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OPTICAL DATA STORAGE SYSTEM WITH MEANS FOR REDUCING NOISE FROM SPURIOUS
REFLECTIONS

Related Applications

The present invention is related to and claims priority from U.S Provisional
Application 60/079,903 entitled “Optical Drive Utilizing Low Birefringence Fiber,” filed 30
March 1998, U.S. Provisional Applicati;:m 60/088,192 entitled ‘“Laser Phase Noise
Minimization In Optical Drive,’; filed 5 June 1998, U.S. Provisional Application 60/108,398
entitled “Optical Head Design Eliminating Fiber End Back Reflection” filed 13 November
1998, U.S. Provisional Application 60/ entitled “Optical Fiber Coupler Using A
Spliced Polarization-Maintaining Fiber, filed 9 December 1998, all of which are incorporated
by reference herein in their entirety. The present application is a continuation-in-part of U.S.
Application 09/124,812 entitled “Low-Birefringence Optical Fiber For Use in an Optical Data
Storage System,” filed 29 July 1998, which is incorporated by reference herein in their
entirety.
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L Field of the Invention

The present invention relates generally to optical fibers for use in data storage systems.
More particularly, the present invention relates to low-birefringence optical fibers for use in
magneto-optical data storage systems.

2. Background Art

In a magneto-optical storage system, using a magneto-optical (MO) recording material
deposited on a rotating disk, information may be recorded on the disk as spatial variations of
magnetic domains. During readout, a magnetic domain pattern modulates an optical
polarization, and a detection system converts a resulting signal from optical to electronic

format,
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- In one type of a magneto-optical storage system, a magneto-optical head assembly is
located on a linear actuator that moves the head along a radial direction of the disk to position
the optical head assembly over data tracks during recording and readout. A magnetic coil is
placed on a separate assembly on the head assembly to create a magnetic field that has a
magnetic component in a direction perpendicular to the disk surface. A vertical magnetization
of polarity, opposite to that of the surrounding magneﬁ'c material of the disk medium, is
recorded as a mark indicating a zero or a one by first focusing a beam of laser light to form an

optical spot on the disk. The optical spot functions to heat the magneto-optical material to a

| temperature near or above a Curie point (a temperature at which the magnetization ' may be

readlly altered thh an applied magnetic field). A current passed through the tagnetic coil
orients the spontaneous vertical magneuzatlon either up or down. This orientation’ process -
occurs in the reglon of the optlcal spot where the temperature is suitably high. The orientation
of the magnetization mark is preserved after the laser beam is removed. The mark is erased or
overwritten if it is locally reheated to the Curie point by the las_er beam during a time the

magnetic coil creates a magnetic field in the opposite direction.

:Infonnation is read back from 2 particular mark of interest on ths disk by taking
advantage of the mégnetic Kerr effect so as to detect a Kerr rotation of the optical polarization
that is imposed on a reflected beam by the magnetization at the mark of interest. The
magnitude of the Kerr rotation is determined by the material’s properties (embodied in the
Kerr coefficient).. The sense.of the rotation is measured by established differential detection
schemes and, depending on the direction of the spontaneous magnetization at the mark of

interest, is oriented clockwise or counter-clockwise.

Conventional magneto-optical heads, while presently providihg access to magneto-
optical disks with areal densities on the order of 1 Gigabit/in?, tend to be based on relatively
large optical assemblies w_hic_h make the physical size and mass of the head rather bulky
(typically 3-15mm in a dinieneioh). Consequently, the speed at which conventional magneto-
optical heads are mechanically moved to access new data tracks ona magnete-optical storage
disk is slow. Additionally, the physical size of conventional magneto-optical heads limits the
spacing between magneto-optical disks. Because the volume .a\'railab.le in standard height disk
drives is limited, magneto-optical disk drives have, thus, not been available as high-capacity,

high-performance commercial products. For example, a commercial magneto-optical storage



10

15

20

25

30

WO 99/50843 - 4 PCT/US99/06982
device presently available provides access to only one side of a 130 mm double sided 2.6 ISO
gigabyte magneto-optical disk, a 40ms disk access time, and a data transfer rate of 4.6

MB/Sec.:

N. Yamada (US Patent No. 5,255,260) discloses a low-profile flying optical head for
accessing an upper and lower surface of a plurality of optical disks. | Thé flying optical head
disclbsed .by Yamada describes an actuating arm that has a static (fixed relative to the arm) -
mirror or prism mounted thereon, for delivering light to and receiving light from a phase-

change optical disk. While the static optics described by Yamada provides-access to both

. surfaces of a plurality of phase-change optical disks contained within a fixed volume, Yamada

is limited by the size and mass of the optics. Conséquenﬂy, the performance and the number

of optical disks that can be manufactured to function within a given volume is also limited.

In applications that employ a polarization-maintaining fiber and Fabry-Perot (FP) laser
to deliver polarized light from a source to a storage location, mode partition noise limits the
available signal-to-noise ratio (SNR). Mode partition noise (MPN), in the form of broadband -
polarjzation fluctuations, is an intrinsic property of the FP laser that is manifest when a highly
birefringent element is placed in its optical path. Polarization-maintaining optical (PM) fiber -
is, by désign, vefy birefringent; therefore, MPN is very difficult to eliminate when PM fiber is
utilized with a FP Iaser. |

- '.'What' 1s n’eeded,'thérefo're,t is an'opticé.l' data storage system that utilizes an optical fiber
to convey light between a laser source and a storage location of an optical drive with a
sufficient signal-to-noise ratio (SNR) and that allows an indrease in the number of disks that
can be placed within a given volume, as compared with conventional approaches. The
improved optical head should preferably provide a high numerical aperture, a reduced head -
size and mass. Additionally, the optical head should improve upon conventional access to disk
surfaces, disk drive access times, data transfer rates, optically induced noise, and ease of

alignment and manufacture.
Summary of the Invention
* The present invention allows an increase in the number of storage disks that can be -

placed within any given volume by using low-birefringence optical fibers to transfer -
information to and from optical storage media. A high resonance frequency tracking servo
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" deévice on a reduced profile head, in conjunction with the: optlcal fibers, also provides

'nnproved access to storage media, improved disk drive access times, and improved data

transfer rates.

_ An opt1ca1 disk dnve, in accordance with the present mventlon, utlhzes various aspects
of Wlnchester magnette disk technology, for example, flying head technology In another
aspect of the present invention, a laser optics assembly directs light ﬁ'om an optxcal hght
source to an optical switch, which directs the light to one of a_.: piurality of low-birefringence

- optical fibers coupled to one or more rotary arms, each of which support a flying optical head.
 Light is delivered through the optical fiber to a respective optical head for the pmpose of

reading ‘and writing of data at a respective storage media with a focused opﬁcal spot. A
reflected light signal from the storage media couples back through the optical head and optical
fiber for subsequent processing. In one embodiment, the optical source of light comprises a

Fabry-Perot (FP) laser. In another embodiment, the optical source of light comprises a stable

~ single ﬁ'equency laser source such as a distributed feedback (DFB) laser.

The optical path of the light delivered by the optical fiber is altered by a steerable micro- -
machined mirror mounted on the flying head. Track following and seeks to adjacent tracks are
performed by rotating a central mirror portion of the mirror about an axis of rotation. A

- reflected light from the steerable micro-machined mirror is directed through an embedded
"micro-objective lens such. as' a ‘GRIN: (Gradient index) lens or a'molded lens. A focused

20 'optlcal spot is scanned back and forth in a direction which is approx1mate1y parallel to the

radial direction of the storage disk.

In another embodiment, track following and seeks to adjacent tracks may be performed

* with more than one storage media surface at a time by operating: a set of steerable micro-

machined mirrors independently from each other. ‘A plurality of laser optics assembly are
required in this particular embodiment.

In another aspect of the present invention, low-birefringence optical fibers are used to

 transfer information to and from magneto-optical storage disks. Due to inevitable stresses that

C are applied to the optical fibers, the SNR ratio of polarization information from the storage

30

media may be degraded when conveyed by the optical fibers. The present invention provides
an apparatus and method for increasing the SNR. In one embodiment, in-plane bend induced

4



10

15

20

25

30

WO 99/50843 - s L PCT/US99/06982
birefringence in low birefringence optical fibers is compensated for to increase the SNR. In

. another embodiment, both in-plane bend induced and out-of-plane bend induced birefringence

are compensated for fo increase the SNR. Out-of-plane bend induced birefringence may be
compensated for by providing an optical polaﬁzaﬁon rotation element, which may comprise a
rotatable ¥ wave plate or a combination of a fixed % wave plate and a variable-phase wave
plate. In-plane bending may be compensated by providing optical phase retardation of the
reflected light. Phase retardation may be provided by an optical phase retardation element
comprising, a liquid crystal retarder, a combination of a fixed ¥4 wave plate and a rotatable %
wave plate, or a fixed % wave plate and rotatable polarizing beam splitter. In yet another
embodiment, the SNR may be increased by providing an optical source of light comprising a
modulated Fabry Perot or DFB laser. ' '

In another aspect of the present invention, various noise reduction techniques are
provided by substantially decreasing or eliminating spurious reflections (or the effects thereof)
at the end faces of the optical fiber. These noise reduction techniques may be applied if the

laser source is, for example, FP or DFB. In particular, spurious reflections (or the effects

thereof) niay be eliminated at the fiber front (launch) end face near the laser source and at the

fiber back (head) end face near the stomge media.

As similarly stated above, to eliminate the effects of the spurious reflection from the

- fiber front end face (i.e., launch end face), the laser-source may be modulated at-a particular
. frequency that depends on the length of the optical fiber. As a result, the spurious reflection

from the fiber front end face is time-separated from the main signal-bearing beam returning
from the storage media.

In another embodiment in accordance with the present invention, the spurious
reflection from the fiber front end face is eliminated by coupling the fiber front end face to a
material having a refractive index equal to the refractive index of the core of the optical fiber. _
The material may, for example, be formed from epoxy, fluid, or oﬁa suitable materials.

In another embodiment in accordance with the present invention, the spurious
reflection from the fiber front end face is eliminated by coupling the fiber front end face to a
cover slip having a refractive index equal to the refractive index of the core of the optical fiber.

The cover slip may, for example, be formed from glass or other suitable materials.
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" In another embodiment -in- accordance with ‘the présent-invention,: the: effects of a

“spurious reflection from the fiber front end face (i.e, head end face) are eliminated by

polishing the fiber front end face at a particular angle with respect to an optical propagation
axis. As a result, the main signal-bearing beam is spatially separated from the spurious
reflection. In addition, a GRIN lens coupled to the fiber front end face may be polished at a
similar angle with respect to the optical propagation axis in order to provide optimum fiber

coupling efficiency.

In another embodiment in accordance with the present invention, ihe_ effects of a
spurious reflection from the fiber back end face are ehmmated Sy cleavmg the'ﬁb_.cr back end
face at a particular angle with.respect to the optical propagation axis. As a result of the angle
cleave, the spurious reflection is not efficiently back-coupled through the f ber and is,
therefore, effectively extmguxshcd '

"~ In another embodiment in accordance with the present invention, the spurious
reflection from the fiber back end face is eliminated by coupling the fiber back end face to a
fluid or epoxj having a re_ﬁactive index equal to the refractive index of the core of the optical
fiber.

~ In another embodiment in accordance with the present invention, the spurious

reflections from the fiber back end face is eliminated by coupling the fiber back end face to a

** coreless of multi‘mods fiber portion having a refractive'index equal to the refractive index of

20

25

thé _co_re' of the optical fiber. The coupling of the fibers is carried out, for examplé, by fusion
splicing.

Figure la illustrates one embodiment of magneto-optical storage and retrieval system
with in-plane bending and out-of-plane bending of a low bire_ﬁ-ingenge optical fiber;

Flgure 1b illustrates a magneto-optical storage and retrieval system with predominantly
m-plane bendmg of a low birefringence optical fiber;

Figure 2a illustrates a laser-optics assembly in accordance with an embodiment of the

present invention;
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- Figure 2b illustrates one embodiment for providing variable optical phase retardation;

Flgure 2c xllustrates another embodlment for prov1dmg vanable optxcal phase
. retardatlon

Figure 2d illustrates -another embodiment for providing variable optical -phase
5 retardation; '

Figure 2e illustrates an embodiment of an optical polarization rotator;

Figrrre 2f illustrates an embodiment in which a laser source is pulsed;

Figure 3 illustrates an optics module comprising an optical switch;

Figures 4a-g illustrate a ﬂying head .of the present invention in various views;
10 | Figures 5a-b illustrate two embodiments of a magneto-optical disk drive;

Figure 6 is an illustration of an optical fiber coupled to a GRIN lens with an index

metching' material, in accordance with another embodiment of the present invention;

Figure 7 is an illustration of an optical fiber coupled to a GRIN lens with a _corfer slip
bonded to the fiber, in accordance with another embodiment of the present invention;
15 .~ Figure 8 is an ill.‘usu;ation'of a reﬂecred sigxlai-beaﬁng bea.ml crcpagaﬁng lthrough a
' GRIN lens and an optical fiber having a Iaunch end face w1th an altered configuration, in
accordance with another embodiment of the present mventlon,
Figure 9a is an illustration of a portion of an optical fiber wherein a spurious reflection
occurs at the head end of the optical fiber;
20 Figure 9b is a graph illustrating the relative back-coupling efficiency for a fiber end
face reflection from a fiber head end versus the arigle amount in which the fiber head end is
. eleaved
Figure 9c illustrates an optlcal system havmg an optical fiber with a downward angle
cleave, in accordance with another embodiment of the present invention;
25 - Figure 9d illustrates an optical system having an optical fiber with an upward angle

cleave, in accordance with another embodiment of the present invention;
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Figure 9¢ illustrates an optical system having an-optical fiber without an angle cleave,

'~ in accordance with another embodiment of the present invention;

Figure 10a illustrates an optical fiber including a head end face with a straight cleave or
polish and coupled to a slider with an index matching fluid or epoxy, in accordance with
another embodiment of the present invention; -

Figure 10b illustrates the propagation of the signal-bearing beams and the spurious
reflection in the optical system illustrated in Figure 10a; .

Figure 11a illustrates an optical fiber with a head end spliced to a multi-mode fiber
section, in accordance with another embodiment of the present invention;

~ Figure 11b illustrates the propagation of the signal-bearing beams and the spurious
reflection in the optical system illustrated in Figure 11a; and

Figure 11c is a graph showing' the reflection at the fiber head end versus the length of a
multi-mode fiber section that is spliced to an optlcal fiber. ' '

Referring in detail now to the drawings wherein similar parts of the invention are
identified by like reference numerals, there is seen in Figure la a magneto-optical storage and

-retrieval system 100, generally illustrated in a perspective view. In one embodiment, the

magneto-optical (MO) data storage and retrieval system 100 includes a set of Winchester-type
flying heads 106 that are adapted for use with a set of double-sided first surface MO disks 107

,(one ﬂymg head for each MO dJsk surface) The set of ﬂymg heads 106 (heremafter referred

to as ﬂymg MO hwds) are coupled to a rotary aetuator magnet and coil assembly 120 by a .
respective suspension 130 and actuator arm 105 so as to be po_smoned over the surfaces of the
set of MO disks 107. In ope‘raﬁon, the set of MO disks 107 are rotated by a spindle motor so
as to generate acrodynamic lift forces between the set of flying MO heads 106 and the set of
MO disks 107 and so as to maintain the set of flying MO heads 106 in a flying condition
approximately 15 micro-inches above the upper and lower surfaces of the set of MO disks 107.
The lift forces are opposed by equal and opposite spring forces applied by the set of
suspensions 130. . During non-operation, the set of flying MO heads 106 are maintained
statically in a storage condition away_froni the surfaces of the set of MO disks'_107. System
100 further includes an optics module 103 aﬁd a set of optical elements 102 (such as a set of
low birefringence optical fibers) coupled thereto.
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" Figure 2a illustratesa laser-optics assembly 101 used as part of the laser optics module
103. In the present invention, the optics module 103 of Figs la and 1b comprises laser-optics
assembly 101, which includes a laser source 231 such as a Fabry Perot (FP) laser or a stable
single frequency laser source such as a distributed feedback (DFB) laser. A DFB laser source
produces a- very stable narrow-band single-frequency output due to the use of a wavelength
selective grating element inside the laser cavity. In one embodiment, the laser source 231
operates at a wavelength of approximately 660 nm within a red region of the visible light .
spectrum; however, it is understood that laser sources operating at other wavelengths are also
within the scope of the present invention. Fabry-Perot laser diodes are characterized by high-
frequency fluctuations in their spectral output, which can lead to what is known in the art as
mode partition noise (MPN). When line’arly polarized light is launched into a highly
birefringent element (with light on both principal axes), for example, a single-mode
polarization-maintaining (PM) optical fiber, mode partition noise (MPN) is manifest in the
form of polarization noise, which acts to reduce available signal-to-noise ratio (SNR). In MO
recording, since polarization information from the MO disk 107 is desired to be read, it is
important that polarization noise be kept to a minimum, which, however, is difficult to achieve
when using a FP laser source and single-mode polarization-nia:intaining optical fiber of:the
prior art. The use of low-birefringence (lo-bi) fiber, on the other hand, allows an optical
system to be constructed that is less prone to MPN. -

As w111 be dlscussed below, vanous n01se reductlon techmques are prov1ded for

substantxally decreasmg or ehmmatmg spunous reﬂectlons (or the effects thereot) at the end

faces of an optical fiber 102. These noise reductmn techniques may be applied if the laser

source is, for example, FP or DFB.

The laser-optics assembly 101 further includes: collimating optics 234, a leaky beam.
splitter 232, and a coupling lens 233. The laser-optics assembly 101 directs a P polarized laser
beam 291 from the laser source 231 through the leaky beam splitter 232 and coupling lens 233
towards the optical switch 104. The laser-optics assembly 101 also receives S and P
polarization components of a reflected laser beam 292 from the surface of a particular MO disk
107. The reﬂested laser beam 292 is directed by the coupling lens 233 and is routed by the
leaky beam splitter 232 towards a differential detector 240 comprising: a polarizing beam
splitter 239, a mirror 235, and a set of photo-diodes 236. After optical-to-electrical signal
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" conversion by the set of "pht)to-diodes 236, the differential signal is "ﬁro’ces‘sed“by the
* differential amplifier 237 and is output as signal 294.” The differential detector 240 measures
' the optical power of the orthogonal S and P polarization components ‘of the reflected laser

beam 292, with a differential signal being preferably a sensitive measure of polarization
rotation induced by a Kerr effect at the surface of the particular MO disk 107. As will be
discussed below, in particular embodiments of the presenf invention, the laser-optics assembly
101 may further include a variety of optical components at locations indicated at AA and BB
to provide optical phase retardation and/or optical polarization rotation of the laser beé.m_s 291
and 292. '

F1gure3 illustrates the optlcs module 103 compnsmg an optical sw1tch 104. The

optical switch 104 is dlsposed between the set of opucal ﬁbers 102 and the laser optics-

assembly 101 and is shown in a representative optlcal path that includes one of the set of
optical fibers 102, one of the set of flying MO heads 106, and one of the set of MO disks 107.

The optical sthch 104 provxdes sufﬁc1ent degrees of selectivity so as to direct the outgomg
laser beam 291 towards a respecuve prox1mal end of a partlcular optlcal fiber 102. The

-outgomg las.er beam 291 exlts a distal end of the optical ﬁber- 102 and is directed through the
-flying MO head 106 onto a surface recording layer 349 of a respective MO disk 107.

‘During the writing of information, the outgoing laser beam 291 lowers a coercivity of

- the surface recording layer 349 by heating a selected spot of interest 340 to approximately the . . -

Curie point of the MO recording layer 349. The optical intensity of outgoing laser beam 291
is held constant, while a time varying vertical bias magnetic field is used to define a pattern of
“up” or “down” magnetic domains perpendicular to the MO disk 107. This technique is
known as magnetic field modulation (MFM). Alternatively, outgoing laser beam 291 may be
modulated in synchronization with the time varying vertical bias magnetic field at the spot of
interest 340 in order to better control domain wall locations and reduce domain edge jitter.
Subsequently, as the selected spot of interest 340 cools at the surface layer 349, information is

- encoded at the surface of the respective spinning disk 107.

During the readout of information, the outgoing laser beam 291 (at a lower ﬁower

~ compared to writing) is selectively routed to the MO disk 107 such that upon its reflection

from the spot of interest 340 the Kerr effect causes a polarizet_ion state of the reflected laser
beam 292 to be rotated either clockwise or counter clockwise (as indicated with arrow 363).

10
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The aforementioned optlcal path is bi-directional in nature. Accordmgly, the reflected laser

beam 292 is received through the flying MO head 106 and enters the distal end (head end) 900

. of the optical fiber 102. The reflected laser beam 292 is directed by the optical fiber 102
~ towards the optical switch 104 and is selectively routed by the optical switch 104 towards the

laser-optics assembly 101 for subsequent optical-to-electrical signal conversion.

Referring back to Fig. la, m one embodiment, the set of optical fibers 102 of the present
invention comprises single-mode low-birefiingence optical fibers. The present invention
identifies that by using an optical fiber that is designed to have low bireftingence, a fiber that
is known in the optical fiber art as low-birefringence (or lo-bi) optical fiber, mode ﬁartifion
noise may be reduced to achieve an acceptable signal-to-noise ratio (SNR). The low
b1reﬁmgence of lo-bi optical fiber contrasts with the inherent high birefringence of smgle—
mode polarization-maintaining optical fibers, also known as PM optical fiber. Lo-bi fiber can
be provided as “spun fiber,” which is spun from a slightly birefringent fiber preform during a
fiber drawing process. Geometrical twisting is frozen into the spun fibers when cooled. Ifthe
spin rate is sufficient, the effects of bend-induced linear birefringence or birefringence due to
anisotropic thermal stress can be overwhelmed by the effective circular b1reﬁ'mgence
introduced by the spinning. Most smgle—mode optical fibers exhlblt some degree of linear |
birefringence caused by localized internal stresses. Spun fibers are the exceptmns in the sense
that rapid rotation of the preform during the draw process produces an averaging effect that

- periods. It is understood that the present invention need not be limited to lo-bi fibers that are -

spun, as lo-bi optical fibers manufactured using other techniques (e.g., carefully designed
preforms and special draw techniques) are also'known in the art. In one embodiment of the
present invention, the set of lo-bi optical fibers 102 comprises: 2 phase retardation of about 1-2
degrees per meter, an operating wavelength of approximately 660nm, a cutoff wavelength of
about 580-600 nm, a cladding diameter of approximately 80 microns, a dual acrylate jacket

‘with a diameter of about 160-190 microns, an operational temperature range of about 0-70

degrees C, a mode field diameter of approximately 4.0 microns, and a mode field ellipticity of
less than about 5%..

As illustrated in Fig. la, the set of lo-bi optical fibers 102 are coupled at the distal ends
to respective ones of the set of flying MO heads 106, are routed along respective ones of the

11
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set of actuator arms 105 and set of suspensions 130, are routed around the optics module 103,
" and are-coupled at the proximal ends to the optics module 103. Because -of limitations

imposed by a limited volume present in the system 100, the set of optical fibers 102 may

" require routing in other than a co-linear and/or a co-planar marmer, which in turn may stress

the optical fibers 102 and thus induce birefringence in the optical fibers 102. - The optical

- fibers 102 exit the optic module 103 at illustrated point A and are grouped together and wound

around the optics module 103. The extra wmdmgs provide ethra fiber length to facilitate

~assembly and rework if necessary. The fibers are preferably routed in suc_h'a way that a

majority of static bending occurs in a single plane (referred to hereafier as in-plane bending).
An example of in-plane bending of the optical fibers 102 is illustrated at point C. At some
point the fibers 102 fan out to their respective heads, for example starting at illustrated point B;
thus, there may also be some out-of-plane bending between the optical fibers 102, which may
alter the local orientation of the birefﬁngmce but if the bend radius is kept sufficiently large,
then the magnitude of the out-of-plane birefringence may be relatlvely small. Bend induced -
blreﬁ'mgence can be charactenzed by (1)a magmmde that is proportlonal to (RﬁJRkM)

- where Rﬁber is the fiber eladdmg radms and Ryenq I8 the bend radlus and (2) an onentatlon such
' that one axis is in the plane of bendlng and the other axis is perpendlcular to the pla.ne If not

for the bending of the set of optical ﬁbers 102, the outgomg and the reflected laser beams 291

. .and 292 would in theory experience the set of optical ﬁbers. 102 with low-birefringence,

20 .. 's1m11ar to a set of free space opucal paths. However, the polanzatlon rotation information

Lo conveyed by the set of optical fibers 102 may be degraded by ‘the aforementloned ‘bend -

25

30

induced birefringence in the set of lo-bi optical fibers 102, Accordmgly, in one aspect of the
invention, there is provided a method and apparatus for eompensahon thereof, including

optical elements in the optical paths of the laser beams 291 and/or 292 to provide optical phase

retardation and/or optical polarization rotation.

Tn accordance with the present invention, it is identified that .phase'shiﬁ's between S and
P polarization compohents of laser beam 292 are introduced by the bend induced birefringence

* of the ‘set of optical fibers 102 and that the phase shifis may be compensated for by placing
- optical phase retardation elements in the optical path of the reflected beam 292 and that,

furthermore, for detection of a Kerr rotation of the reflected laser beam 292 w_ith a maximum
SNR, the phase shift between the reflected P and S polarization components of laser beam 292
should be maintained 0 degrees modulo 7. In one embodiment, an optical phase retardation

12
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- element is utilized to optnmze the Kerr signal from the MO disk 107 by bringing the reflected
. laser beam 292 in the absence of the Kerr signal and the orthogonally polarized Kerr

. components in phase. Doing so also minimizes the mode partition noise induced by the set of

optical fibers 102 by operating at the bottom of a noise fringe. Optical phase retardation can
be provided by an optical phase retardation element which resolves a light wave into two
orthogonal linear polarization components and produces a phase shift between them. Ideally,

optical elements that provide optical retardation will not polarize, nor will they induce an

_intensity change in a light beam passing therethrough; they will simply change the beam’s

polarizatioh state. Elements that provide optical phase retardation can be of a fixed or variable
variety and are typically available as birefringent, uniaxial materials having two different

- refractive indices. Such materials may -comprise, for example, a uniaxial crystal, a quartz
. crystal, a mica crystal, nematic liquid crystal, an electro-optic material, a polymer, to name a

- few.

In accordance with the invention, it is identified that to achievé these conditions, the
bend induced axes of the set of optical fibers 102 should preferably be aligned with the axes of
the leaky beam splitter 232 such that the P polarization of the outgoing laser beam 291 is

-parallel to the in-plane bend induced axes of the set of optical fibers 102.

As discussed ébove, the set of optical fibers 102 may experience bending, for example,

- with a combination-of in-plane bending and/or out-of-plane bending. In another embodiment

illustrated in Figure b, it is-possible that the optical fibers 102 be routed such that minimal

out-of-plane bending of the set of optical fibers 102 occurs, for example, if the optical fibers
102 are routed to exit the optics module 103 and are maintained along parallel planes having a
between plane spacing equivalent to a spacing between the respective heads 106 to which they
are routed (rather than fanning out at pbint B). In this embodiment, even with no out-of-plane
bending, in-plane bending of the fibers may still occur, such as during normal routing of the
set of optic=a1 fibers 102 from the optics inodule 103 to the heads 106.

In one embodiment where minimal out-of-plane bending of the optical fibers 102

* occurs, optical phase retardation is needed to compensate for the bend-induced birefringence.

This compensation may be provided by an optical phase retarder 255 comprising a variable
liquid crystal retarder, such as an LVR 100 VIS manufactured by Meadowlark Optics,
Frederick, CO 80530. In this embodiment, the optical phase retarder 255 is used in
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 combination with'a first % wave plate 253, both of which-are disposed at point BB in the
~ optical path between the leaky beam splitter 232 and the ‘polarizing ‘beam. splitter 239
‘(illastrated in Figures 2a and 2b). - Preferably the optical axes of -the optical phase retarder 255

are aligned at zero degrees relative to the optical axes of the leaky beam splitter 232, and the

- optical axes of the first ¥% wave plate 253 are aligned at approximately 22.5 degrees relative to -

the axes of the polarizing beam splitter 239. This setting of the % wave plate rotates the

" polarization by approximately 45 degrees so as to produce equal powers on the photodetectors

in the absence of a Kerr signal (i.e.; a balanced condition). In one use of the variable liquid

“crystal retarder, a peak-to-peak input voltage in the range from approximately 0.1 volts to.

approximately 10.0 volts is applied, which has been shown to produce adequate compensation
for in-plane induced stresses; slight ‘trariati'o_ns of in-iplane bending between the set of optical
fibers 102 may require slightly different voltages. The particular voltage to be applied when a
particular optical fiber 102 is utilized may be predetermined during a calibration phase. The

' voltage may be changed during the intervals between switching of the optical switch 104.

 In another embodiment where minimal ouit-of: plane bending of the optical fibers 102

. occurs, optical phase retat'datxon may be prov1ded by a combination of a % wave plate 254 ofa
_ _._conventlonal variety and a dynamically rotatmg % Wave plate 257, both of whlch are disposed

between the leaky beam sphtter 232 and the polanzmg beam sphtter 239, (1llustrated in

__Flgures 2a and Zc) In th1s embodlment, the opttcal axes of the ‘/4 wave plate 254 are ahgned

2Q_ . at forty ﬁve degrees relatlve to the optlcal axes of the leaky beam sphtter 232 and the optlcal

axes of the dynamlcally rotatmg % wave plate 257 rotate relatlve to the axes of the leaky beam
splltter 232. The dynammally rotatmg Y2 wave plate 257 may compnse a 2 wave plate

- coupled to an electromechameal or electro-mlcro-machmed actuator to enable a desired

rotatlon of the 1 wave plate The partlcular rotation to be apphed to the %2 wave plate 257

when a partlcular optical fiber 102 is utilized may be predetermmed dunng a calibration phase.
The rotatlon may be applied during the mtervals between sw1tclnng of the optlcal sw1tch 104

In still another embodiment, optical phase retardation is provided by a ' wave plate
254, which lS disposed between the leaky beam splitter 232 and the polarizing beam splitter
239, with the optical axes of the % wave plate 254 preferably aligned at forty five degrees
relative to the optical axes of the leaky beam splitter 239 (illuetrated'in Figures 2a and 2¢). In-
this version, the polarizing beam splitter 239 and its associated photodetectors are provided as
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a dynamically rotating:s sembly. - The dynamically rotatmg subassembly may comprise a

polarizing beam splitter and photodetector module coupled to an electromechanical or electro-

micro-machined actuator that enables a desired rotation of the subassembly. The particular
rotation to be applied when a particular optical fiber 102 is utilized may be predetermined
during a calibration phase and may be applied during the intervals between switching of the
optical switch 104, .

In the aforementloned embodxments, while static m—plane bend induced stress in low-
b1reﬁ'mgence optical ﬁbers is compensated for, dynamw in-plane bend induced stress can be
neglected as it is typically quite small although it could in pnnclple be compensated for as

well with sufﬁclently fast compensatlon

In the aforementioned embodiment of Fig. la, the set of optical fibers 102 are -each
routed around the optics module 103 to rcspective flying optical heads 106. Routing of the
optical fibers 102 to the spaced apart heads 106 causes each optical fiber to traverse a slightly
different path and, thus, experience different out-ofy plane bending relative to exit point A. The

_ out-of: plane bends cause each lo-b1 optical fiber 102 to comprise bend induced axes that vary. '
.shghtly in onentatlon relative to one another and/or with the leaky beam sphtter 232. The

variations between the out-of-plane bend induced axes of each optical fiber 102 can be

accommodated for by using an optical polanzatlon rotator 256 that i is dynamlcally adJustable

| - to rotate lmear polanzatlon of the outgomg laser beam 291, for example, by a Vi wave plate

20

25

30.

'retarder of a conventional vanety coupled at about 45 degrces relatlve to-the axes of a ‘second
variable 11qu1d crystal retarder (111ustrated in Flgure 2e) Polanzatmn rotation is achieved by
electncally controlling the retardance of the variable liquid crystal A variable optical

| polanza’uon rotator as described above is avallable as an LPR 100 660, which is manufactured

by Meadowlark Optxcs, Frederick, CO 80530. The optical polanzatlon rotator 256 may also
be enabled through electro-mechanical rotation of a % wave plate. The amount of polarization "
rotation necessary for alignnient to the induced axes of each optical fiber 102 can be
determined during a calibration step such that, in operation, when switching between optical

. fibers 102 occurs, a control voltage corresponding to the particular optical fiber 102 being used

is -applied to the optical polarization rotator 256 in a feed-forward fashion to-provide the

- required polarization rotation.
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+ - Without the aforementioned: in-plane bending of the-optical fibers' 102; such as in an
embodiment where the optical path traversed by the optical fibers: 102 is maintained with

'minimal bending, the optical phase retardation would not necessarily be required. - Without the
. aforementioned out-of-plane bending of the optical fibers 102, such as in an embodiment in

which only a single lo-bi fiber 102 is' carefully positioned in-a planar mounting fixture and
used to convey information to a single MO disk 107, the optical polarization rotation would
not necessarily be required. In other embodiments, where both in-plane and out-of-plane
bending are present, both optical phase retardation and optical polarization rotation may be
required. It should be apparent, therefore, that the present invention should not be limited to

the embodiments discussed above but only the scope of the ensumg claims.

In another embodiment illustrated in Figure 2f, it has been identified that spurious
reflections from the proximal ends (launch ends) 615 of the set of optical fibers- 102 may
degrade SNR, whereby the reflected beam 292 may co-propagate together with reflected beam

- 291.from the proximal ends 615, thereby reéulting in a reflected beam 293 comprising E(t) +
- E(t+t). Insuch a case, a laser source 231 may be of, for ew‘:amplg, a Fabry-Perot (FP) type that
- is pulsed on and off with a duty cycle of about 50% or less and with a modulation frequency in

the range from approximately 200 MHz to approximately 1.0 GHz - Furthermore, the present
invention identifies that pulsing the FP laser at increasingly hlgher ﬁ'equencxes (¢.g:, up to the
relaxation oscillation ‘frequency of the laser) causes the mode partmon n01se level in the -
optical system to progressively decrease since the laser mode partition dynamics .change at
higher frequencies. Pulsing of the laser 231 (of an FP type) also allows the reflected pulses of
beam 293 to be time separated from the main signal-bearing beam 292, thereby reducing

"interference between the two pulse trains and thus effectivel_y_ increasing the SNR of the

detected Kerr signal. In the event that the two beams are allowed to overlap in tim'e. and

' interfere, then mode partition noise and laser phase noise could arise.

~ In one embodiment, with an optical fiber 102 index of refraction of about 1.5, the
length of each of the optical fibers 102 is selected to be about 71.35 mm for a modulation
frequency of approximately 350 MHz. The relationship between the modulation frequency (F)

and the length (L) of the optical fibers 102 is embodied in the equation: F= c(2i+)/4Ln where i
=0,1,2, ..., ¢ = speed of light in vacuum, and n = refractive index of the fiber. The length of
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the set of optical fibers 102 is'selected to ensure a proper time sééa‘ration- of the pulse trains. It

" is understood that in other embodiments, the length of the optical fiber 102 can be selected in

accordance with othier indices of refraction and other pulsing frequencies-and, thus, the present
invention should be limited only by the scope of the claims. Although the present invention
describes use of low birefringence optical fibers, it is understood that pulsing of the laser-and -
selecting an appropriate optical fiber length as described above may also be used to increase
SNR in an embodiment utilizing high birefringence optical fibers (e.g.., polarization
maintaining optical fiber).

Figures 4a-4g illustrate a m#gneto—optical head in Acco_rdaﬁce' with an embodimmt of
the present invention, in various views. The set of flying MO heads may be illustrated with '
reference to a single representative flying MO head 106. A single representative flying MO
head 106 is shown in Figure 4b to be positioned respectively above a surface recording layer
349 of one of the set of spinning MO disks 107. In one embodiment, the flying MO head 106
includes': a body 444, an air bearing surface 447, a steerable micro-machined mirror assembly
400, an objective lens 446, and a magnetic coil 460. In one embodiment, the magnetic coil

‘460 is a micro multi-turn coil positioned near the air-bearing surface 447 so as to generate a

magnetic field that is: approximately 300 Oersteds of either polarity, reversible in a time.of
about 4ns, and approximately perpendicular to the plane of the spinning MO disk 107. One
example of a suifable steerable. 'micro;machined. mirror assembiy - 400 is described in
commonly éssigned- US. Patent Application 08/844,207, which is incorporated herein by -
reference in its entirety. Preferably, the magnetic coil should not interfere with the outgoing
and ;eﬂected laser beams 291 and 292 during passage through the flying MO head 106 to the
spinning MO disk 107; or vice versa. As determined by mechanical dimensions and/or optical
properties of the aforementioned elements comprising the flying MO head 106, the body 444
includes a height of approximately 889 microns and a planar footprint aréa that corresponds to
that of approximately 2032 microns x 1600 microns. The low-birefringence optical fiber 102
is preferably coupled to the flying MO head 106 and is held along an axis of the body 444 by a
v-groove 443 or other suitably d1mens1oned ahgnment feature. The opt1ca1 fiber 102 is
positioned within the v-groove 443 to preferably direct the outgomg laser beam 291 as an
op_tlmally_focused spot of interest 340 onto the MO disk 107. The optical fiber 102 may be
subsequently secured in place by using an ulh‘aviolet.c.:uring epoxy or a similar adhesive. Use
of the optical fiber 102 ‘within a V-groove permits aécurate' alignment and delivery of the
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"~ outgoing laser beam 291 relative to-the small mirror assembly:400. The steerable micro-

' machined mirror assembly 400 and objective lens 446 are preferably compact and: low mass so
~ -as'to fit within a physical volume defined approximately the rectangular outer dimensions of
- 'the body 444 and-yet sufficiently large to direct a full cross section of the outgoing and

~ reflected laser beams 291 and 292 so-that minimal power is lost and significant distortion and .

aberrations in the outgoing and reflected laser beams 291 and 292 are not introduced. The MO

" head 106 profile, weight, and design are further simpliﬁed.. through the use of the low- -

birefringence optical fibers 102 of the present invention, in that, a ¥ wave plate is not required

" as an additional optical component for use on the ﬂymg MO head 106 as is reqmred when

usmg polanzatron—mamtammg optlcal fibers.

_ The steerable rmcro-machmed mirror assembly 400 is preferably aligned in the
representatlve optlcal path so as to dlrect the outgoing laser beam 291 through the objective
lens 446 towards the MO disk 107 and so as to direct the reﬂected laser beam 292 from the

"~ MO disk 107 back to the laser optics assembly 101. In one embodiment, the objective lens
15 -

446 may be a microlens with a niumerical aperture (NA) in the range of approximately 0.6-

. 0.85.. Because flying height above the air bearing surface 447 is maintained with a reasonably

25

30

- constant value, a focusing servo is not necessarily required.

- As used in the magneto-optical storage and retrieval system 100, fine tracking and

_. " -short seeks to nearby tracks ‘are performed by rotating a- reﬂec'ave central mirror portion 420 -
20

(shown as h1dden by dotted lmes in F1g 4a) of the steerable nucro-machmed mitror assembly
400 about a rotation axis constrained bya set of hinges 410 such that the propagation angle of
the outgoing laser beam 291 is changed before transmission to the objective lens 446. The

. reflective central mirror portion 420 is rotated about axes formed by the hinges 410 by
applying a differential voltage to drive electrodes ‘The differential voltage creates an

~ electrostatic force that enables the focused spot of mterest 340 to be moved in-the radial
~ direction 450 on the MO media 107 In one embodxment, the cenu'al mirror portlon 420

rotates approximately +/- 2 degrees, whlch is eqmvalent to approxrmately +- 4 tracks at the
surface of the MO disk 107 Although, in one ernbodment a movement of +/- 4 tracks is

'dxsclosed depending on the desrred performance charactenstlcs of the steerable micro-
. machined mirror 400 described above, a range of movement greater or fewer than +/- 4 tracks

is understood to also be possible. Consequently, movement of the focused spot of interest 340
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- across the MO disk 107.and detection of the reflected laser beam 292 may be used in storage

and retrieval of information, track following, and seeks from one data track to another data
track. - Coarse tracking may be maintained by adjusting a current to rotary actuator magnet and
coil assembly 120 (Fig. la). The track following signals used to follow a particular track of the
MO disk 107 may be derived using combined coarse and fine tracking servo techniques as
conventionally known. For example, a sampled sector servo format may be used to define
tracks. The servo format may include either embossed pits stamped into the MO disk 107 or

magnetic domain orientations that are read similar to data marks. If embossed pits are used, an

adder output circuit may be used to supplement the differential amplifier 237 (Fig. 2).

Conventional multiple magnetic disk Winchester magnetic disk drives use a set of respective

suspensions and actuator arms that move in tandem as one integral unit. Therefore, because

" each flying head of such an integral unit is fixed relative to another flying head, during track

following of a particular magnetic disk surface, simultaneous track following of another
magnetic disk surface is not possible. In contrast, irrespective of the movement of the set of
actuator arms 105 and set of suspensiohs 130, a set of steerable micro-machined mirror

assemblies 400 rﬁay be used to operate independently and thus permit track following and |

‘seeks 50 as to read and/or write information using more than one MO disk surface at any given

time. Independent track following and seeks using the set of concu_r'rently operating steerable

‘micromachined assemblies 400 would preferably require a set of separate respective read
. channel and fine track electronics and mirror driving electronics. Because the aforementioned

. embodiment would .also preferably require use of separate laser-optics assethl;liés_ 1(.).1, an .

optical switch 104 for switching between each of the separate optical paths would not

necessarily be required.

Figure 5a illustrates a magneto-optical data storage and retrieval system as part of a
magneto-optical disk drive. In one embodiment, the magneto-opticeﬂ sy#tem 100 comprises a
compact high-speed and high-capacity MO disk drive 500 that includes an industry standard
5.25 :inch half-height form factor (1.625 inch), at least six double-sided MO disks 107, and at
least twelve flying MO heads 106. As di_séuésed above, the flying MO heads 106 may be
manufactured to include optical fibers 102 as part of a very small mass and low profile high.
NA optical system so as to enable utilization of multiple MO disks 107 at a very close spacing

~ within the MO disk drive 500 and; therefore, to comprise a higher areal and volumetric and

storage capacity than is permitted in an equivalent volume according to conventional
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~ approaches. In one embodiment, a spacing between cach of the MO-disks:107 is less than or

equal to about 0.182 inches. -In accordznce with the present invention, it is identified that a
polarization state may be conveyed by low bi__reﬁ-in_genoe optical fibers 102 with reduced noise
over that when conveyed by pol'atizationTma_intsining optical ﬁber

In an alternative embodiment shown in Figure 5b, the half height form factor MO disk
drive 500 may include a removable MO dlsk cartnd,ge portion. 510 and two fixed internal MO
disks 107. By providing the removable MO disk cartndge portton 510, the fixed internal and

* removable combination permits external mformatlon to be eﬂiexenﬂy delivered to the MO disk

drive 500 for subsequent transfer to the mtemal MO disks 107.- The eopled information may,
subsequently, be recorded back onto the removable MO dlsk cartndge portion 510 for
distribution to other computer systems In addmon, the removable MO disk cartndge portion
510 allows for very convenient and hlgh speed back-up storage of the internal MO spinning

~ disks 107 The fixed mtemal and removable combmatlon also penmts storage of data files on

the removable MO disk cartndge portion 510 and system files and software apphcanons on the
mtemal MO spinning disks 107. In another alternative embodlment (not shown) an MO disk _

 drive 500 may include: any number (mcludmg zero) of mtemal MO disks- 107 and/or any

nurnber __of MO disks 107 within any nlnnber of r_emovable MO _dxsk cartridge portlons.

In aceordance w1th the present mventlon, the use of a rotary actuator arm is not

. necessanly reqmred For example, a hnear actuator arm may be used. The low proﬁle optical -
- paths disclosed by the present mvennon may be used to convey mformatlon to and ﬁ'om a

) storage location without Tequiring dlscrete objectlve optics (e. g o usmg a tapered optlcal fiber

or an optical fiber with a lens fonned on an end).

As similarly stated above, undesired laser noise can arise when a spurious reflection

from conjugate points in the opt:cal system interferes with the reﬂected laser beam 292 (Figure

- 3). The conjugate points mclude the front end face (launch end 615) and back end face (head

end 900) of the fiber 102 In’ particular, undesn'ed laser noise occurs when the spurious
reflection from a conjugate point’ co—propagates thh the reflected sxgnal-beanng laser beam
292 into the differential detector 240" (Figure 2a) and ‘when the spurious reflection and the

" reflected laser beam 292 assume approximately the same- spatial distribution. Thus, the
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. spurious reflection- generally produces..a reflected -wavefront that spatially overlaps quite
- closely with the reflected laser beam 292 from the recording layer 349 of an MO disk 107.

As stated above, the laser source 231 may be modulated to reduce noise in the optical
system by time-separating the spurious reflection E(t) (from fiber launch end 615) and the
signal-bearing reflection 292 (from MO dlsk 107)." Therefore, the interference between the
two reflected beams is reduced, thereby increasing the SNR of the Kerr signal detected by
differential detector 240 (Figure 2a). As also stated above, the laser source 231 may include,
for example, an FP laser or a stable single-frequency laser such as a DFB laser.

In accordance with the present mventlon, additional techmques are now dlscussed for
ellmmatmg the effects of the spurious reflection from the launch end 615 of optical fiber 102.
These additional techmques include index matching, a cover slip techmque, and angle
polishing. These .additional techniques may be performed by use of a laser source 231 that

may be, for exainple, an FP laser or a stable single-frequency laser such as a DFB laser.

, An index matchmg approach may also be used to reduce the effects of the spurious
reﬂectlon from the launch end 615 of the optlcal fiber 102 In one embodiment, the fiber 102

_ (or fiber bundle) is coupled to a GRIN lens 610 to form a colhmator (contamer) 600 as shown
'1n Flgure 6 An mdex-matchmg matenal 605 ﬁlls a gap between the GRIN lens 610 and the
| fiber 102. A capillary 602 supports the optlcal ﬁber 102in the collimator 600. The GRIN lens |

610 is used to focus the incident laser beam 291 into the fiber core via launch end 615 of

optical fiber 102 and may have a pitch of, for example, approximately 0.23. The index-
matching material 605 has a refractive index that is equal or nearly equal to the refractive
index of the core of optical fiber 102, thereby eliminating or substantially reducing the Fresnel
reflection from the surface of launch end 615 as well as from the inner GRIN lens surface 609
(to the extent that the GRIN lens refractive index is substantially close to the index of the fiber

- 102). The index-matching material 605 may comprise, for example, an optical epoxy, gel, or

fluid. To the extent that the refractive index of the core of the fiber 102 does not match the

- refractive index of the index matching material 605, a difference in the refractive indices of An

= $0.05, may be tolerated between the fiber 102 core and the index matching material 605,
thereby resulting in 2 maximum interface reflectivity of approximately 0.03%. Preferably, the
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* index-matching material 605 has a high optical quality to prevent aberrations or scattering. In

addition, the air-incident surface 608 of GRIN lens -610:is preferably coated. with an anti-
reflection (AR) coating to. further mmmxze reﬂectlon The AR coatmg is, for example any
sultahle thin-film d1electnc stack for reducmg reﬂecnons '

It is noted that some amount of reﬂectlon ﬁ'om the outgomg laser beam 291 may still

~ occur at the air-incident surface 608 even 1f this surface is AR-coated If the outgoing laser

beam 291 hits the au-mcxdent surface 608 at perfectly normal incidence, then the reflection of

' the outgoing laser beam 291 at the surface 608 could overlap Wlth the reflected signal-bearing

beam 292. However, the probablhty is shm that the outgomg laser beam 291 will hit the
surface 608 at perfectly normal mcldence ‘Typlcally, in the vanous embodiments disclosed

above, the outgoing laser beam 291 will hit the surface 608 at some angle of incidence as a

- result of the following. In order to: properly focus or direct the laser beam 291 toward each :

associated launch end 615 of each fiber 102 ina ﬁber bundle in the optical system of Figure 6,

~ the laser beam 291 will hit the alr-mcldent surface 608 with some angle of incidence. The

laser beam 291 will hit the air-incident surface 608 at different angles of incidence depending

As shown in Flgure 6 the mdex—matchmg matenal 605 causes the spunous reﬂectlon

; :_E(t) to not oceur at the ﬁber launch end 61 5. The spunous reﬂectlon E®) wﬂl instead occur at
o non—con,]ugate surface 609 at the mterface between the mdex-matchmg matenal 605 arid ‘the
20

GRIN lens 610 to the extent that a refractlve mdex thfference occurs at this surface 609. Asa
result, the spurious reﬂectton E(®) does not spatlally overlap w1th the signal- beanng beam 291

_and also does not spa'aally overlap with the reﬂected s1gnal-beanng beam 292 from the MO
_ ,dxsk 107 (Flgure 3) Smce the spunous reﬂectlon E(t) is spatlally separated from the reflected
_s1gnal-beanng beam 292, the dtfferentxal detector 240 (Flgure 2a) will be able to detect the

components of reﬂected sxgnal-beanng beam 292 w1thout mterference from the spunous

_reflection E(Y).

‘In contrast, if an index-matching material is not coupled to the fiber launch end 615,

then ‘a refractive index differenice exists in the interface between the fiber launch end 615 and

the adjacent air space. As a result of this refractive index difference, the spurious reflection
: E(t) generated at the fiber launch end 615 will spatially overlap with the reflected signal-
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" bearing beam 292." This undesired spnrious ‘reflection E(t) is then transmitted into. the -
- differential detector 240 (Bigie 2a) along with the reflected signal-bearing beam 292.

Figure 7 illustrates another index matching approach for reducing the effects of the
spurious reflection E(r) at the launch end 615 of optical fiber 102, in accordance with another
embodiment of the present invention. A collimator 750 includes a GRIN lens 715 and a cover
slip 700 coupled to the optical fiber 102 and/or to a capillary 755 that supports the optical fiber
102. The cover slip 700 includes a back surface 765 that is typically cemented to the optical

fiber 102 (and to the supporting capillary 755) with, for example, an optical cement having

substantially the same refractive index as the cover slip. The cover slip_ 700 may be formed

‘from a material such as glass or other suitable materials.

As further shown in Figure 7, the cover slip 700 causes the spunous reflection E(t) to
not occur at the fiber launch end 615. The spurious reflection E(t) will instead occur at the

surface 760 (a non-conjugate point) of cover slip 700. As a result, the spurious reflection E(t)

-does not spatially overlap with the reflected signal-bearing beam 292 from the MO disk 107 -

(Figure 3). Since the spurious reflection E(t) is spatially separated from the reflected signal-

=beanng beam 292, the differential detector 240 (Frgure 2a) will be able to detect the

components of reflected srgnal-bearmg beam 292 wrfhout mterference ﬁ'om the spunous

. _reﬂ ecnon E(t)
20

. In an altematlve embodlment the front surface 760 of cover shp 700 may also be AR-
coated to reduce the Fresnel reflection at the surface 760 The reflectance from AR-coated

~ front surface 760 may be, for example, on the order of about 0.25%.

As another alternative, the GRIN lens 715 may also be AR-coated to further minimize
reflection in the optical system in Figure 7. Smce the refractive index of cover slip 700 (and
corresponding mounting cement) are chosen to substantially match the refractive index of the
core of optical fiber 102, the only reﬂecﬁon occurring in the optical system is the reflection -
from the AR-coated front surface 760 of cover slip 700. Since the front surface 760 does not
contain a conjugate point in the optical system of Figure 7, the spurious reflection E(t) from
front surface 760 does not interfere with the signal-bearing beam 292, as mentioned above.

In accordance with another embodiment of the present invention, an angle polishing
approach may be used to reduce the effects of the spurious reflection E(f) from the launch end
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615 of the optical fiber 102. The angle polishing approach can be used if the laser source 231
is implemerited with, for example, an FP laser or a DFB laser. As shown in Figure 8, a2 GRIN

lens 800'is angle polished et a surface 805 S0 that'tlte GRIN lens surface 805 is disposed at an
acute angle value 809 with respect to an optlcal propagatlon ax1s 807 The GRIN lens surface
805 may be disposed at an angle rangmg, for example between approximately seven (7)
degrees to approximately fifteen (15) degrees Wlth respect to the optlcal propagatlon axis 807.

* Inone embodiment, the ﬁber launch end 6 15is also angle pohshed so that the fiber launch end

615 is disposed at an acute angle value 811 w1th Tespect to the optlcal propagation axis 807.
To maximize the coupling of light between the GRIN lens 800 and the optical fiber 102, the
angular values of the GRIN lens surface 805 and fiber launch end 615 are substantially equal

- with respect to the optical propagation ax1s 807

By altering the configuration of the GRIN lens surface 805 and/or the fiber launch end

' 615, ‘as shown in Figure 8, the mterference between the spunous reflection ‘E(D) and the

reflected signal-bearing beam 292 (ﬁom MO dxsk 107) is substanually reduced since both

" reﬂectxons are spatially separated.

The beam component 292” (from reﬂected beam 292) is also spatially separated from

n_bise component E’ (t) (from spunous teﬂectto_n E(t)) after pe_ssmg through the polarizing
" ‘beam splitter 239. The beam comporient 292" is then received by an MO detector lens 815 and
" by one of the photodiodes 236 (ses also Figure 2a), and is then processed by differential

-detector 240 (Figure 2a).' Similarly, the beam component 29 ’-j.: (from reflected beam 292) is .-

spatially separated from noise component E”(tj (from spurious reflection E(t)) after passing

- through the polarizing beam splitter 239 The beam’ component 292’ is then received by an

MO detector lens 820 and by one of the photodmdes 236 (see also Figure 2a), and is then
processed by differential detector 240 (thure 2a)

~ The noise component E’(t) may be prevented from transnnttmg into the differential
detector 240 by use of an opaque light blockmg element (not shown) that includes an aperture.
Thus, the reflected signal-bearing beam component 292’ will pi'opagate through the aperture

- and into the differential detector 240 (Flgure 2a) while the opaque light blocking element will

30

block the noise component E'(t). Smnlarly, another opaque hght blocking element may be
used to block thie noise component E”(t) wlule penmtbng the s1gnal-beanng beam component
292" 1o propagate into the dlfferentxal detector 240 '
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" Alternatively, the opaque light blocking elements are not used in the optical system. If
there is a small angular'f ilt:between the reflection E(t) and the reflected signal-bearing beam
292, then the two waves will combine to produce a spatial interference patten at the
photodetector plane. The period of the pattern is given by Bragg’s relation, Ag = A/(2 sin 6),
where sin 0 is the half-angle between the reflection E(f) and the beam 292. In the embodiment -
of Figure 8, the polarizing beam splitter 239 in the differential detection system 240 is placed

‘before the MO detector lens 815 and 820, so the two beams falling on either of the MO

detectors (photo-diodes) 236 (Figure 2a) will have the same polarization, -leading to an
intensity interference effect. For example, in Figure 8 the half-angle at an MO detector 236 is
approximately ten (10) degrees, which corresponds to a grating period of about 1.9 microns. .
For an MO detector size of approximately 300-400 microns, the average intensity will be

_ typically sensed by each of the MO detectors 236 and laser noise effects will be minimized.

The angle polishing of GRIN lens surface 805 and/or fiber launch end 615 may be
performed by use of, for example, various angle polishers available from Ultra Tec, Santa Ana,
California. Other suitable polishers may also be used to alter the GRIN lens surface 805 -
and/or fiber launch end 615. | ' :

- Alternatively, the fiber launch end 615 may be angle cleaved so that it is disposed at an

~ acute angle with respéct to the optical propagation axis 807. One example.of a suitable

instrument for cleaving the fiber launch end 615 is. the Model FK12 Angled Cleaver which is

- manufactured by-York Corporation, United Kingdom- and is commercially. available from -

-. - Newport Corporation, Irvine, California. -

25

30

Fiber Head Fnd Reflection (Noise)

Reference is now made to Figure 9a for discussion of the spurious reflection E4(t) that
occurs at a fiber head end 900 of the optical fiber 102. The spurious reflection Ey(t) is
generated as a result of: (1) the reflection of the outgoing beam 291 from the fiber surface 900 -
on the head end, or (2) from some other optical component surface on the head. The spurious
reflection E(t) propagates back towards the optical switch 104 and may interact with the
return signal-bearing beam 292 to produce excess noise in the detection channel. The nature
of the noise depends on the type of laser source used. If a FP diode laser is used, then mode
partition noise (MPN) is the dominant source of noise. MPN arises because .the spurious -
reflection Ey () travels a different optical path length before combining with the signal-bearing
return light 292 in the detection module. If a DFB laser is used, then MPN is no longer of
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concem, ‘but media noise may- be amplified by mixing ofthe -spurious reflection with the
signal-bearing light. In-addition, when using a I?FB'-laser source, 'the small optical path
difference may lead to excess laser phase noise. .- It is therefere-important to implement a
technique for eliminating (or sxgmﬁcantly reducmg) this unwanted spunous reflection.

Various techniques are now dxscussed for ehmmatmg the - effects of the spurious:
reﬂectlon E,(t) at the head end 900 of optical fiber 102. These techniques include angle

- cleavmg or angle polishing, index matchmg, and coreless (or mulu-mode) fiber splicing.

These techniques are applicable while various types of laser sources 231, such as an FP laser

* oraDFB laser, are used to transmit hght through the opucal fiber 102
10 - . .

.-In accordance with another embodimeut of the present iuVention, the effects of the

spurious reflection E,(t) from the head end 900 of fiber 102 are eliminated by angle cleaving
. the fiber head end 900. The angular amount of the cleave formed on the fiber head end 900.

with respect to an optical propagation -axis 91_0 (Figure 9c) dete_rmmes the amount of the

spurious reflection that is.coupled back towards the fiber launch end 615. ' In Figure 9b, a

graph 902 shows the relative reflection amount from the fiber head end 900 versus the angle

by which the fiber head end 900 is 'clesired.with respectto the op__tieal propagation axis 910. If,

for ‘example, the fiber head end 900 is not angle cleaved, then approximately 100% of the

:spunous Fresnel reﬂectlon E4 ) is reﬂected back towards the: lalmch end 615 of optical fiber
102. As another example, if the fiber head end..900. is. zmgle cleaved at. an -angle of -
'approxlmately two (2) degrees with réspect to the optical propagatlon axis- 910 (Figure 9c),

then approximately 55% of the spurious reflection Ey(t) is reﬂected back towards the launch
end 615 of optical fiber 102. If the fiber head end 900 lS angle cleaved at an angle of
approximately four (4) degrees with respect to the optical propagatlon axis 910 (Figure 9c),

‘then less than appmxmately 10% of the spurious reﬂectlon Eﬂ(t) 1s reflected back towards the

launch end 615 of optical fiber 102. The fiber head end 900 i is p:_'_eferably cleaved in a range

" between' approximately six (6) degrees to appruxin_lately fifieen (15) degrees with respect to
- optical propagation axis 910 so that the spurious reflection E,(f) that propagates back towards
- launch end 615 is essentially extingnished. Anti-reflection coaﬁng (AR) coating may also be

apphed o the fiber head end 900 for purposes of further reduclng the Fresnel reflection at the -
ﬁber head end 900. ' ' '
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Figure 9c illustrates a fiber 102 with a head end 900 that has an angle cleave of, for

-example, about eight (S)degrees with respect to the optical ;pggpagaﬁon axis 910. The angle

cleave value 903 canses.the central ray of outgoing beam 291 to exit the head end 900 at an
acute angle value 905 (e.g., about 4.0 degrees) with respect to the optical propagation axis 910.
The outgoing beam 291 is then reflected from the steerable micro-machined mirror assembly

400 as a reflected beam 291° that propagates through objective lens 446 and that is directed at

‘the surface recording layer 349 of MO disk 107. In order for the reflected beam 291’ to be

directed towards the surface recording layer 349 in a substantially perpendicular direction, as
shown in Figure 9c, the steerable micro-machined mirror assembly 400 is oriented at an
appropriate angle 915 (e.g., about 43.0 degrees) with respect to the optical propagation axis
910. In one embodiment, the measurement of angle 915 is an acute angular value other than
forty-five (45) degrees. The reflected beam 291° is directed perpendicularly towards the
recording layer 349 so that light is efficiently coupled between the optical fiber 102 and MO
disk 107. Furthermore, the position of optical fiber 102 may be adjusted in the X, Y, and/or Z

- directions for maximum fiber coupling..

Note that in Figure 9c, the angle cleave of head end 900 faces downward. In another
embodiment shown in Figure 9d, an optical fiber 102 has a head end 900* with an angle cleave
that faces upwafd. As a result, the angle 915 of steerable micro-machined mirror assembly
400 is set at an appropriate value so that the reflected beam 291’ is directed _p,erpendicularly

- towards recording surface 349 of MO disk 107.

 Alternatively, the fiber head end 900 (Figure 9c) and/or fiber head end 900° (Flgure 9d)
may be altered with respect to the optical propagation axis 910 by angle polishing in 2 manner
as similarly described above with reference to Figure 8. - .

_In contrast, if angle cleaving (or angle polishing) is not performed on the head end 900.
of optical fiber 102, then the outgoing beam 291 exits the head end 900 with a central ray that
is substantially parallel to the optical propagation axis 910, as shown in Figure 9¢. In order for
the reflected beam 291° to be directed towards surface recording layer 349 at a substantially-

‘perpendicular orientation, the value of angle 915 is typically about forty-five (45) degrees with.

respect to the optical propagation axis 910. .The optical system shown in Figure e is
particularly useful if: (1) a DFB laser is used and (2) media noise and laser phase noise are

negligible.
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" ‘In accordance with another smbgdir_nent ‘of the -present . invention, the effect of the
spurious reflection Ey(t): from the head end 900 of fiber 102 is. eliminated by.an index

" matching approach. - As shown in Figure 10a, a portion of the optlcal fiber 102 is attached into
‘a slider 1000 by, for example; glue 1005. A giass plate 1010 is placed in the slider body 1000

at an orientation substantially perpendicular to the optical fiber 102. The gap between the fiber
head end 900 and the glass plate 1010 is filled with epoxy, fluid, or gel 1015 or. other suitable

' material having a refractive index substantially the same as the tsﬁacﬁVe index of the core of

the fiber. To the extent that the refractive index of the core of ;l_ie__ﬁbei- 102 ddm not match the

refractive index of the index matching material 1015, a difference in the refractive indices of

" An = %0.05, may be tolerated between the fiber 102 core a;id ‘the index matching material

1015, thereby resulting in a maximum interface reflectivity of a;ipto:dmately 0.03%. .
As shown in Figure 10b, the index matched fluid 1015 causes the spurious reflection

" Eg(t) to not occur at the fiber head end 900. The spurious reflection E,(t) will instead occur at
" a surface 1012 of glass plate 1010 (i.e., 2 non-conjugate surface), while a second spuﬁous

‘reflection E’,(t) will occur at non-conjugate surface 1013. As a result, the spurious reflections . -

EH(t) and E’(t) do not couple back into the fiber. Since the spurious reflections Ey(t) E4()

are effectively extinguished from the optical syst'em,- the differesﬁal detector 240 (Figure 22)
~will be able to detect. the componénts of reflected signal¥beaﬁng beam 292 without
- interference from the spurious reflections EH(t) and B'(t).

20 Fiber sulicing f : - L

ber splicing for reducing the effects of fiber head end 900 reflections

In accordance with 'anOther"'embodiirient~ sf the :.pfese_nt :inVention,' the effect of the

: spurious reflection E,(t) from the head end 900 of fiber 102 is eliminated by another type of

index matching approach as discussed with reference to Figures- 11a to 11b. Referring first to
: Figure 11a, a coreless fiber section 1100 is spliced on the head end of fiber 102.. The coreless
 fiber section 1100 may, for example, have a diameter similar to that of the single-mode fiber -
102 (e.g., 80 microns), and is coupled to the ﬁber- 102 by, for:_example, fusion splicing. The
‘coreless fiber section 1100 is then cut along lixie_s 1105 so that portion 1110 of coreless fiber
“section 1100 is separated from portion 1115. Thus, the portion 1115 remains spliced to the
-fiber 102. In an alternative embodiment, a large-core multimode fiber (not shown) may be
‘used in place of the coreless fiber. The lengm of spliced ﬁber portion 1115 is preferably

chosen so that the radius of the outgoing beam 291 output at 'the_' face 1120 of portion 1115 is
less than the diameter of coreless optical fiber 102. The portion 1115 may have a length of, for
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example, -about 100 :_mi_.crqns'.' The refractive index of coreless fiber section 1100 (and portion
1115) substantially matclges the refractive index of the core of optlcal fiber 102. To the extent
that the refractive index Sf' the core of the fiber 102 does not match the refractive index of the
fiber portion 1115, a diﬁ‘érence in the refractive indices of An = 0.05, may be. tolerated
between the fiber 102 core and the spliced fiber portion 1115, thereby resulting in a maximum
interface reflectivity of approximately 0.03%. As a result, the effect of the reflection from a
conjugate point (i.c., head end 900) is significantly reduced due to the index matching, as
discussed below. In addition, the light wave spatial distribution of outgoing beam 291 is not
distorted in shape (e.g., circularity). If, in addition, AR coating is placed on the face of splice
fiber surface 1120, then the Fresnel reflection from surface 1120 can be suppressed down to
about 0.25%, resulting in-a more efficient (i.e., lower loss) optical system in Fig. 11a. -

If, during the splice process, the core size at the head end 900 (of optical fiber 102)
changes due to the heating applied to the head end 900, then the effective mode field diameter -
of optical fiber 102 will increase. As a result, a proper objective lens may be implemented to
compensate for an increase in the effective mode field diameter. __

As shown in Figure 11b, the spliced fiber portion 1115 causes the spurious reflection
E,(t) to not occur at the fiber end face (head end 900). The spurious.reflection Ey(t) will -
instead occur at the interface between the surface 1120 and the adjacent air space. “As a result,
the spurious reflection E(t) does not efficiently couple back into fiber 102 and is therefore
effectively extinguished. Since the. spurious reflection E,(t) is substantially eliminated from -

‘the optical system, the differential detector 240 (Figure 2a) will be able to detect the

components of reflected laser beam 292 without interference from the spurious reflection ..
Ex(®. .

Figure 11c is a graph 1150 showing the reflection from the fiber head end 900 versus
the length of the spliced fiber portion 1115. It is shown that the interference between the
spurious reflection E,(t) at the fiber head end 900 and the laser beam 292 is substantially
reduced if the spliced fiber portion 1115 has a length of at least approximately 100 microns.

. In accordance with another embodiment of the present invention, the above-mentioned
techniques for eliminating head end reflection are not required if the laser source 231 is
implemented with a DFB laser and if both media noise and laser phase noise are sufficiently

low in the optical system disclosed above.
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- Itis understood that the present invention can find wtility in a variety of environments,
such as other types of optical drives, c§rmr'mn_ications systems, and the like. Therefore,
ilthough the present in{'_eiltion has been described hereii'i-:i:with reference to particular
‘embodiments thereof, a latitude of modification, various _:c_hanges and substitutions are
- intended in the foregoing :d':isclosure, and it will be _appreciatgd that in some instances some
features of the invention will be employed without 2 corresponding use of - other features

without departure from the scope of the invent'ion. as set forth. -
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1. A system for propagating a main light signal between a laser source and a

‘storage location, comprising:

an optical element disposed between the laser source and the storage location -
. and adapted to transmit the main light signal generated by the laser source, the optical

element including an end face;

wherein the system is configured to reduce interference between the main light -

signal and a parasitic light signal created by a portion of the main light signal reflecting
off of the end face of the optical element.

2. The system of claim 1 wherein the main light signal is provided by a Fabry-

Perbt laser.

3. The system of claim 2 wherein the Fabry-Perot laser is modulated at a
frequency of at least approximately 200 Megahertz.

4, The system of claim 1 wherein the main light signal is provided by a stable

single frequency laser source.

S. The system of claim 4 wherein the stable single frequency laser source includes
a distributed feedback laser source.

6. The system of claim 1 wherein the optical element includes a low-birefringence

optical fiber.

7. The system of claim 1 wherein the end face of the optical element is disposed
near the laser source.

8. The system of claim 7 wherein the main light signal generated by the laser
source is modulated at a particular frequency to reduce interference between the main light
signal and the parasitic light signal.

9. The system of claim 8 wherein the optical element has a length related to the
particular frequency.

_—

O
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, 10. ' The system of claim 6 wherein the main light signal generated by the laser
source is pulsed at a particular frequency F = c(2i + 1) 4Ln, wherein c is a speed.of light in a
vacuum, L is a length of the optical elenijént, n is a refractive indgx of the optical element, and
1 is an-integer having a value of at least zero. |

11.  The system of claim 7 whergin a material is disposed between the end face and

the laser source, the material having a refractive index substantially matching a refractive

~ index of a core of the optical element for reducing the interfe,fence.' between the main light

signal and the parasitic light signal. -
12.  The system of claim 11 wherein the material includes an epoxy. - .~
13.  The system of claim 11 wherein the material includes a liquid.
14. - - The system of claim 7 further comprising: o
a container, disposed between the laser source and the optical element,
containing a material disposed between the end face of the optical element and
the laser source, the material having a refractive index substantially matching a
refractive index of a core of the optical element for reducing the interference
between the main light signal and the patasitic light signal.
'15. - The system of claim 7 wherein a cover slip is dispo'_sed- between the end face

and the laser source, the cover slip having a refractive index substantially matching a refractive

- index of-a core of the optical -element for reducing the interference between the main light

.signal and the parasitic light signal.
' 16.  The system of claith 7 further comprising: * " - R
‘a container, disposed between the optical element and the laser source,
containing a cover slip disposed between the end face of the optical element
and the laser source, the cover slip having a refractive index substantially .
matching a refractive index of a core of the optical element for reducing the
interference between the main light signal and the parasitic light signal.
" 17.-  The system of claim 7 wherein the end face of the optical element is altered in

.configuration to reduce interference between the main light signal and the parasific light

signal.
18. The system of claim 7 wherein the end face is angle polished to reduce -
interference between the main light signal and the parasitic light signal.
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" a lens disposed between the end face and the laser source, including a

light recéi ing face, wherein said light recexvmg face is altered in configuration

to improveé a coupling efficiency of the optical element

20.  The system of claim 7 wherein the light receiving face is angle polished to
improve a coupling efficiency of the optical element.

-21.  The system of claim 1 wherein the end face of the optical element is disposed
near the storage location.

22.  The system of claim 21 wherein the end face of the optlcal element is altered in
configuration to reduce interference between the main light signal and the parasitic light
signal. _

23.  The system of claim 21 wherein the end face is angle cleaved to reduce
interference between the main light signal and the parasitic light signal.

24.  The system of claim 23 further comprising:

a mirror assembly, disposed between the end face and the storage -
location, having an orientation in an angular amount other than forty-five . -
degrees with respect to an optical propagation axis.

25.  The system of claim 21 wherein a material is disposed between the end face and

~ a storage location, the material having a refraction index substantially matching a refraction

index of a core of the optical element for reducing interference between the main light signal
and the parasitic light signal.

26.  The system of claim 21 further comprising: -

a container, d.lsposed between the optical element and the storage
location, containing a material coupled to the end face of the optical element,
the material having a refractive index substantially matching a refractive index
of a core of the optical element for reducing the interference between the main.
light signal and the parasitic light signal.

27.. .The system of claim 21 wherein the end face is.coupled to a fiber portion
having a refraction index equal to a refraction index of a core of the optical element to reduce
the interference between the main light signal and the parasitic light signal.

28, ' The system of claim 27 wherein the fiber portion is coreless.

29.  The system of claim 1 further comprising:
) ) AR 0
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' ~ an optical phase retarder disposed near the optical element and adapted
- to compensate for induced stress on the optical element.. - -
30.  The system of claim 1 further comprising: :
' an optical polarization rotétor_ disposed near the optical element and
adapted tocdmpenéate for induced stress on the optical element.
31.  Alow noise optical element for propagating-a main light signal between a laser
source and a storage medium, comprising:
an optical fiber having at least one end face; -
wherein the optical fiber is configured to transmit the main light signal
and to reduce an interference between a parasitic light signal and the main light
32. The low noise optical element of claim 31 wherein the mair.1 light signal is
provided by a Fabry-Perot laser. '

.33. " The low noise optical element of claim 32 wherein the Fabry-Perot laser is

‘modulated at a frequency of at least approximately 200 .Megaheftz-.

34.  The low noise optical element of claim 31 wherein the main light signal is

* provided by a stable single frequency laser source.

35.  The low noise optical element of claim 34 wherem the stable smgle frequency

- laser source includes a distributed feedback laser source

. 36.  The low noise optical element.of claim 31 wherein the optical fiber includes a
low-birefringence optical fiber. ' v
37.  The low noise optical element of claim 31 wherein the end face is disposed near
the laser source.
38. The low noise optical element of claim 37 wherein the main light signal from
the laser source is modulated at a particular frequency to reduce interference between the .

- parasitic light signal and the main light signal.

39. - The low noise optlcal element of claim 38 wherein the optical fiber has a length
related to the particular frequency. '

40.  The low noise optical élement of claim 37 wherein the laser source is pulsed at

a particular frequency F = c(2i + 1) 4Ln, wherein ¢ is a speed of light in a vacuum, Lisa-

length of the optical element, n is a refractive index of the optical element, and i is an integer

‘having a value of at least zero. -. —_—
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41.  The low noise optical element of claim 37 wherein the end face is coupled to a
material having a reﬁ'ac:,ti;____/,_qjjndex substantially matching a refractive index of a core of the
optical fiber.
42. - The low noise optical element of claim 41 wherein the material includes epoxy.
43.  The low noise optical element of claim 41 wherein the material includes a fluid. -
- 44,  The low noise optical element of claim 37 wherein the end face is coupled to a
cover slip having a refractive index substantially matching a refractive index of a core of the
optical fiber. | L
"~ 45.  The low noise optical element of claim 37 wherein the end face of the optical
fiber is altered in configuration to reduce interference between the parasitic light signal and the
main light signal.
46. - The low noise optical element of claim 45 wherein the end face is angle
polished.
47. - The low noise optical element of claim 37 wherein the end face is located -
adjacent to a lens with a light receiving face that is altered in configuration to improve a -
coupling efficiency of the optical element

48,  The low noise optical element of claim 47 wherein the light receiving face is

. angle polished. -

49.  The low noise optical element of claim 31 wherein the end face of the optical
element is near the storage location. Pl :

50. The low noise optical element of claim 49 wherein the end face of the optical
element is altered in configuration to reduce interference between the parasitic light signal and
the main light signal.

51.  The low noise optical element of claim SO wherein the end face is altered by

-angle cleaving.

52. The low noise optical element of claim 50 wherein a mirror assembly is
disposed adjacent to the end face and has an orientation of an angular amount other than forty-
five degrees with respect to an optical propagation axis. '

- 53.°  The low noise optical element of claim 49 wherein the end face is coupled to a -
material having a refraction index substantially matching a refraction index of a core of the
optical fiber to reduce interference between the parasitic light signal and the main light signal.

54.  The low noise optical element of claim 53 wherein the material includes fluid.
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55. The low noise optical element of claim 49 wherein the end face is coupled to a
fiber portion having a refraction index substa_ntially matching to a refraction index of a core of
the 'op'tical fiber to reduce interference between the parasitic light signal and the main light
signal, ' ' S
- * -56. ' The low noise optical element of claim 55 wherein the fiber portion is coreless.

-57.  The low noise optical element of claim 31 wherein the optical fiber is disposed

* near an optical phase retarder adapted to compensate for induced stress on the optical fiber.

58.  The low noise optical element of claim 31 wherein the optical fiber is disposed

" near an optical polarization rotator adapted to compensate for induced stress on the optical

fiber. _

59. - An optical system for transmitting a main light signal between a light source

and a storage media, comprising: | R
o an optics fiber adapted to transmit light between the light source and the

storage media and having at least one fiber end face; and -
‘wherein the optical system is configured -to reduce an effect of a -
- reflection occurring at the fiber end face.. : - T '

©_60.  The optical system of claim 59 wherein the light is provided by a Fabry-Perot

. laser.

* 61. - The optical system of claim 60 wherein the Fabry-Perot laser is modulated at a

- frequency ‘of at least approximately 200 Megahertz.

"~ '62." - The optical system-of claim 53 wherein the light is provided by a stable single
frequency laser source. ' R
- 63.  The optical System of claim 62 wherein the stable single frequency laser source

- includes a distributed feedback laser source.

64. The optical system of claim 59 wherein the optics fiber includes a low- . .
birefringence optics fiber.
© 65.  The optical system of claim 59 wherein the fiber end face is disposed near the

~ light source.

66.  The optical system of claim 65 wherein the light source is pulsed at a particular
frequency to reduce the effect of the reflection from the fiber end face. . -

67. The optical system of claim 65 wherein the light source is modulated at a
particular frequency F = ¢(2i + 1) 4Ln, wherein ¢ is a speed of light in a vacuum, L is a length
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of the optics fiber, n is a refractive index of the optics fiber, and i is an integer having a value
of at least zero. - :
68.  The optical

with a particular material to reduce the effect of the reflection from the fiber end face.

yétem of claim 65 wherein the ﬁber end face is index-matched

69. The optical system of claim 65 wherein the fiber end face is index-matched
with a cover slip to reduce the effect of the reflection from the fiber end face.

70.  The optical system of claim 65 wherein the fiber end face is altered to reduce
the effect of the reflection from the fiber end face. _ .

71..  The optical system of claim 59 wherein the fiber end face is near the storage
media.

72.  The optical system of claim 71 wherein the fiber end face is altered to reduce
the effect of the reflection from the fiber end face. _ . .

73.  The optical system of claim 71 wherein the fiber end face is index-matched
with a particular material to reduce the effect of the reflection from the fiber end face.

74.  The optical system of claim 71 wherein the fiber end face is coupled to a multi-
mode fiber portion to reduce the effect of the reflection from the fiber end face. _

75. .-A method of propagating a main light signal between a laser source and a
storage location in an optical drive, comprising: ,

transmitting the main light signal across an optical element having an end face;
and | o o
reducing an interference between a reflection from the end face and the main

light signal.

76.  The method of claim 75 wherein the laser source includes a Fabry-Perot laser.

77.  The method of claim 75 wherein the laser source includes a stable single
frequency laser source. _ _ . :

78.  The method of claim 77 wherein the stable single frequency laser source
includes a distributed feedback laser source. o '

79.  The method of claim 75 wherein the optical element includes a low-
birefringence optic fiber. _

80.  The method of claim 75 wherein the end face is disposed near the laser source.

81. .The method of claim 80 wherein the reducing step comprises:

4 RO O
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" pulsing the light at a particular frequency based on a length of the
- optical element. - - L ' '
82, - The method of claim 81 wherein the light is pulsed at a frequency of at least
approximately 200 Megahertz.
83 . The method of claim 80 wherein the reducing step comprises:

' providing a material coupled to the end face and having a refractive

index substantially matching a refractive index of a core of the optical element.

84.  The method of claim 80 wherein the reducing step. comprises:
' - providing the end face with a cover slip having a refractive index
substantially matching a refractive index of a.core of the optical element. -
- 85. - The method of claim 80 wherein the reducing step comprises: -
altering a configuration of the end face of the optical element. -
. . 86. ' The method of claim 85 wherein the altering step comprises: -

polishing the end face so that a particular angular valué is formed

" . between a surface of the end face and an optical propagation axis. - 3
87. . The method of claim 85 wherein the altering step comprises: -
cleaving - the end -face so that a particular angular value. is formed
B between a surface of the end face and an.optical propagation axis. -

.. <.88. - - The method of claim 85 further comprising: '

providing a lens located near the end féce, the lens having.a light . °

- réceiving face that is altered.
.~ 89.  The method of claim 75 wherein the end face of the optical element is near the

' storage location.

90, The method of claim 89 wherein the reducing step comprises:
-altering the end face of the optical element.
91.  The method of claim 90 wherein the altering step comprises:
- forming an angle cleave on the end face of the optical element. . -
©.92."  The method of claim 89 wherein the reducing step comprises: -
coupling to the end face to a material having a refraction -index
substantially matching a refraction index of a core of the optical element.

93.  The method of claim 89 wherein the reducing step comprises:
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coupling to the end face to a fiber portion having a refraction index

substantially matchmg arefraction index of a core of the optical element

94. An apparetus f(‘)r directing light between a laser source and a storage locatmn in
an optical drive, compnsmg:
means for transmitting light between the laser source and the storage
location, the transmitting light means including an end face, the transmitting
light means further including means for reducing an effect of a reflection from
the end face.

95. A low noise optical system for transmitting a laser beam to and from a data

storage system, the low noise optical system comprising:
an optical path capable of transmlmng the laser beam to and from the data -
storage system, the optical path having at least one end, wherein the low noise optical
system is configured to shift a reflection of the laser beam to reduce interference

between the reflection and the laser beam. _ .

96. . The low noise optical system of claim 95 wherein the reflection is shifted by -
time to reduce interference between the reflection and the laser beam. ,

97.  The low noise optical system of claim 95 wherein the reflection is shifted in -
position to reduce mterference between the reflection and the laser beam.

98. A method of transmitting a laser beam to and ﬁ'om a data storage ‘system
comprising: e
transmitting the laser beam to and from the data storage system; and
shifting a reflection of the laser beam to reduce interference between the

reflection and the laser beam. |

99.  The method of claim 98 wherein the shifting step comprises: - -

time shifting the reflection to reduce interference betvs)een the reflection and the
laser beam. . : _ : :
100. . The method of claim 98 wherein the shifting step comprises:
spatially shifting the reflection to reduce interference between the reflection and

the laser beam.
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