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(57) Abstract: The invention relates generally to optical interference filters and interferometers. Methods, devices and device com-
ponents for fiber Fabry - Perot (FFP) filters and ferrule holders (100) are provided. The invention provides ferrule holders (100) for
& FFP filters capable of good radial and longitudinal alignment. An exemplary ferrule holder (100) of the present invention is capable
& of substantially constraining the motion of a pair of ferrules (155,160) in all directions except a direction parallel to the longitudinal
O i, thereby allowing the resonance cavity of a FFP filter to be adjusted while maintaining good radial alignment. The invention
further provides temperature compensated ferrule holders and FFP filters that are stable with respect to wavelength drift over a use-
ful range of device operating conditions. In addition, the present invention provides ferrule holders (100) and FFP filters which are
particularly useful for monitoring ambient conditions and measuring physical properties and mechanical phenomena.
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TEMPERATURE COMPENSATED FERRULE HOLDER
FOR A FIBER FABRY - PEROT FILTER

BACKGROUND OF INVENTION
As worldwide telecommunications usage continues to expand, the need for more efficient
and accurate means of processing and transporting data has become apparent. To satisfy the
ever-increasing demand for greater bandwidth, research efforts over the last several decades have
been directed toward developing optical signaling methodologies providing improved efficiency,
increased accuracy and greater signal capacity. As a result of.the incorporation of optical
components into conventional telecommunication syéterhs, substantial gains in channeling

capacity, signal accuracy and transport efficiency have been realized.

For example, transmission of:infdrmétién by the propagation of optical signals in optical
fibers is now widely used to increase the signaling rates in long haul-haul telecommunication
systems. In these systems, optical signals are generated from electronic signals, transported
along great distances via optical fibers and detected in a manner to regenerate the original
electronic signal. Use of optical fiber for signal transmission is capable of achieving very high
signal transmission rates ranging from several mega-bits per second to several tens of giga-bits
per second. In addition, use of optical means for signal transmission has been shown to provide
decreased propagation loss, higher channeling capacity and resistance to electro-magnetic
interference. As a result of these well-known advantages, optical communication components

are pervasive in nearly all modern telecommunication networks.

To realize the full benefits provided by optical signal transmission and processing,
substantial research has been directed toward the goal of developing purely optical
telecommunication systems. In a purely optical telecommunication system, all aspects of signal
generation, transmission, and processing are performed by optical methods and devices. While
significant improvements in signal generation and transmission have been realized using optical

methods, signal processing by purely optical methods remains a primary barrier to achieving the
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full benefits of optical telecommunications. To achieve the maximum efficiency and accuracy
gains afforded by purely optical telecommunication systems, methods of direct optical

processing without conversion to electronic signals are needed.

Research directed toward developing purely optical telecommunication systems has
focused on a variety of optical signal processing applications that avoid the conversion of optical
signals to electronic signals. Such applications require optical devices capable of performing the
full spectrum of signal processing functions, such as filtering, amplification, beam splitting,
switching, signal equalizing, signal coupling, wavelength multiplexing and wavelength
demultiplexing. Low loss Fabry - Perot (FP) optical filters and interferometers, particularly fiber
Fabry - Perot filters and interferometers, are important optical components in a great number of

such optical devices.

A Fabry-Perot interferometer (FPI) consists of an optical resonance cavity formed
between two reflectors, commonly substantially parallel reflectors. Typically, the reflector pair
comprise partially transmitting, low loss reflectors. The optical path length through the
resonance cavity may be selectably adjustable, thereby providing an interferometer having
tunable transmission properties. Alternatively, the optical path length through the resonance
cavity may be fixed, thereby providing an interferometer having fixed transmission properties.
The basic structure and operation of an FP interferometer is well-known in the art and is
described by Moore et al. in “Building Scientific Apparatus”, Addison - Wesley Publishing Co,
1989, pgs. 242 - 251.

FP interferometers pass narrow bands of light, the transmission bands of the filter, having
center wavelengths, which satisfy the resonance condition of the interferometer. Specifically,
when the optical path length of the round-trip length of the cavity is an integer of a wavelength,
then that wavelength together with a narrow band resonates inside the cavity, and passes through
the filter with very low losses. For a fixed FP cavity length, the resonant wavelength changes
periodically. The period of the resonant wavelength is called free spectral range (FSR) of the
filter and is provided by the equation:
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where ¢ is the speed of light and L is the optical thickness of the resonance cavity. In a tunable
FP etalon, the FSR and the resonant wavelengths are selectably adjustable by changing the
optical path length through the resonance cavity.

Three types of FP tunable filters are typically used in fiber-optic communication systems:
(1) lensed FP interferometers, (2) microelectromechanical system based FP filter (MEMS-FP
filter), and (3) all - fiber FP interferometer. All - fiber FP interferometers are preferred for many
telecommunications applications due to their exceptional stability, low cost and high optical
throughput. The fabrication and use of fixed frequency and tunable FFP filters are described in
U.S. patents including 5,892,582; 6,115,122; 6,327,036; 6,449,047, 6,137,812; 5,425,039;
5,838,437; and U.S. patent applications serial numbers 09/633,362; 09/505,083; 09/669,488,
which are hereby incorporated by reference to the extent that they are not inconsistent with the

disclosure in this application

Figure 1 illustrates a typical fiber Fabry-Perot tunable filter (FFP-TF) formed in a ferrule
assembly consisting of two reflectors 10 and 12 deposited directly onto fiber ends 9 and 11,
respectively and a single-mode fiber (SMF) waveguide 20, (Spm to 10mm in length, held within
a ferrule wafer) of selected length bonded to one mirror 10 (the embedded mirror). The internal
end of the wafer 13 and the mirror-ended fiber end 11 are spaced apart to form an air-gap 21
within the cavity, the length of which can be selectively adjusted to tune the transmission
properties filter. The FFP configuration of Fig. 1 (not drawn to scale) is illustrated as a fiber
ferrule assembly in which fibers 5 and 7 each having a fiber core 22 and fiber cladding 23 are
fixed within the axial bores of ferrules 1 and 3. Ferrule 1 illustrates a wafered ferrule which is
formed by aligning and bonding the ends of two ferrule confined fibers and cutting one to the
desired wafer length to give the wafer 20 bonded to the ferrule 1. The entire optical
configuration is aligned within a fixture or holder, which maintains fiber alignment and allows
the cavity length to be tuned without signiﬁcént loss of alignment. For example, the holder can

be provided with a piezoelectric transducer (PZT) actuator to allow the optical path length of the
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resonance cavity to be changed. This optical configuration provides for wavelength tuning and

control with positioning accuracy of atomic dimensions.

Figure 2 provides a schematic illustration of a conventional alignment and tuning fixture
40 for fiber FFP filters. Ferrules 1 and 3 (containing fibers 5 and 7, respectively) are held within
ferrule holders 35 and 37 of fixture 40 with internal ends aligned and spaced apart to form an air
gap. Ferrule holders 35 and 37 into which the ferrules are inserted and held in alignment are
attached on opposing sides of a PZT element 36 which changes its length (along axis 25) upon
application of a voltage. The PZT element 36 has an axial bore into which the ferrules extend
and within which the FFP cavity is formed. Fixed frequency Fiber Fabry-Perot filters in which

the cavity length is fixed at a selected length have also been described.

In contrast to lensed and microelectromechanical Fabry-Perot interferometers, FEFP filters
are generally robust and compatible with a wide range of field settings. To provide high
throughput optical filtering, however, the optical fibers and ferrules comprising a FFP must be
radially aligned to very high precision and accuracy and must be capable of maintaining good
radial alignment during tuning. In addition, to achieve accurate optical filtering with minimized
wavelength drift the optical fibers and ferrules comprising a FFP must be capable of maintaining
a selected optical path length through the FFP resonance cavity. Accordingly, most ferrule
fixtures and FFP assemblies include radial and longitudinal alignment systems to achieve and
maintain good alignment. Examples of fixed and tunable FFP filters and holders for alignment
and tuning are provided in U.S. patents 5,212,745; 5,212,746; 5,289,552; 5,375,181, 5,422,970;
5,509,093; 5,563,973; 6,241,397; and U.S. patent application serial number 10/233,011, which
are hereby incorporated by reference in their entireties to the extent that they are not inconsistent

with the disclosure in this application.

Although conventional alignment fixtures have been shown to provide the precise and
good alignment necessary for high optical performance, incorporation of these alignment
systems in some applications has certain disadvantages. First, inclusion of elaborate alignment
schemes often adds to the overall complexity of FFP filters, thereby, increasing the difficulty and

cost of their fabrication. Second, many radial alignment systems are incapable maintaining good
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radial alignment while at the same time providing a selectably adjustable optical path length
through the FFP resonance cavity. Therefore, these alignment systems are incompatible with
tunable FFP filters. Other alignment schemes, while capable of providing tunable FFP filters,
are susceptible to substantial deviations in alignment during adjustment of resonance cavity
optical path length and, therefore, require periodic realignment. Finally, some radial and
longitudinal alignment schemes are difficult, if not impossible, to effectively temperature
compensate. Therefore, FFP filters employing these alignment schemes are susceptible to

significant wavelength drift over a range of temperatures.

The present invention provides low loss FFP filters capable of maintaining good optical
alignment and exhibiting high temperature stability temperature compensation. Particularly, the
present invention provides a unitary fiber ferrule holder capable of achieving and maintaining the
alignment of two optical fibers comprising a fixed frequency and tunable FFP. In addition, the
present invention provides temperature compensated - FFP filters capable of maintaining good
radial alignment and longitudinal alignment over a wide range of temperatures. Further, low cost
instruments for mechanical sensing applications, such as monitoring temperature, pressure, and

displacement, employing FFP filters with good radial and longitudinal alignment are presented.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide fixed - frequency and tunable FFP filters
providing good radial and longitudinal alignment of optical fibers and ferrules. It is also an
object of this invention to provide FFP filters capable of maintaining good radial and
longitudinal alignment for varied operating conditions, long operating times and for a range of
optical path lengths through the resonance cavity. In furtherance of these objectives, this
invention provides methods, devices, and device components for improving the alignment,
stability and temperature compensation of tunable - FFP filters and fixed frequency - FFP filters.
In one aspect, the invention relates to fiber ferrule holders providing good radial and longitudinal
alignment of fibers and ferrules, which provide FFP filters having decreased optical loss,
particularly decreased insertion loss. Preferred fiber ferrule holders are capable of substantially
constraining the motion of a pair of ferrules in all directions except a direction parallel to the

longitudinal axis, thereby, allowing the optical path length resonance cavity of a FFP filter to be
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selectable adjusted while maintaining good radial alignment. In one aspect, the present invention
provides a means of securing two ferrules within a FFP filter and maintaining good radial
alignment while allowing longitudinal variation of the optical path length of the resonance cavity
such that the transmission properties of the filter can be tuned, particularly the free spectral range

and the resonance frequencies.

It is also an object of the present invention to provide temperature compensated ferrule
holders and FFP filters that are stable with respect to wavelength drift over a useful range of
device operating temperatures, such as a temperature range of about —20°C to about 85°C. In
furtherance of this object, improved methods for adjusting the coefficients of thermal expansion
of fiber ferrule holders and FFP filters are presented, which provide FFP filters with selectably
adjustable transmission properties over a wide range of temperatures. In the filters of the present
invention, the coefficients of thermal expansion of the fiber ferrule holders and FFP filters can be
selectively adjusted after fabrication of the filter in order to minimize variation of the optical
path length through the resonance cavity over a useful range of temperatures. Preferred filters
exhibit a wavelength drift of less than about 1 FSR/100 ° C. Also provided are ferrule holders
and temperature compensated FFP filters that are easily and reproducibly constructed to satisfy

desired optical transmission properties and maintain good temperature stability.

Another object of the present invention is to provide FFP filters capable of functioning as
sensitive monitors of ambierllt conditions, physical conditions and mechanical phenomena. In
preferred embodiments, FFP filters capable of functioning as measuring devices further comprise
an actuator capable of varying the optical path length through the resonance cavity as a function
of the physical property, ambient condition or mechanical phenomena being monitored. FFP
filters are provided for monitoring a variety of physical properties, particularly temperature,
force and pressure. In addition, FFP filters comprising highly sensitive displacement transducers

and accelerometers are also provided.

In another aspect, the present invention comprises a holder for spatially aligning two
objects. An exemplary holder of the present invention comprises a unitary body having an axial

bore extending along a longitudinal axis, a first fastening element for securing the first object
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into the unitary body and a second fastening element for securing the second object into the
unitary body. The axial bore of the unitary body has an internal end for recei‘}ing the first object
and an external end for receiving the second object. In a preferred embodiment, at least a portion
of the unitary body is elastic with respect to expansion, compression or both along the
longitudinal axis. In a preferred embodiment the elasticity of the unitary body allows for
selective variation of the distance between the internal end and the external end of said unitary
body along the longitudinal axis. In a more preferred embodiment, the elasticity of the unitary
body allows selective adjustment of the distance separating the first and second objects along the
longitudinal axis. In an exemplary embodiment, the elasticity of the unitary body is symmetric
about the longitudinal axis. In another exemplary embodiment, the unitary body substantially
constrains the motion of the first and second objects in all directions except in a direction parallel
to the longitudinal axis. In an embodiment preferred for some applications, the holder of the
present invention further comprises an actuator capable of selectively adjusting the separation

between the first and second objects along the longitudinal axis.

In a preferred embodiment, the holder of the present invention comprises a ferrule holder
for a fiber filter, which is capable of providing good radial and longitudinal alignment of ferrules
and the optical fibers therein. An exemplary ferrule holder comprises a unitary body, a first
ferrule fastening element for securing a first ferrule in the unitary body and a second ferrule
fastening element for securing a second ferrule in the unitary body. The unitary body has an
axial bore extending along a longitudinal axis and has an internal end for receiving the first
ferrule and an external end for receiving the second ferrule. The first ferrule and the second
ferrule each have an internal face and an external face, which are oriented transverse to the
longitudinal axis of the axial bore. First and second ferrules are oriented such that their internal
faces oppose each other. In a preferred embodiment, at least a portion of the unitary body is
elastic with respect to expansion, compression or both along the longitudinal axis, thereby
allowing for variation of the distance between the internal faces of the first and second ferrules.
In this embodiment, the ferrules are secured in the ferrule holder such that the optical resonance
cavity of a FFP filter can be varied without significant loss of radial alignment. In a preferred
embodiment, the elasticity of the unitary body allows for movement of the first ferrule in a

direction substantially parallel to the longitudinal axis. In an alternative preferred embodiment,
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the elasticity of the unitary body allows for movement of the second ferrule in a direction
substantially parallel to the longitudinal axis. In another alternative preferred embodiment, the
elasticity of the unitary body allows for movement of both the first and second ferrules in
directions substantially parallel to the longitudinal axis. Embodiments of the ferrule holder of
present invention allowing for variation of the distance between the internal faces of the first and
second ferrule are beneficial because they provide tunable FFP filters wherein the optical path

length through the resonance cavity is adjustable, preferably selectively adjustable.

In a preferred ferrule holder of the present invention, the elasticity of the unitary body is
symmetrical about the longitudinal axis such that longitudinal motion of the first ferrule, second
ferrule or both does not induce motion of the first ferrule, second ferrule or both in directions
other than motion along the longitudinal axis. In another preferred embodiment, the unitary
body substantially constrains movement of the first and second ferrules in all directions other
than a direction parallel to the longitudinal axis. Embodiments of the ferrule holder of the
present invention wherein the unitary body substantially constrains movement of the first and
second ferrules in all directions other than a direction parallel to the longitudinal axis are
beneficial because they provide FFP filters that are easily optically aligned and are capable of
maintaining good radial alignment over a range of optical path lengths through the resonance

cavity and over a wide range of operating conditions.

Ferrule holders of the present invention comprise unitary bodies having an axial bore for
receiving at least two ferrules. Use of a unitary body is beneficial because both ferrules are held
within a continuous axial bore and, therefore, are easy to precisely and accurately optically align
and are capable of maintaining good optical alignment over a range of operating conditions,
particularly a range of optical path lengths through the resonance cavity. Preferred ferrule
holders of the present invention comprise a flexible unitary body, at least a portion of which is
elastic with respect to compression or expansion along the longitudinal axis. Use of a unitary
body having at least some elasticity is beneficial because it allows for device constructions
wherein two or more ferrules are able to translate in directions substantially parallel to the
longitudinal axis. Ferrule holders capable of allowing movement of two or more ferrules in a

direction along the longitudinal axis are useful for tunable FFP filters and devices for measuring
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ambient conditions, physical properties and mechanical phenomena because they allow filter

constructions having a variable optical path length of light through the resonance cavity.

In an exemplary ferrule holder of the present invention, the elasticity of the unitary body
is provided by a system of channels created in the unitary body, preferably channels oriented
perpendicular to the longitudinal axis. The channel system of the unitary body may create one or
more springs in the unitary body. Exemplary spring configurations include, but are not limited
to, non-folded beam springs and folded beam springs. Preferred ferrule holders have unitary
bodies made of materials exhibiting at least some elasticity, such as stainless steel alloys, Invar

and Kovar.

In a preferred embodiment, the ferrule holder of the present invention is radially
temperature compensated to minimize temperature induced variation of the positions of the first
and second ferrules in all direction other than the along longitudinal axis. In a preferred
embodiment, the ferrule holder is temperature compensated by substantially matching the
coefficient of thermal expansion of the material comprising the unitary body to the coefficient of
thermal expansion of the material comprising the ferrule. In an exemplary embodiment, the
unitary body is fabricated from a metal alloy, such as stainless steel, having a coefficient of
thermal expansion almost identical to that of a ceramic ferrule. In an alternate preferred
embodiment, the unitary body is fabricated from a low expansion electronic alloy, such as Invar
and Kovar, having a coefficient of thermal expansion almost identical to that of a glass, Pyrex or
quartz ferrule. Selection of unitary body and ferrule materials having similar coefficient of
thermal expansion is beneficial because the forces exerted on the ferrule by the ferrule holder
remain nearly constant when the ferrule holder is subject to temperature cycling. In another
preferred embodiment, the coefficient of thermal expansion of the ferrule holder is selectively

adjustable, for example by adjusting the ferrule fastening elements.

In another embodiment, the ferrule holder of the present invention also comprises an
actuator operationally coupled to the unitary body for adjusting the distance between the internal
ends of the first and second ferrules along the longitudinal axis. Preferred actuators of the

present invention have an internal end and an external end and are oriented such that the internal
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end, external end or both is operationally coupled to the unitary body. Preferred actuators are
capable of generating a force substantially parallel to the longitudinal axis. Ferrule holders
having actuators provide tunable FFP filters and devices for measuring physical properties and
mechanical phenomena. Actuators of the present invention preferred for tunable FFP filters are
capable of supplying a force to the unitary body such that the distance between the internal ends
of the first and second ferrules along the longitudinal axis is selectively adjustable. Actuators of
the present invention preferred for use in FFP measuring devices are capable of providing a force
to the unitary body having a magnitude that varies systematically with a selected ambient
condition, physical property or mechanical phenomena. In an exemplary embodiment, the
actuator generates a force such that the unitary body contracts along the longitudinal axis,
thereby decreasing the distance between the internal ends of the first and second ferrules along
the longitudinal axis. In an alternative exemplary embodiment, the actuator generates a force
such that the unitary body expands along the longitudinal axis, thereby increasing the distance
between the internal ends of the first and second ferrules along the longitudinal axis. Ferrule
holders of the present invention may further comprise a plurality of actuators operationally
coupled to the unitary body. In an exemplary embodiment, a first actuator is operationally
coupled to the internal end of the unitary body and a second actuator is operationally coupled to
the external end of the unitary body. In an alternative embodiment, a single actuator is

operationally coupled to the internal end and the external end of the unitary body.

Exemplary ferrule holders of the present invention may further comprise a mounting
strap or retainer for operationally coupling the actuator to the unitary body. In a preferred
exemplary embodiment, a mounting strap of the present invention functions to fix the position of
the external end of the actuator to ensure the force generated by the actuator is directed toward
the unitary body and is parallel to the longitudinal axis. Mounting straps, actuators or both may
also be configured to provide longitudinal temperature compensation for minimizing unwanted

wavelength drift during temperature cycling.
Actuators of the present invention may comprise any device capable of exerting a force

upon the unitary body, preferably a force substantially parallel to the longitudinal axis. In an

exemplary embodiment, the actuator comprises a piezoelectric transducer that exerts a force
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having a selectably adjustable magnitude on the unitary body. Upon application of an electric
potential, the piezoelectric transducer expands or contracts in a direction parallel to the
longitudinal axis. Expansion or contraction of the piezoelectric transducer changes the
magnitude of the force exerted on the unitary body, thereby varying the distance between the
internal faces of the first and second ferrules along the longitudinal axis. Preferred piezoelectric
transducer actuators are capable of selectably adjusting the distance between the internal faces of
the ferrules, which provides FFP filters having selectably adjustable optical path lengths through
the resonance cavity. Peizoelectric transducer actuators of the present invention may be
operationally coupled to the internal end of the unitary body, the external end of the unitary body
or to both internal and external ends. Other actuators of the present invention include, but are
not limited to, an electrostrictive material, an electro-optic modulator, a material having a
coefficient of thermal expansion different than that of the material comprising the unitary body
or a mechanical device capable of supplying a force to the unitary body, such as a spring,

diaphragm or moveable object.

In another aspect, the present invention comprises a fixed frequency or tunable FFP filter
capable of maintaining good radial and longitudinal alignment over a wide range of operating
conditions. An exemplary fiber Fabry - Perot filter comprises a fiber ferrule assembly having an
optical resonance cavity therein, a unitary body, a first ferrule fastening element for securing the
first ferrule in the unitary body and a second ferrule fastening element for securing the second
ferrule in the unitary body. The fiber ferrule assembly comprises a first and a second ferrule
each of which has an axial bore along a longitudinal axis therethrough for receiving an optical
fiber and a reflector transverse to the axial bore. First and second ferrules each have internal
faces oriented transverse to the longitudinal axis and are positioned with respect to each other
such that the internal faces of the ferrules are opposed, thereby forming an optical resonance
cavity between opposing reflectors. The unitary body has an axial bore also extending along a
longitudinal axis, an internal end for receiving the first ferrule and an external end for receiving
the second ferrule. In a preferred embodiment, at least a portion of the unitary body is elastic
with respect to expansion, compression or both along the longitudinal axis, thereby allowing for
variation of the distance between the internal faces of the first and second ferrules. In a preferred

embodiment, the elasticity of the unitary body allows for variation of the distance between the
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internal faces of the first and second ferrules, thereby also allowing a variation in the optical path
length through the resonance cavity. Preferred embodiments comprise a ferrule holder capable
of holding ferrules such that the optical path length of light through the resonance cavity can be
varied without significant loss of alignment, preferably good or optimal alignment. FFP filters of
the present invention may be longitudinally and radially temperature compensated such that their
transmission properties, particularly free spectral range and resonance frequencies, do not vary

substantially over a useful temperature range, such as —20° C to 85° C.

FFP filters of the present invention may further comprise an actuator operationally
coupled to the unitary body for varying the distance between the internal ends of the first and
second ferrules along the longitudinal axis and, thereby, adjusting the optical path length through
the resonance cavity. Preferred FFP filters are capable of maintaining good alignment of the
fibers and ferrules over a wide range of resonance cavity optical path lengths and operating
conditions. In an exemplary embodiment comprising a tunable FFP, the actuator provides a
means of selectably adjusting the optical path length of light through the resonance cavity,
thereby selectably adjusting the transmission properties of the filter, particularly selectably

adjusting the free spectral range and resonance frequencies.

Ferrule holders of the present invention are also capable of providing tunable or fixed
frequency optical filters having a plurality of optical resonance cavities. In a preferred
embodiment, a ferrule holder of the present invention comprises one or more actuators capable
of adjusting the optical path lengths through one or more optical resonance cavities in a

multicavity optical filter.

In another aspect, FFP filters of the present invention comprise sensitive instruments for
monitoring ambient conditions, physical properties and mechanical phenomena. In an
exemplary embodiment comprising a device for monitoring a selected physical property, a FFP
filter of the present invention has an actuator that exerts a force on the unitary body, the
magnitude of which is dependent on the selected property, such as temperature, pressure or the
physical displacement or motion of an object. The magnitude of the force generated by the

actuator establishes the optical path length of light through the resonance cavity and, thereby,
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determines the transmission properties of the filter. Accordingly, by monitoring the change in
the wavelengths of light transmitted by the FFP filter, a measurement of a selected physical

property or mechanical phenomenon may be made.

In an alternative embodiment comprising a temperature transducer, a FFP filter of the
present invention comprises a ferrule holder with an actuator comprising a material having a
coefficient of thermal expansion different than that of the material comprising the unitary body.
In this embodiment, expansion or contraction of the actuator due to changes in temperature
provides a variation in the magnitude of the force exerted by the actuator on the unitary body.
This change in force results in a change in the distance between the internal ends of the first and
second ferrules along the longitudinal axis, thereby changing the optical path length through the
resonance cavity. The change in free spectral range, resonance frequency or both caused by the
variation in optical path length through the resonance cavity can be monitoring by measuring the
change in the wavelength of light transmitted by the FFP filter, thereby providing a sensitive

measurement of temperature.

In an alternative embodiment comprising a device for measuring pressure, a FFP filter of
the present invention has a ferrule holder with an actuator comprising a diaphragm having a
known force constant. The actuator is oriented such that the magnitude of the force exerted on
the unitary body varies systematically with the displacement of the diaphragm. As the force on
the unitary body varies, the optical path length of light through the resonance cavity changes,
which in turn determines the optical characteristics of the FFP filter. This change in transmission
properties can be monitoring by measuring the change in the wavelengths of light transmitted by
the FFP filter, thereby providing a sensitive measurement of the displacement of the diaphragm.
With knowledge of the force constant of the diaphragm, this embodiment of the present
invention provides an indirect measurement of pressure. In an alternative embodiment providing
a means of measuring force, the actuator of the present invention comprises a spring with a

known force constant.

In another aspect, the present invention provides a displacement transducer providing

extremely sensitive measurements of the physical displacement or motion of an object or body.

13
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In this embodiment, a FFP filter of the present invention is operationally coupled to an object in
a manner such that movement of the object in a direction along the longitudinal axis results in a
variation of the force exerted by the actuator onto the unitary body. In an alternative
embodiment comprising an accelerometer, a weight is attached to one end of the ferrule holder to

measure acceleration parallel to the longitudinal axis.

The invention is further illustrated by the following detailed description, examples,

drawings and claims.

BRIEF DESCRIPTION OF THE DRAWINGS
Fig.1 is a schematic drawing illustrating a single wafered FFP filter.
Fig. 2 is a schematic diagram illustrating a prior art ferrule holder alignment fixture that can be
used to align and maintain the alignment of a FFP. The holder can be provided with a

piezoelectric transducer to change the length of the FFP resonance cavity.

Fig. 3 is a schematic drawing showing a perspective view of a ferrule holder of the present

invention.

Fig. 4 is a schematic drawing showing a cross sectional view of a ferrule holder of the present

invention.

Figs. 5SA-C are schematic drawings of spring configurations useable in the methods, devices and
device components of the present invention. Figure SA illustrates a folded beam spring having a
single fold. Figure 5B illustrates a folded beam spring having two folds. Figure 5C illustrates a

non-fold beam spring.

DETAILED DESCRIPTION OF THE INVENTION
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Referring to the drawings, like numerals indicate like elements and the same number
appearing in more than one drawing refers to the same element. In addition, hereinafter, the

following definitions apply:

"Elastic" refers to the capability of a material, object, device or device component to
increase or decrease size with respect to one or more physical dimensions. Elastic materials may
be extensible, compressible or both. Elasticity refers to a characteristic of a material, object,
device or device component having elasticity. In the present invention, at least a portion of the
exemplary unitary bodies in ferrule holders are elastic. Elasticity substantially symmetric about
the longitudinal axis refers to an elasticity such that the force constant of an elastic body is
approximately the same at any point of a plane that is oriented perpendicular to the longitudinal
axis. Elasticity substantially symmetric about the longitudinal axis is preferred in some ferrule
filters of the present invention because it minimizes parasitic motion of the internal faces of the

ferrules along axes other than the longitudinal axis.

"Longitudinal axis" refers to the axis along which an optical fiber is positioned within a

ferrule or ferrule holder.

"Alignment" refers to the axial alignment of optical fiber ends of two or more ferrules in
a FFP filter or ferrule holder. Optimal alignment of ferrules in a FFP filter maximizes the
transmission of light meeting the resonance condition of the optical cavity through the FFP filter.

The term alignment also refers to optimizing the angular alignment of roll, pitch and yaw.

"Longitudinal alignment" refers to the distance along a longitudinal axis between two
objects. Exemplary ferrule holders and FFP filters of the present invention provide good
longitudinal alignment. In certain applications of the present invention, good longitudinal
alignment refers to the ability of a ferrule holder to maintain a selected distance between the
internal faces of two ferrules positioned along a longitudinal axis with deviations from the
selected distance of less than about 50 picometers. Good longitudinal alignment also refers to
the ability of a ferrule holder to selectably adjust the distance between internal faces of two or

more ferrules positioned along a longitudinal axis with high accuracy and precision.
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"Radial alignment" refers to the relative spatial orientation of ferrules and optical fibers in
all dimensions other than the longitudinal axis. Exemplary ferrule holders and FFP filters of the
present invention provide good radial alignment. In certain applications of the present invention,
good radial alignment refers to an orientation of two ferrules, optical fibers or both with
deviations from optimal alignment less than about 0.5 micron in one or more dimensions. FFP
filters having good radial alignment provide high throughput, low losses optical filters. Use of a
unitary body for holding ferrules improves the easy of optical fiber alignment in FFP filters and
ensures that good alignment is maintained for a range of optical path length of light through the
resonance cavity and for a range of operating conditions. Good radial alignment also refers to
the ability of a ferrule holder to establish a selected relative orientation between internal faces of

two or more ferrules positioned along a longitudinal axis with high accuracy and precision.

The term "tunable FFP filter" refers to an optical filter in which the wavelengths or
frequencies of the transmission output of the filter is selectably changed, shifted or tuned by

changing the optical path length through the resonance cavity of the FFP.

The term "fixed frequency FFP filter" refers to an optical filter in which the wavelengths
or frequencies of the transmission output of the filter is substantially constant. In preferred
embodiments of the present invention, the optical path length of light through the resonance

cavity of a fixed frequency FFP filter is substantially constant.

"Unitary body" refers to a body or object made up of a continuous single material or
made up of separate components that are operationally attached to each other. Unitary bodies do
not comprise physically separated, discontinuous elements. Preferred unitary bodies are
fabricated from a single material. However, a unitary body may comprise a plurality of
components that are connected by a fastener such as a weld joint, glue, epoxy, a screw, bolt,
clamp, a clasp, or any equivalent of these. Unitary bodies may comprise elements prepared in
separate portions and assembled via bonding, welding, joining, adhering, marrying, fastening,

clamping, bolting, fixing, or any combination of these.
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The terms "precision", "precise" and "precisely controlled" and "high tolerance" as
employed herein in reference to alignment refer to matching to a minimum precision of about

0.001 inch and more preferably about 0.0001 inch.

"Actuator" refers to a device, device component or element capable of moving or
controlling something. Exemplary actuators of the present invention are capable of generating a
force, preferably a force that is parallel to the longitudinal axis of a unitary body. Exemplary
actuators of this invention are applied to selectably adjust the optical path length of a resonance
cavity, thereby selectably adjusting the transmission properties of a FFP filter, namely free

spectral range and resonance frequencies.

"Coefficient of thermal expansion" refers to a parameter which characterizes the change
in size that a material undergoes upon experiencing a change in temperature. Linear thermal
expansion coefficient is a parameter which characterizes the change in length a material

undergoes upon experiencing a change in temperature and may be expressed by the equation:

AL=al AT ay
[0

wherein AL is the change in length, o is the linear coefficient of thermal expansion, L is the
o

initial length and AT is the change in temperature.

"Spring" refers to an elastic body or device that recovers its original shape when released
after being distorted. Springs of the present invention may have a variety modulus of elasticity,
such as the modulus associated with stainless steel alloy springs. Springs of the present
invention may comprise a curved or bent body that can be pressed into a smaller space but upon
release returns to its initial shape. The term "non-folded beam spring" refers to a material or
body having a single relieved channel, preferably a rectangular or U-shaped channel, which may
be compressed or expanded upon the application of a force. The term "folded beam spring"
refers to a material or body having at least one relieved channel, thereby creating a beam with

one or more folds, which may be compressed or expanded upon the application of a force.
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"Parallel to the longitudinal axis” refers to a direction that is defined by an axis that is
equidistant from the longitudinal axis at all points. Substantially parallel refers to a direction
wherein the angular deviation from absolute parallelism is not significant enough to cause
misalignment of the ferrules held in the ferrule holders of the present invention. For some
applications, substantially parallel encompasses deviations from absolute parallelism that are less

than or equal to about 0.1 degrees.

"Optical path length" refers to the effective path length of light taking into consideration
both the physical path length and the refractive index of the region that the light is propagating
through. Analytically, optical path length may be expressed by the following summation:

optical path length= Z =n_x Lx’ (IIT)

where Lx is the physical thickness of region x and » is the refractive index of region x.

"Longitudinal temperature compensation" refers to a characteristic of the ferule holders
of the present invention wherein unwanted variation of the distance between internal ends of
ferrules held within the holder due to changes in temperature is minimized. In the context of
FFP filters of the present invention, "longitudinal temperature compensation" refers to a
characteristic of the FFP filters wherein unwanted variation of the optical path length through the

resonance cavity due to changes in temperature is minimized.

"Radial temperature compensation" refers to a characteristic of the ferule holders of the
present invention wherein unwanted variation of the position ferrules held within the holder in all
directions other than a direction along the longitudinal axis due to changes in temperature is

minimized.

"dB" refers to a unit of measure provided by the equation:
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out
dB =10x LOG

V)

I,
in

where Ly is the intensity of light propagating through an optical device and I, is the intensity of

light incident on an optical device.

"Substantially matching” the coefficients of thermal expansion of materials used for the
ferrule holders and ferrules of the present invention refers to selection of materials having
coefficients of thermal expansion sufficiently close in value for use in a given holder design or

configuration such that the wavelength drift, insertion loss or both of a FFP filter is minimized.

In the following description, numerous specific details of the devices, device components
and methods of the present invention are set forth in order to provide a thorough explanation of
the precise nature of the invention. It will be apparent, however, to those of skill in the art that
the invention can be practiced without these specific details. Reference in the specification to "a
preferred embodiment," "a more preferred embodiment" or "an exemplary embodiment" means
that a particular feature, structure, or characteristic set forth or described in connection with the
embodiment is included in at least one embodiment of the invention. Reference to "preferred

tmn

embodiment," "a more preferred embodiment” or "an exemplary embodiment" in various places

in the specification do not necessarily refer to the same embodiment.

This invention provides ferrule holders and FFP filters having good radial alignment,
good longitudinal alignment and desirable temperature compensation. In particular, the present
invention provides ferrule holders, which are particularly useful for fixed frequency - FFP
filters, tunable FFP filters and devices for measuring ambient conditions, physical properties and

physical phenomena.
Figures 3 and 4 illustrates an exemplary embodiment of a ferrule holder of the present

invention capable of maintaining good radial and longitudinal alignments, preferably high

precision and accuracy alignment. Specifically, Figure 3 provides a perspective view and Figure
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4 provides a cross sectional view. The illustrated ferrule holder 100 comprises unitary body 110,
first ferrule fastening element 114, second ferrule fastening element 116, actuator 120 and
mounting strap 130. Unitary body 110 has axial bore 135 extending along longitudinal axis 140.
Unitary body 110 has an internal end 145 for receiving a first ferrule 155 having an external face
157 and an internal face 156 and an external end 150 for receiving a second ferrule 160 having
an external face 161 and an internal face 162. Optical fibers 163 are held within axial bores
located within first and second ferrules. First ferrule 155 and second ferrule 160 are oriented
such that their internal and external faces are transverse to longitudinal axis 140 and such that
internal face 156 and internal face 162 oppose each other. In embodiments comprising a FEP
filter, reflectors (not shown) are provided at the end of optical fibers 163 which terminate at the
internal ends of the first and second ferrules, thereby by forming an optical resonance cavity
between opposing reflectors. Alternative embodiments may further comprise one or more
waveguides or wafers (not shown) positioned within the optical resonance cavity. Wafers and
waveguides may be operationally coupled to reflectors on optical fibers 163. Actuator 120 has
an internal end 165 and external end 166 and is oriented such that internal end 165 is in
operational contact with external end 150 of unitary body 110 and external end 166 is in
operational contact with mounting strap 130. Mounting strap fasteners 170 are also provided for
securing mounting strap 130 to unitary body 110. Exemplary mounting strap fasteners 170

comprise stainless steel screws.

In the preferred embodiment illustrated in Figures 3 and 4, a system of channels 175 is
created in unitary body 110 providing elasticity with respect to compression, expansion or both
along longitudinal axis 140. As shown in Figures 3 and 4, the channels are oriented
perpendicular to the longitudinal axis 140 and the system of channels 175 creates four folded
beam springs 180, each having a single fold, in unitary body 110. Actuator 120 is operationally
connected to external end 150 of unitary body 110 in a manner creating a preload on springs 180,
preferably a preload selected over the range of about 50 pounds to about 300 pounds. The
system of channels 175 allows movement of second ferrule 160 in a direction substantially
parallel to the longitudinal axis. In a preferred exemplary embodiment, second ferrule 160 is

capable of moving up to about 3 microns in length along the longitudinal axis.
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In a preferred embodiment, actuator 120 is a piezoelectric transducer that transforms
electrical energy into mechanical energy by utilizing the piezoelectric longitudinal effect. In this
embodiment, application of an electric potential to actuator 120 results in an elongation of
actuator 120 such that a force is generated substantially parallel to the longitudinal axis 140.
Due to the presence of mounting strap 130, this force is directed toward the external end 150 of
unitary body 110 resulting in compression of springs 180. Because first ferrule 155 and second
ferrule 160 are fastened in axial bore 135 by fastening elements 114 and 116, this compression
results in a variation of the distance between internal face 156 of first ferrule 155 and internal

face 162 of second ferrule 160.

In an exemplary embodiment, unitary body extends 110 extends about 0.8 inches in
length along longitudinal axis and has ferrule contact regions extending about 0.31 inches along
the longitudinal axis for both first and second ferrules. Exemplary first and second ferrules are
single-mode, ceramic ferrules which extend about 0.50 inches in length along the longitudinal
axis. An exemplary actuator, comprises a piezoelectric transducer element having dimensions of
about 8 mm by 8 mm by 16 mm, wherein the transducer extends about 16 mm in length along
the longitudinal axis. While piezoelectric transducers having other dimensions are useable in the
present invention, preferred piezoelectric transducers for some applications have dimensions

greater than about 5 mm by 5 mm by 10 mm.

Unitary body 110 may comprise any material that exhibits some elasticity and is able to
provide ridged support for the first and second ferrules in all directions other than a direction
parallel to the longitudinal axis. In preferred embodiments, the unitary body is fabricated from a
single piece of material having a single, continuous axial bore therein. Use of a single material
having a continuous axial bore is preferred to ensure good alignment of the ferrules held in the
ferrule holder. However, the present invention includes embodiments wherein the unitary body
is fabricated from a plurality of components that are operationally connected via an appropriate
means of fastening including but not limited to a weld joint, glue, epoxy, a screw, clamp, bolt, a

clasp, or any equivalent of these.
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In embodiments comprising temperature compensated ferrule holders, the unitary body is
preferably fabricated from a material having a coefficient of thermal expansion substantially
matched to that of the material comprising the first and second ferrules. For example, use of
stainless steel alloys, preferably having a coefficient of thermal expansion of about 9.9 ppm/°C,
in the fabrication of the unitary body is desirable for use with ceramic ferrules, such as ziconia
ceramic ferrules, which have a coefficient of thermal expansion of about 9.4 ppm/°C.
Alternatively, use of low expansion electronic alloys, such as Invar and Kovar, in the fabrication
of the unitary body from is desirable for use with Pyrex ferrules, Quartz ferrules, and glass

ferrules.

The folded beam spring configuration shown in Figures 4 is but one means of providing
elasticity to the ferrule holders of the present invention. In the present invention any spring
configuration is employable that provides elasticity with respect to compression or expansion
along the longitudinal axis and also substantially constrains motion along all other dimensions.
Springs of the present invention may have a range of force constants and preloads that provide a
useful range of optical path lengths from the internal face of the first ferrule to the internal face
of the second ferrule. In addition, ferrule holders of the present invention can have any number
of springs. Preferred spring systems in the present invention provide a net elasticity of the
unitary body that is substantially symmetric about the longitudinal axis to prevent parasitic
motion in the other axes. Figure 5A shows an expanded view of a folded beam spring 180
useable in the present invention having a single fold 200 with a selected beam cross section 205.
Alternative embodiments of the present invention comprise folded beam springs having a
plurality of folds and a variety of beam cross sections. For example, Figure 5B shows an
alternative folded beam spring 206 having two folds 207 with a selected beam cross section 205.
Figure 5C shows an alternative non-folded beam spring configuration 210 useable in the present
invention having a non-folded beam 220 with a selected beam cross section 205. Thinner beam
cross sections are preferred for non-folded beam spring configurations to provide the desired

elasticity along the longitudinal axis.

Actuators of the present invention may be any material, device or device component

capable of generating a force substantially parallel to the longitudinal axis. Actuators of the
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present invention may be operationally connected to the external end, internal end or both of the
unitary body. Actuators of the present invention may be operationally connected such that upon
generation of a force substantially paralle] to the longitudinal axis the unitary body undergoes
compression or expansion along the longitudinal axis. In an exemplary embodiment, an actuator
is positioned between the internal and external ends of the unitary body and is capable of
expanding and contracting the unitary body. Such an embodiment provides a ferrule holder

useful for tunable FFP filters.

Preferred actuators for ferrule holders for tunable FFP filters comprise materials having a
selectable adjustable length along the longitudinal axis. Exemplary actuators of the present
invention include, but are not limited to, materials capable of elongation upon the application of
an electric potential, such as piezoelectric transducers, electro-optic modulators and
electrorestrictive materials. These actuators are especially useful for ferrule holders for tunable
FFP filters having an optical path length of light through the resonance cavity selected from the

range of about 1 micron to about 2 millimeters.

Exemplary actuators useful for devices for measuring physical properties, ambient
conditions or mechanical phenomena comprise a material, device or device component capable
of providing a force substantially parallel to the longitudinal axis that systematically varies with
the property, condition or phenomena being monitored. For example, use of a material having a
coefficient of thermal expansion different from the coefficient of thermal expansion of the
material comprising the unitary body provides an actuator capable of generating a force
substantially parallel to the longitudinal axis that varies systematically and predictably with
temperature. FFP filters having such actuators may comprise sensitive temperature transducers.
Selection of the difference between the coefficients of thermal expansion of the actuator and
unitary body establishes the sensitivity and temperature range of the temperature transducers of
the present invention. Selection of a larger difference in the coefficients of thermal expansion
results in a more sensitive transducer capable of detecting and characterizing temperatures and
temperature changes over a smaller temperature range. In contract, selection of a smaller
difference in the coefficients of thermal expansion results in a less sensitive transducer capable

of detecting and characterizing temperatures and temperature changes over a larger temperature
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range. Preferred FFP filters capable of sensitive temperature measurements are capable of
providing a change in resonance cavity path length of one optical order, for example 0.775

micron at 1550 nm, over the measured temperature range.

Any fastening element providing a means of fastening a ferrule to the unitary body are
employable in the present invention. In a preferred embodiment, axial bore 135 is shaped to
include three substantially flat regions such that first ferrule 155 and second ferrule 160 can be
secured by fastening elements 114 and 116 in a manner providing three points of contact around
the circumference of the ferrule. Exemplary axial bore shapes include, but are not limited to,
triangularly shape axial bores and generally cylindrically shaped axial bores having three
substantially flat surfaces for establishing contacting with the ferrules. Preferred fastening
elements comprise a plurality of tapped holes for receiving screws positioned in and along the
length that the unitary body which extends along the longitildinal axis and screws positioned in
each hole. More preferred embodiments, further comprise a ferrule retention element located
between the bottom of the tapped holes and the first and second ferrule. Exemplary fastening
elements may comprise screws, bolts, clamps, epoxies, glues, cables, hooks or any combination

of these.

In a preferred embodiment, the fiber holder illustrated in Figure 3 and 4 is temperature
compensated to minimize the change in the distance along the longitudinal axis separating the
internal faces of the first and second ferrules during temperature cycling or changes in
temperature. Temperature compensated ferrule holders of the present invention are especially
useful for fixed frequency and tunable FFP filters having minimized wavelength drift over a
useful range of operating temperatures, such as a temperature range of about —20 °C to about 85
°C. Radial temperature compensation of the ferrule holder of the present invention may be
accomplished by substantially matching the coefficients of thermal expansion of the materials
comprising the ferrule holder and the material comprising the ferrules. By substantially
matching the coefficients of thermal expansion, the radial forces exerted on the ferrule by the
ferrule holder will remain nearly constant when subjected to temperature cycling or changes in

temperature.
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For many applications involving FFP filters of the present invention, ferrule holders of
the present invention must be temperature compensated to minimize the undesired effect of
ambient temperature changes on cavity length. Longitudinal temperature compensation may be
achieved by balancing the coefficients of thermal expansion of the material chosen for the
mounting strap or retainer with the material chosen for the actuator. For example, low voltage
piezoelectric transducers typically have low, negative coefficients of thermal expansion, such as
about — 3 ppm/°C. By choosing a material for the mounting strap or retainer having an
appropriate coefficient of thermal expansion, the net combination of piezoelectric transducer
actuator and mounting strap may be thermally balanced to minimize variation in the optical path
length of light through the resonance cavity with temperature. As thermal expansion is an
extensive property dependent on the amount of material undergoing a temperature change,
temperature compensation may also be accomplished by selective variation of the amount of
material comprising the various components of the ferrule holder of the present invention. In
many cases an optimal configuration providing temperature compensation is determined
empirically by an iterative processes involving directly measuring the change in cavity length
experienced upon a given change in temperature and making adjustments to the components to
minimize the change in resonance cavity optical path length due to temperature. In another
exemplary embodiment, temperature compensation can also be adjusted by variation of the
tension of screws comprising the mounting strap fasteners. For example, by increasing the screw
torque, the tension in the screw and compressive forces in the mounting strap may effectively

reduce the coefficient of thermal expansion of the mounting strap.

In an exemplary embodiment, a temperature compensated FFP filter having a having
zirconia ferrules, an Invar mounting strap, a piezoelectric transducer actuator, a stainless steel
unitary body and stainless steel screw mounting strap fasteners exhibits a wavelength drift of less
than about 1 FSR/100 °C over the temperature range of about —20 °C to about 85 °C. Moreover,
this exemplary temperature compensated FFP filter exhibits an insertion loss after multiple
temperature cycles over the range of about —20 °C to about 85 °C of less than 0.5 dB. Further,
using standard wavelocking techniques, these exemplary FFP filters require locking voltages
having a magnitude less than about & 10 volts to maintain a desired wavelength over the entire

temperature range tested.
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Ferrule holders of the present invention may be efficiently fabricated using electron
discharge machining (EDM) techniques, which are well known in the art. For example, the
unitary body component, as illustrated in Figures 3 and 4, may be fabricated from a single piece
of material by using EDM techniques to relieve material from the unitary body, thereby
generating channels comprising a plurality of bent beam springs. The axial bore of the unitary
body may also be machined using wire-EDM techniques. In this exemplary method of
fabricating the ferrule holders of the present invention, good radial alignment of the ferrules is
ensured since the ferrules are mounted in a single, continuous axially bore. In addition, since the
mount for both ferrules is machined into a single piece of material, no additional assembly or
alignment is required to ensure good ferrule alignment. Ferrule holders of the present invention

may also be fabricated using laser cutting techniques.

FFP filters of the present invention may comprise device components in a variety of
optical devices including but not limited to lasers, wavelockers, optical signal generators, dense
and coarse wavelength division multiplexers and demultiplexers, light filters, interleavers,
optical sources, detectors, fiber optic routing devices, optical alignment systems, add / drop
filters and interferometers, temperature transducers, pressure transducers, instruments for
measuring force, accelerometers and displacement transducers. Ferrule holder and FFP filters of
the present invention may be directly or indirectly operationally coupled to a variety of devices
including but not limited to lasers, detectors, reflectors, polarizers, interference filters, fiber optic
couplers, light sources, and temperature controllers. FFP filters of the present invention may be
use separately to provide optical filtering or a series of the FFP filters of the present invention

may be used to provide optical filtering.

All references cited in this application are hereby incorporated by reference in their
entireties to the extent that they are not inconsistent with the disclosure in this application. It will
be apparent to one of ordinary skill in the art that methods, devices, device elements, materials,
procedures and techniques other than those specifically described herein can be applied to the
practice of the invention as broadly disclosed herein without resort to undue experimentation.
All art-known functional equivalents of methods, devices, device elements, materials, procedures

and techniques specifically described herein are intended to be encompassed by this invention.
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We claim:
1. A holder for spatially aligning two objects comprising:

a unitary body having an axial bore extending along a longitudinal axis, said axial
bore having an internal end for receiving a first object and an external end for
receiving a second object, wherein at least a portion of said unitary body is elastic

with respect to expansion, compression or both along the longitudinal axis;
a first fastening element for securing the first object in said holder; and
a second fastening element for securing the second object in said holder;

wherein the elasticity of the unitary body allows for variation of the distance between the

internal end and the external end of said unitary body.
2. A ferrule holder for a fiber filter comprising:

a unitary body having an axial bore extending along a longitudinal axis, said axial
bore having an internal end for receiving a first ferrule and an external end for
receiving a second ferrule, wherein at least a portion of said unitary body is elastic
with respect to expansion, compression or both along the longitudinal axis,
wherein said first ferrule has an internal face and an external face each of which
are oriented transverse to the longitudinal axis and said second ferule has an
internal face and an external face each of which are oriented transverse to the
longitudinal axis and wherein said first and second ferrules are positioned such

that their internal faces are opposed;

a first ferrule fastening element for securing the first ferrule in the unitary body;

and
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a second ferrule fastening element for securing the second ferrule in the unitary

body;

wherein the elasticity of the unitary body allows for variation of the distance between the

internal faces of the first and second ferrules.

The fiber ferrule holder of claim 2 wherein the elasticity of the unitary body allows for
movement of said first ferrule in a direction substantially parallel to said longitudinal

axis.

The fiber ferrule holder of claim 2 wherein the elasticity of the unitary body allows for
movement of said second ferrule in a direction substantially parallel to said longitudinal

axis.

The fiber ferrule holder of claim 2 wherein the elasticity of the unitary body allows for
movement of said first ferrule and said second ferrule in a direction substantially parallel

to said longitudinal axis.

The fiber ferrule holder of claim 2 wherein the elasticity of the unitary body allows for
variation of the first ferrule, second ferrule or both in a direction substantially parallel to
said longitudinal axis while maintaining alignment of the first and second ferrule in all

other dimensions.

The fiber ferrule holder of claim 2 wherein the elasticity is substantially symmetric about

the longitudinal axis.
The fiber ferrule holder of claim 2 wherein the elasticity of the unitary body is provided

by a system of channels created in said unitary body, wherein the channels are oriented

perpendicular to the longitudinal axis.
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The fiber ferrule holder of claim 8 wherein the system of channels creates at least one

spring in the unitary body.

The fiber ferrule holder of claim 9 wherein the spring comprises a non-folded beam

spring.

The fiber ferrule holder of claim 9 wherein the spring comprises folded beam spring.

The fiber ferrule holder of claim 8 wherein the system of channels is relieved from the

unitary body using wire electron discharge machining methods.

The fiber ferrule holder of claim 2 wherein the unitary body is fabricated from a material
having sufficient elasticity to provide a variation of the distance between the internal
faces of the first and second ferrules up to a distance along the longitudinal axis equal to

about 3 microns.

The fiber ferrule holder of claim 2 wherein the distance between the internal faces of the

first and second ferrules along the longitudinal axis is selectable adjustable.

The fiber ferrule holder of claim 2 wherein the distance between the internal faces of the
first and second ferrules along the longitudinal axis varies with ambient environmental

conditions.

The fiber ferrule holder of claim 2 wherein the unitary body is fabricated from a stainless

steel alloy.
The fiber ferrule holder of claim 2 wherein the unitary body is fabricated from a material

having a coefficient of thermal expansion substantially matched to the material

comprising first and second ferrules.
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The fiber ferrule holder of claim 17 wherein the unitary body is fabricated from a
material having a coefficient of thermal expansion selected from the range of about 9
ppw/°C to about 10 ppm/°C.

The fiber ferrule holder of claim 2 wherein the unitary body provides ridged support for
the first and second ferrules in all directions except a direction parallel to the longitudinal

axis.

The fiber ferrule holder of claim 2 wherein the axial bore is shaped along the longitudinal
axis to provide substantially flat surfaces for three point contact between the first ferrule,

second ferrule or both and the unitary body.

The fiber ferrule holder of claim 2 wherein said first ferrule fastening element and said
second ferrule fastening element comprise:
a plurality of tapped holes for receiving screws positioned in and along the length

that the unitary body extends along the longitudinal axis; and

screws in each of the tapped holes;

wherein the position of said screws in the tapped holes is selectably adjustable to provide
forces on the first and the second ferrules which establishes three points of contact within

axial bore of the unitary body.

The ferrule holder of claim 21 wherein the axial bore is triangular having three
substantially flat surfaces along the longitudinal axis for contacting said first and second
ferrules and wherein said plurality of tapped screw holes is positioned above one of said

flat surfaces.

The ferrule holder of claim 21 wherein the axial bore is generally cylindrical but has

three substantially flat surfaces along the longitudinal axis for contacting said first and
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second ferrules and wherein said plurality of tapped screw holes is positioned above one

of said substantially flat surfaces.

The fiber ferrule holder of claim 2 further comprising a ferrule retention element located

between the bottoms of the tapped holes and said first ferrule, second ferrule or both.

The ferrule holder of any of claim 2 further comprising an actuator operationally coupled
to the unitary body for selectably adjusting the distance between the internal ends of the

first and second ferrules.

A fiber ferrule holder for a fiber Fabry - Perot filter comprising:

a unitary body having an axial bore extending along a longitudinal axis, said axial
bore having an internal end for receiving a first ferrule and an external end for
receiving a second ferrule, wherein at least a portion of said unitary body is elastic
with respect to expansion, compression or both along the longitudinal axis,
wherein said first ferrule has an internal face and an external face each of which
are oriented transverse to the longitudinal axis and said second ferule has an
internal face and an external face each of which are oriented transverse to the
longitudinal axis and wherein said first and second ferrules are positioned such

that their internal faces are opposed;

a first ferrule fastening element for securing the first ferrule in the unitary body;

and

a second ferrule fastening element for securing the second ferrule in the unitary
body; and

an actuator having an internal end and an external end for selectably adjusting the

distance between the internal ends of the first and second ferrules along the

31



10

15

20

25

30

27.

28.

29.

30.

31.

32.

33.

WO 2004/059357 PCT/US2003/041822

longitudinal axis, wherein the internal end of the actuator is operationally coupled

to the unitary body,

wherein the elasticity of the unitary body allows for selectable variation of the distance

between the internal faces of the first and second ferrules.

The fiber ferrule holder of claim 26 further comprising a mounting strap operationally

coupled to the actuator for fixing the position of the external end of the actuator.

The fiber ferrule holder of claim 26 wherein the actuator generates a force such that the
unitary body compresses along the longitudinal axis, thereby decreasing the distance

between the internal ends of the first and second ferrules along the longitudinal axis.

The fiber ferrule holder of claim 26 wherein the actuator generates a force such that the
unitary body expands along the longitudinal axis, thereby increasing the distance between

the internal ends of the first and second ferrules along the longitudinal axis.

The ferrule holder of claim 26 wherein the actuator generates a force on the internal end,

external end or both of the unitary body.

The fiber ferrule holder of claim 26 wherein the actuator comprises a piezoelectric
transducer, wherein application of an electric potential to said piezoelectric transducer
results in expansion or contraction of the piezoelectric transducer in a direction a parallel
to longitudinal axis and wherein the expansion of the piezoelectric transducer generates a

force on the unitary body.

The fiber ferrule holder of claim 26 wherein the piezoelectric transducer is a single

rectangular prism-shaped piezoelectric transducer.

The fiber ferrule holder of claim 26 wherein the mounting strap comprises a selected

amount of a material having a coefficient of thermal expansion such that the combination
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of the mounting strap and the piezoelectric transducer does not undergo substantial

expansion or contraction over the temperature range of about —20 ° C to about 85 ° C.

The fiber ferrule holder of claim 27 further comprising at least one mounting strap

fastener element.

The fiber ferrule holder of claim 26 wherein the actuator comprises an electrostrictive

material.

The fiber ferrule holder of claim 26 wherein the actuator comprises a spring or

diaphragm.

The fiber ferrule holder of claim 26 further comprising a second actuator operationally

coupled to the unitary body.

The fiber ferrule holder of claim 26 wherein the actuator comprises a material having a

coefficient of thermal expansion different than that of the unitary body.

The fiber ferrule holder of claim 38 wherein coefficient of thermal expansion of the
actuator is about 1.5 times greater or less than the coefficient of thermal expansion of the

unitary body.

A fiber Fabry - Perot filter comprising:

a fiber ferrule assembly having an optical resonance cavity therein which
comprises a first and a second ferrule element each of which has an axial bore
along a longitudinal axis therethrough for receiving an optical fiber and a reflector
transverse to the axial bore, said first and second ferrules each having an internal
ends oriented transverse to the longitudinal axis, wherein said ferrules are

positioned with respect to each other such that the internal ends of the ferrules are
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opposed, thereby forming an optical resonance cavity between opposing

reflectors;

a unitary body having an axial bore extending along the longitudinal axis, said
axial bore having an internal end for receiving the first ferrule and an external end
for receiving the second ferrule, wherein at least a portion of said unitary body is

elastic with respect to expansion, compression or both along the longitudinal axis;

a first ferrule fastening element for securing the first ferrule in the unitary body;

and

a second ferrule fastening element for securing the second ferrule in the unitary

body;

wherein the elasticity of the unitary body allows for variation of the distance between the

internal faces of the first and second ferrules.

The fiber Fabry - Perot filter of claim 40 further comprising an actuator operationally
coupled to the unitary body for selectably adjusting the optical path length of light
through the resonance cavity.

The fiber Fabry - Perot filter of claim 41 comprising a tunable fiber Fabry - Perot filter.

The fiber Fabry - Perot filter of claim 41 comprising a fixed frequency fiber Fabry - Perot
filter.

The fiber Fabry - Perot filter of claim 41 comprising a temperature transducer.

The fiber Fabry - Perot filter of claim 41 comprising a displacement transducer.

The fiber Fabry - Perot filter of claim 41 comprising a device for measuring force.
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47.  The fiber Fabry - Perot filter of claim 41 comprising a device for measuring

pressure.

5 48.  The fiber Fabry - Perot filter of claim 41 comprising an accelerometer.
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