprises 
the additional items of measuring the frequency periodicity 
derived by a differential delay between a first of the precur 
Sor optical elements and a known media Such as air, calcu 
lating the thickness reduction needed to achieve the final 
target thickness for that optical element, affecting Such 
reduction to provide a corrected first optical element, mea 
Suring the frequency periodicity derived by differential delay 
between the corrected first optical element and the Second 
precursor optical element, calculating the thickness reduc 
tion needed to achieve the final target thickneSS needed for 
that optical element, and effecting Such reduction to provide 
a corrected Second optical element. 

17. A method of measuring the optical path lengths of 
optical elements for use in an interferometric application 
comprising the Steps of: 

establishing a first target frequency periodicity of a first 
optical element; 

Separating an input optical beam into two beam paths, 
delaying the optical Signal in the first beam path by 
inserting the first optical element, while Separately 
delaying the optical Signal in the Second beam path, and 
interferometrically re-combining the two beam paths 
into a combined beam path; 

determining the first initial frequency periodicity of the 
combined beam path carried by a Single polarization of 
the interfering optical Signals, 

adjusting the length of the first optical element to provide 
a first final frequency periodicity within a closer toler 
ance to the first target frequency period than that of the 
first initial frequency periodicity. 

18. A method in accordance with claim 17 comprising the 
additional Steps of: 

establishing a Second target frequency periodicity; 

inserting the Second optical element into the Second beam 
path; 

determining the Second initial frequency periodicity at the 
combined beam path of the interfering optical Signals at 
the combined beam path; 

adjusting the length of the Second optical element to 
provide a Second final frequency periodicity closer to 
the Second target frequency period than that of the 
Second initial frequency periodicity. 

19. The method as set forth in claim 18, wherein the 
optical elements are further adjusted by the Steps of: 

determining the temperature dependence of the Second 
final frequency periodicity, and 
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comparing the measured temperature dependence with 
the target temperature dependence, using the measured 
temperature dependence of the Second final frequency 
periodicity, determine a new first target frequency 
periodicity with more precisely athermal characteris 
tics. 

20. The method as set forth in claim 19, wherein the target 
temperature dependence exhibits less than 2 GHz of shift 
over the operating temperature range. 

21. The method as set forth in claim 18, wherein the first 
target frequency periodicity is determined from calculations 
using the thermal expansion coefficients, thermo-optic coef 
ficients, indices of refraction, and from the Second target 
frequency periodicity. 

22. The method as set forth in claim 19, wherein the 
second target frequency periodicity is 25.000 GHz, 50.000 
GHZ, 66.667 GHZ, 100.000 GHz, or 200.000 GHZ. 

23. The method as set forth in claim 18 above, wherein the 
frequency periodicity is determined by the Step of transmit 
ting optical Signals acroSS a range of incrementally different 
wavelengths, and measuring the optical transmission 
response to determine the frequency periodicity. 

24. The method as set forth in claim 23 above, wherein the 
Step of measuring the amplitude response comprises ana 
lyzing the Sinusoidal response using a least Squares fit, 
wherein the primary fit parameters are frequency periodicity 
and phase. 

25. The method as set forth in claim 17 above, wherein the 
optical elements comprise glass blanks having Substantially 
greater cross-sectional areas than are intended for individual 
elements in an operative Systems, and wherein the glass 
blanks after finishing to the target frequency periodicities are 
Segmented longitudinally in croSS Section to provide a 
multitude of microoptic elements of Substantially identical 
target frequency periodicity. 

26. A method of providing shared glass elements for use 
in DWDM applications, wherein the shared elements are to 
provide an athermal interferometric function with a Selected 
frequency periodicity, comprising the Steps of: 

calculating target values for two different glasses which 
establish the athermal condition and desired frequency 
periodicity; 

providing glasses of the different materials that are ini 
tially fabricated to slightly greater lengths than the 
target lengths, 

determining the Sinusoidal transmission variation result 
ing from the differential delay of one beam through a 
first glass element in a first delay path in relation to a 
different media in the other delay path; 

adjusting the length of the first glass element to a close 
approximation of the target length; 

using a Second glass element having a predetermined 
initial length greater than a Second target length in the 
Second delay path while retaining the first glass element 
in the first delay path; 

determining the interferometric frequency variations 
resulting from differential delay of the beams in the 
different glass elements in the first and Second paths, 

adjusting the Second glass element to a close approxima 
tion of the target length. 



US 2002/0093662 A1 

27. The method of providing optical elements of precise 
path length and optical delay characteristics for use in 
DWDM interleaving components operating at selected fre 
quency periodicity within Selected frequency bands, com 
prising the Steps of 

generating a variable wavelength beam of monochromatic 
light in the frequency band of interest; 

varying the beam wavelength Sequentially to provide a 
test beam that varies with time incrementally in fre 
quency across the frequency band of interest; 

inputting the test beam to a polarization interferometer as 
a beam which is split into two Substantially parallel 
beams of orthogonal polarization, directed through 
Separate delay paths and then recombined into a Single 
output beam producing a wavelength dependent, inten 
sity modulated output; 

interposing in one delay path a first glass delay element of 
slightly greater thickness than the calculated target 
thickness, the calculation based on the indices of refrac 
tion, thermal expansion coefficients, and thermooptic 
coefficients of the glasses, to provide both the correct 
frequency periodicity and low drift of the center wave 
length with temperature when combined with one or 
more additional glass elements in an interleaving com 
ponent, 

employing a different delay media in the other delay path; 
measuring the amplitude output at each wavelength from 

the polarization interferometer; 
applying a least Squares fit calculation to the measured 

amplitude output, to extract measured frequency period 
and phase from the fit; 

using the measured frequency period to ascertain the 
needed reduction in thickness of the first glass element 
to provide an element with frequency period accurate to 
within a given frequency period tolerance; 

reducing the thickness of the first glass element to the 
target thickness until the desired frequency accuracy is 
achieved; 

interposing a Second glass element of typical index of 
refraction, thermal expansion and thermooptic coeffi 
cient which is of an initial thickness slightly greater 
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than the calculated target thickness needed for the 
athermal interleaver Stage in the Second delay path, 
while maintaining the first glass element in the other 
parallel delay path; 

repeating the Sequence of Steps of inputting beams 
Sequentially at incrementally varying wavelengths, 
employing the polarization interferometer to derive 
wavelength dependent, intensity modulated beams, cal 
culating the frequency periodicity and determining the 
thickness reduction needed in the Second glass element; 

reducing the thickness of the Second glass element to the 
target thickness to establish the target periodicity to 
within the frequency period tolerance, and 

repeating the same Steps as for the Second element for any 
additional glass elements. 

28. A method in accordance with claim 27 above, wherein 
the proceSS is preceded by: 

fabricating a first and Second glass element to a first and 
Second oversize thickness, 

testing the interferometric characteristics of the glass 
element pair thus provided by measuring the center 
frequency offset while cycling the temperature of the 
unit over the desired operating temperature range, and 

calculating, based on the measured center frequency off 
Set, the target frequency periodicity of the first and 
Second glass element. 

29. The method as set forth in claim 27 above, further 
including the steps of preliminarily adjusting the tilt and tip 
of each glass element in its delay path to be normal to the 
input beam, by maximizing the frequency periodicity as 
measured by the amplitude output. 

30. The method as set forth in claim 27 above, wherein the 
initial glass elements are blanks approximately 100 um 
above the target lengths and are of 2 inches or greater in 
diameter, wherein they are ground and polished to the target 
thickness by polishing both faces concurrently to achieve a 
high level of parallelism and low transmitted wavefront 
distortion, after being formed to the target and wherein the 
blanks are subdivided into microoptic elements with Sub 
Stantially identical optical characteristics and like thick 
CSSCS. 


