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§¥§11§§J4 AND METHOD OF USING OPTICAL FIBERS IN A DATA STORAGE AND RETRIEVAL

Background Of The Invention

1. Field of the Invention
The present invention relates generally to noise reduction in data Storage and retrieval
systems and more particularly to noise reduction in magneto-optical data storage and retrieval

systems that use polarization maintaining optical fibers.

2. Background Art

In today’s technological society, as the amount of information continues to grow,
storage and retrieval of the information will play an increasingly important role. In a particular
information storage technology known as magneto-optical (MO) data storage and retrieval, a
long term goal continues to be improved access to this information. Information access
includes the use of polarized laser light for reading and/or writing information at a mark of
interest on an MO disk. In the case of reading information, MO technology makes use of a
magneto-optical effect (“Kerr” effect) to detect a polarization rotation imposed on a linearly
polarized incident laser beam by a surface recording layer at the mark of interest. The
polarization rotation (representing the information stored at the mark of interest) is embodicd in
a reflection of the linearly polarized laser beam and is converted by electronics for readout.
Consequently, to accurately read stored information from an MO disk, the polarization rotation
of the reflected laser beam should be faithfully conveyed from the MO disk to the readout
electronics as a signal that is both an accurate representation of the signal and with as large a
signal-to-noise ratio as possible.

In one prior art proposal, S. Renard and S. Vallette (SPIE Vol. 1499, Optical Data
Storage 1991, pp. 238-247) disclose an MO head design that requires three optical fibers to
read and write information. Renard’s MO head design is made undesirably complex, primarily,
because of the large number of optical and compensation elements used in its implementation.
In approaches that use polarization maintaining (PM) optical fibers, the intrinsic properties of
the fiber can be made to preserve the optical polarization that is required for reading
information from MO disks. Because PM optical fiber generally exhibits birefringence (i.e., a
different refractive index that different polarization oricntations experience), external stresses or

lemperature variations may function to induce unwanted fluctuations in the properties of the



10

15

20

25

WO 98/09392 PCT/US97/15163
PM optical fiber. Consequently, any information conveyed by the Kerr polarization rotation as
it propagatcs through the PM optical fiber may also be affected.

A proposal for passively eliminating phase fluctuations caused by the properties of PM
optical fiber is discussed by M.N. Opsasnick in SPIE Vol. 1499, Optical Data Storage 1991,
pp. 276-278. Opsasnick discusses passing a linearly polarized light through various optical
elements so as to compensate for the birefringent effects of the PM optical fibers. As in the
design of Renard and Vallette, the Opsasnick MO head and actuator arm design is limited by
the physical size, mass, and the number of required optical elements.

A second approach proposed by N. Yamada (US Patent No. 5,255,260) is based on
flying head optical technology that uses free-space optical propagation 10 and from an optical
head. In particular, Yamada discloses an optical head arrangement that requires a stationary
laser/detector package. In Yamada, the head is placed on a linear actuator for movement
across a disk surface. Yamada does not address the problems associated with vertical runnout
of the disk or the associated dcgradation of the optical spot size. Although Yamada provides
access (0 a plurality of phase change optical disks, the number of optical disks that may be
operated within a given volume, as well as the performance characteristics associated with the
optical disks, is inherently limited by the excessive number and size and cost of the required
optical and mechanical components.

In general, the greater the number and mass of the optical elements used to access
information in an MO data storage and retricval system, the slower the speed at which the
information may be accessed, the lower the tracking bandwidth becomes, and the lower the
track density that may be read or written. What is needed, therefore, is an optical system and
method that improves upon the prior art efforts directed towards data access. Compared to the
prior art, the optical system and method should preferably reduce head weight and size,
improve disk access time, require fewer optical components, increase the number of storage
disks that may be operated within a given volume, and operate with improved signal-to-noise

ratio.
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Summary of the Invention

The present invention provides optical fibers for use in a configuration that provides a
set of low-noise, low-profile, and low-mass optical paths; that increases the data storage
capacity per unit volume of system; and that improves a signal to noise ratio, and seek and data
transfer rates.

The present invention comprises one or more optical paths for propagation of light
between a source of light and a storage location. Each of the optical paths may include one or
more optical fibers comprising a first scgment and a second segment. The first and second
segments are preferably coupled together such that an optical orientation axis of the first
segment is aligned orthogonally to an optical orientation of the second segment. The first and
second segments may be single-mode polarization maintaining optical fibers and their optical
orientation axes may be a fast axis. The source of light may be a RF modulated laser source
and the storage location may be a magneto-optical storage loca.tion. In the present invention
the optical fibers may be coupled to a rotary actuator arm, and the rotary actuator arm may
mnclude a magneto-optical head. The optical fiber may be coupled to the magneto-optical head,
and the magneto-optical head may include a polarization altering element. The magneto-optical
head may further include a reflective substrate and an optical element. In the present invention
the quarter-wave plate may be located in the optical path before or after the optical element.
The quarter-wave plate may a discrete element or may be a multi-layer stack deposited on the
reflective substrate. The present invention may further include an optical switch. The optical
switch may be positioned in the optical path to selectively direct (between the source and the

storage location) the light and a reflection of the light.
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Brief Description of the Drawings

Figure 1 is a diagram showing a magneto-optical data storage and retrieval system:;

Figure 2 is a diagram showing the laser-optics assembly of the magneto-optical data

storage and retrieval system of Figure 1;

Figure 3 is a diagram showing an optical path that includes one of the optical fibers and

the optical switch of the magneto-optical data storage and retricval system of Figure 1;
Figures 4a-c are diagrams showing the flying magneto-optical head of the magneto-

optical data storage and retrieval systcm of Figure 1 in a top view, a cross-sectional side view,

and a front view;
Figure 5 is a diagram showing a representative optical path;

Figure 6 is a diagram showing a representative optical path in an alternative

embodiment;

Figure 7 is a diagram showing a magneto-optical data storage and retrieval system as

part of a magneto-optical disk drive; and

Figure 8 is a table illustrating the multi-layers of an exemplary retlective quarter-wave

plate.
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Detailed Description of the Preferred Embodiments

Figure 1 is a diagram showing a magneto-optical data storage and retricval system. Ina
preferred embodiment, 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 spinning MO
disks 107 (one head for cach MO disk surface). The set of flying heads 106 (hereinaftcr
referred to as MO heads) are coupled to a rotary actuator magnet and coil assembly 120) by a
respective suspension 130 and actuator arm 105 so as to be positioned over the surfaces of the
set of spinning MO disks 107. In operation, lift forces are generated by aerodynamic
interactions between the set of MO heads 106 and the spinning MO disks 107. The Lift forces
are opposed by equal and opposite spring forces applied by the set of suspensions 130, In the
preferred embodiment, the set of MO heads 106 are maintained at a predetermined flying height
over a full radial stroke of the rotary actuator assembly 120 above and below both surfaces of
the set of spinning MO disks 107. In the preferred embodiment, system 100 is designed in such
a way that under normal operating conditions the set of MO heads 106 ncver directly contact
the set of spinning MO disks 107.

System 100 further includes: a laser-optics assembly 101, an optical switch 104, and a
set of single-mode PM optical fibers 102. In the preferred embodiment, each of the set of
single-mode PM optical fibers 102 are respectively coupled through a respective one of the set
of actuator arms 105 and set of suspensions 130 to a respective onc of the set of MO heads
106. As will be discussed shortly, the single-mode PM optical fibers 102 are used in a
configuration that, as compared to the prior art, provides: a set of low-noise, low-profile, and
low-mass optical paths; increases the data storage capacity per unit volume of system 100; and
improves seek and data transfer rates.

Figure 2 is a diagram showing the laser-optics assembly of the magneto-optical data
storage and retrieval system of Figure 1. In Figure 2, the laser-optics assembly 101 is shown to
include a linearly polarized RF modulated laser source 231 operating in a visible or near
ultraviolet frequency region and emitting an optical power in the range from 30 to 50 mw.
Laser-optics assembly 101 further includes: a collimating optics 234, a low wavelength
dispersion leaky beam splitter 232, and a coupling lens 233. In the preferred embodiment,
laser-optics assembly 101 directs (from the linearly polarized laser source 23 1) a linearly
polarized outgoing laser beam 191 (shown in Figure 1) towards the optical switch 104. Laser-

optics assembly 101 further includes: a % wave plate 238, a mirror 235, and a polarizing beam
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splitter 232. In the preferred embodiment, a lincarly polarized reflected laser beam 192 (shown
in Figure 1) is directed by the optical switch 104 to the coupling lens 233, and is routed by the
lcaky beam splitter 232 to a differential detector comprising: the % wave plate 238, the mirror
235, and the polarizing beam splitter 239. As is well established in the art, this type of
differential detection scheme measures the optical power in two orthogonal polarization
components of the reflected laser beam 192, with a differential signal being a sensitive measure
of polarization rotation induced by the Kerr effect at the surface of one of the set of spinning
MO disks 107. In the preferred embodiment, after conversion by a set of photodiodes 236, the
differential signal is processed by the differential amplifier 237 and is output as signal 294.
While the preferred embodiment includes one well known arrangement of optical components
embodied as the laser-optics assembly 101, those skilled in the art will recognize that the
present invention is not meant to be limited to this arrangement, as other techniques for
directing the outgoing laser beam 191 and for detecting the reflected laser beam 192 are well
known in the art.

Figure 3 is a diagram showing an optical path that includes one of the optical fibers and
the optical switch of the magneto-optical data storage and retrieval system of Figure 1. Those
skilled in the art will recognize that the set of optical paths of the present invention may be
described with reference to a single optical path, shown in Figure 3 to include: the optical
switch 104, one of the set of single-mode PM optical fibers 102, and one of the set of MO
heads 106. In the preferred embodiment, optical switch 104 provides sufficient degrees of
selectivity for directing the outgoing laser beam 191 towards a respective proximal end of a
respective single-mode PM optical fiber 102. The outgoing laser beam 191 is further directed
by the single-mode PM optical fiber 102 to exit a respective distal end so as to pass through the
MO head 106 onto a surface recording layer 349 of a respective spinning MO disk 107.

During writing of information, the outgoing laser beam 191 is sclectively routed by the
optical switch 104 to the spinning MO disk 107 so as to lower a coercivity of the surface
recording layer 349 by heating a selected spot of interest 340, preferably in a range depending
on the Curie point of the MO recording layer 349. In the preferred embodiment, the optical
intensity of outgoing laser beam 191 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 spinning MO disk 107. This technique is known as magnetic field modulation (MFM).
Alternatively, outgoing laser beam 191 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
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wall locations and reduce 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 readout of information, the outgoing laser beam 191 (at a lower intensity
compared to writing) is selectively routed to the spinning MO disk 107 such that at any given
spot of interest 340, the Kerr effect causes (upon reflection from the surface layer 349) the
outgoing laser beam 191 to have a rotated linear polarization of either clockwise or counter
clockwisc scnse (shown as 363) that depends on the magnetic domain polarity at the spot of
interest 340.

The aforementioned optical path is bi-directional in nature. Accordingly, the outgoing
laser beam 191 is reflected and is received through the MO head 106 as the reflected laser beam
192. 1In the preferred embodiment, the reflected laser beam 192 enters the distal end of the
single-mode PM optical fiber 102, propagates along the single-mode PM optical fiber 102 to
exit at its proximal end, and is selectively routed by the optical switch 104 towards the laser-
optics assembly 101 for subsequent conversion as signal 294.

Figures 4a-c are diagrams showing the flying magneto-optical head of the magneto-
optical data storage and retrieval system of Figurc 1 in a top view, a cross-sectional side view,
and a front view, respectively. Those skilled in the art will recognize that the set of flying MO
heads of the present invention may be illustrated with reference to a single representative MO
head 106, which is shown in Figures 4a-c to be positioned respectively above or below a
surface recording layer 349 of one of the set of spinning MO disks 107. In the preferred
embodiment, the MO head 106 includes: a slider body 444, an air bearing surface 447, a
transmissive quarter-wave plate 493, a reflective substrate 445, an objective optics 446, and a
magnetic coil 460. In the preferred embodiment, the slider body 444 is dimensioned according
to mechanical and optical constraints that include: physical size, numerical aperture (NA), and
working distances between the single-mode PM optical fiber 102 and the objective optics 446
and the reflective substrate 445. In the preferred embodiment, reflective substrate 445 may
comprise a reflective surface which may be aligned in the optical path at an angle of 45 degrees
and which may be embodied as a prism, or in an alternative embodiment, as a dynamic mirror.
While, slider body 444 may include an industry standard “mini”, “micro”, “nano”, or “pico”
slider, those skilled in the art will recognize that, as determined by the aforementioned
mechanical and optical constraints, alternatively dimensioned slider bodies 444 may also be
used. Accordingly, in an exemplary embodiment, slider body 444 has a slider height of

approximately 889 um and a planar footprint area that corresponds to that of a nano slider.
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In the preferred embodiment, single-mode PM optical fiber 102 is coupled to the MO
head 106 and is held centrally along an axis of the slider body 444 by a v-groove 443. In the
preferred embodiment, the laser beams 191 and 192 traverse an optical path (to and from
surface recording layer 349 of the spinning MO disk 107) that includes: the single-mode PM
optical fiber 102, the reflective substrate 445, the quarter-wave platc 493, and the objective
optics 446. In the preferred embodiment, the single-mode PM optical fiber 102 is positioned
within the v-groove 443 to preferably locate the outgoing laser beam 191 as an optimally
focused optical spot 448. The single-mode PM optical fiber 102 may be subsequently secured
in place by using an ultraviolet curing epoxy or a similar adhesive. In the preferred
embodiment, the reflective substrate 445, the quarter-wave plate 493, and objective optics 446
are sufficiently compact and low mass so as to fit within a physical volume defined
approximately by the rectangular dimensions of the slider body 444 and yet sufficiently large to
direct a full cross section of the outgoing and reflected laser beams 191 and 192 so that minimal
power is lost and significant distortion and aberrations in the outgoing and reflected laser beams
191 and 192 are not introduced. In an exemplary embodiment, the objective optics 446 is a
microlens with a numerical aperture (NA) of approximately .62. The microlens preferably
focuses the optical spot 448 with a full width at half-maximum intensity (FWHM) of
approximately .57um +/- 2% at a point approximately 450 nm below the air bearing surface 447
of the slider body 444. In the preferred embodiment, the magnetic coil 460 is a small multi-turn
coil positioned near the air-bearing surface 447. In an exemplary embodiment, the magnetic
coil 460 generates a magnetic field which is approximately 300 Oersteds of either polarity, is
reversible (80% +/- full strength) in a time of 4ns, and is preferably perpendicular to the plane
of the spinning MO disk 107 (+/- 15 degrees). Preferably, the magnetic coil 460 should not
interfere with the outgoing and reflected laser beams 191 and 192 while the beams pass through
the MO head 106 to the spinning MO disk 107, or vice versa.

In the preferred embodiment, movement of the MO head 106 and, consequently,
movement of the focused optical spot 448 across the spinning MO disk 107, may be used in
storage and retrieval of information, track following, and short seeks from one data track to
another data track. In the preferred embodiment, track following may be accomplished by
using combined coarse and fine tracking servo techniques. For cxample, a sampled sector
servo format may be used to define tracks. The servo format may include either embossed pits

stamped into the spinning MO disk 107 or magnetic domain orientations that are read similar to
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data marks. If embossed pits are used, those skilled in the art will recognize that the differential
output circuit 237 (Figure 2) may be supplemented with an adder output circuit.

In an alternative embodiment, a linearly adjustable optical element 495 may be included
in the optical path (between the single-mode PM optical fiber 102 and the reflective substrate
445) to optically alter the outgoing laser beam 191 as the beam exits the single-mode PM
optical fiber 102 so as to permit the optical spot 448 to be focused to include, for example,
focal positions 486, 487, and 488. Accordingly, in the aforementioned alternative embodiment,
an MO disk 107 that is a multi-layer MO disk may be used. In the aforementioned altcrnative
embodiment, those skilled in the art will recognize that the lincarly adjustable optical element
495 may be positioned by a linear micro-machined motor or a piczoelectric transducer (not
shown).

In the preferred embodiment, the single-mode PM optical fiber 102 functions as an
aperture of a confocal optical system that has a high depth resolution along its optical axis and
an improved transverse resolution. The improved transverse resolution improves the detection
of smaller magnetic domain orientations as well as detection of magnetic domain edges, as
compared to a non confocal system. The high depth resolution minimizes cross-talk between
closely spaced surface recording layers when using multi-layer storage media. Another
advantage that arises from the confocal nature of the present invention is that stray light
reflected from the objective optics 446 is filtered; consequently, anti-reflection coatings on
surfaces of the objective optics 446 may not necessarily be required.

Figure 5 is a diagram showing a representative optical path. Those skilled in the art will
recognize that the set of optical paths of the present invention may be illustrated with reference
to a single representative optical path, which is shown in Figure S to include: the reflective
substrate 445, the quarter-wave plate 493, the objective optics 446, and the single-mode PM
optical fiber 102. In the preferred embodiment, the single-mode PM optical fiber 102
comprises a first segment 598 coupled to a second segment 599, each segment comprising a
fast axis (Px) and slow axis (Py). The fast axis of the first scgment 598 is preferably aligned
with the slow axis of the second segment 599. In the preferred embodiment, the outgoing laser
beam 191 has an Ox component and an Oy component and is preferably linearly polarized at an
angle of approximately 45 degrees relative to the Px and Py axes of the first segment 598, and
the quarter-wave plate 493 comprises a fast axis 489 which is preferably aligned in the optical
path at an angle of 45 degrees relative to the Px and Py axes of the second segment 599. In an

exemplary embodiment, the quarter-wave plate 493 compriscs a square dimension of about
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250um, a thickness of about 89um, and a phase retardation of about 90 degrees (+/- 3 degrees)
at a wavelength of interest. '

Those skilled in the art will recognize that the first and sccond segments 598 and 599
may typically be subject to external and/or internal stresscs resulting from: mechanical motion,
temperature, and pressure; and that, these stresses may affect optical properties of the first and
second segments 598 and 599, for example, their birefringent properties. Accordingly, as the
Ox and Oy polarization components propagate through the first and second segments 598 and
599, the Oy component acquires a shift in phase of ¢ relative to the Ox component. In the
preferred embodiment, the polarization components Ox and Oy exit the distal end of the second
segment 599 and are reflected by the reflective substrate 445 so as to be incident with the
surface of the quarter-wave platc 493. The Ox and Oy components are preferably reflected
equally (within 3% of each other) from a gold surface of the reflective substrate 445. As the
Ox and Oy components pass through the quarter-wave plate 493, the Ox component is
converted to a left-hand circular polarization, and the Oy component is converted to a right-
hand circular polarization, and the two circular polarizations sum to preferably be an outgoing
lincar polarization having a polarization angle that depends on the phase shift ¢. The outgoing
linear polarization is reflected from the MO disk 107 and is rotated by the Kerr effect so as to
return with a net phase shift between the circular polarization components equal to ¢+A, where
A is a phase shift introduced by the Kerr effect. The reflection from the MO disk 107 reverses
the sense of each circular polarization (i.e., left-hand becomes right-hand and vice-versa), such
that, upon a second pass through the quarter-wave plate 493, the right-hand component is
converted to a linear polarization component Tx, and the left-hand component is converted 1o a
linear polarization component Ty. The Tx and Ty polarization components of the reflected
laser beam 192 are preferably rotated 90 degrees with respect to the Ox and Oy polarization
components of the outgoing laser beam 191, and the Tx component exhibits a phase shift of
¢+A relative to the Ty component. Those skilled in the art will recognize that in an exemplary
embodiment, in which the optical transit time through the PM optical fiber is less than Sns, the
birefringence of the PM optical fiber will not change appreciably; thus, as the Tx polarization
component of the reflected laser beam 192 propagates back through the second and first
segments 599 and 598, the Ty component acquires an additional phase shift of ¢ with respect to
the Tx component. In this manner, after exiting the proximal end of the first segment 598, the
Ty polarization component of the reflected laser beam 192 is phase shifted relative to the Tx
polarization component, preferably by only the Kerr phase A. The polarization state that

10
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emerges trom the fiber is elliptical and is converted by the quarter-wave plate 238 of laser-
optics assembly 101 to preferably have a linear polarization with a polarization angle
proportional to A. Subsequently, the linear polarization is detected and converted SO as to
represent the information stored at the spot of interest 340 as the output signal 294. While the
present invention minimizes the effects of birefringence introduced by the first and second
segments 598 and 599, those skilled in the art will recognize that the quarter-wave plate 493
also minimizes phase shifts introduced by the optical properties of the reflective surface of the
reflective substrate 445. Additionally, while the quarter-wave plate 493 is disclosed to be
positioned in the optical path after the reflective substrate 445, those skilled in the art will
recognize that in an alternative embodiment, the quarter-wave plate 493 may be positioned
between the objective optics 446 and the MO disk 107.

The present invention recognizes that use of a laser source 231 that comprises a RF
modulated laser diode may reduce the effects of optical feedback of the reflected laser beam
192 to the laser diode. Those skilled in the art will recognize that RF modulated diodes do not
operate at a single wavelength, but rather, as a source of laser light having multimode spectral
characteristics (typically with a 10nm bandwidth). Those skilled in the art will recognize that
for each A, a phase shift ¢ may occur. Accordingly, in the preferred embodiment, for each A,
the corresponding phase shift may be minimized by specifying the quarter-wave plate 493 to
operate over the bandwidth of the laser source 231. However, those skilled in the art will
recognize that when the Ox and Oy components of the outgoing laser beam 191 are not
optimally aligned at 45 degrees relative to the Px and Py axes of the first segment 598, and/or
the quarter-wave plate 493 is not exactly quarter-wave, and/or other optical components in the
optical path are not aligned, the phase shift ¢ and, thus, the RF noise components it generates in
the output signal 294 may exhibit a dependence on the wavelength fluctuations of the laser
source 231. Accordingly, because in practice the optical components of system 100 may be
aligned to only a limited degree of precision, the wavelength fluctuations of the RF-modulated
laser source 231 may function to degrade the signal-to-noise ratio of the output signal 294.

The present invention identifies that by rotating the fast axis of the first segment 598
orthogonally to the fast axis of the second segment 599, the RF phase noise created by
wavelength tluctuations of the laser source 231 may be canceled in a common mode manner.
In the preferred embodiment, the first and second segments 598 and 599 may comprise
commercially available single-mode PM optical fiber selected to operate at the frequency of

interest. In the preferred embodiment, the first segment 598 is coupled to the second segment
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599 using fusion splicing techniques that are well known in the art, and the fast axis of the first
segment 598 is aligned with the slow axis of the second segment 599, preferably to within an
angle of less than .5 degrec. Additionally, the first and the second segments 598 and 599 are
preferably selected from the same optical fiber manufacturing batch and are preferably of equal
length to a precision of less than 1mm. Those skilled in the art will understand that the phase
shift encountered by a linearly polarized light propagating with a wavelength A through each of
the first and second segments 598 and 599 is proportional to 2mbL/A (where b is the
birefringence of the PM optical fiber and L is the PM optical fiber length). Therefore,
fluctuations in the wavelength A yield corresponding fluctuations in the phase shift. By aligning
the fast axes of the first and second segments 598 and 599 of the PM optical fiber 102
orthogonally to each other and by selecting the two segments 598 and 599 to be approximately
equal in length, the present invention identifies that the net birefringence introduced in the
optical path by the two segments will be approximately zero and, thus, the phase shift ¢ will be
approximately zero and independent of wavelength. In practice, the non-zero net birefringence
will be proportional to the difference between the lengths of the first and the second scgments
598 and 599, hence, as compared to the prior art, the RF phase noise in the output signal 294
will be reduced. In an exemplary embodiment, as compared to an embodiment (not shown) in
which a continuous one meter in length PM optical fiber is used in place of the first and second
segments 598 and 599 of the present invention, the signal-to-noise ratio of the output signal
294 is reduced approximately 40dB.

Figure 6 is a diagram showing a representative optical path in an second embodiment.
In the second embodiment shown in Figure 6, a multi-layer stack 646 of alternating layers of
ZnS (high refractive index) and SiO, (low refractive index) materials is deposited on a reflective
substrate 645. Figure 8 illustrates the thickness of the various layers for an exemplary
embodiment having a total of 12 layers. In the second embodiment, a thick layer of gold is
deposited as a first layer on the reflective substrate 645 to improve reflectivity at low incidence
angles. The thickness of the layers is controlled during deposition on the reflective substrate
645 so that mean reflectance from the reflective substrate 645 is preferably greater than 95%
and so that reflected components of a linearly polarized light source incident on the multi-layer
stack 646 (within an incidence angle of 45 degrees +/- 10 degrees) acquire a phase retardation
of 90 degrees (+/- 1 degree). Those skilled in the art will recognize that the exemplary
embodiment is not meant to be limiting, as other operating wavelengths and different numbers

of layers with different thickness could be deposited on the reflective substrate 645. Those
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skilled in the art will recognize that the multi-layer stack 646 functions as a quarter-wave plate
and that, the effective fast axis 689 of the quartef—wave plate is preferably aligned in the optical
path at an angle of 45 degrees relative to the Px and Py axes of the second segment 599.
Accordingly, in the second embodiment, the multi-layers 646 function to reduce birefringence
induced phase shifts between the Tx and Ty components of the outgoing laser beam 192. One
feature of the second embodiment is that neither phase retardation nor reflectance depends on
the azimuth of the incidence because the materials used for the design are preferably not
birefringent. Also, by reducing the number of discrete optical components on the MO head 106
(i.e., a separate quarter-wave plate 493), the quarter wave-plate multi-layer stack 646 of second
embodiment effectuates low mass and low-profile optical paths having fast seek and data
transfer rates, and incrcased data storage capacity per unit volume. While the present invention
has been described with reference to one type of polarization altering element (i.c., a quarter-
wave plate), those skilled in the art will recognize that with suitable changes in the detection
optics of laser optics assembly 101, other types of polarization altering clements could also be
used with the first and sccond segments 598 and 599 of the prescnt invention, for example, a
faraday rotator.

Figure 7 is a diagram showing a magneto-optical data storage and retrieval system as
part of a magneto-optical disk drive. In the preferred embodiment, the present invention may
be used in a compact high-speed and high-capacity MO disk drive 700 that may be an industry
standard half-height form factor (1.625 inch) and that includes: six 5.25 inch internal spinning
MO disks 107 and twelve flying MO heads 106. The MO disk drive 700 may further include:
the optical switch 104 and twelve single-mode PM optical fibers 102. Those skilled in the art
will recognize that by providing a set of low noise, low mass, and low profile optical paths to
each of the flying MO heads, the MO disk drive 700 may comprise a higher volumetric storage
density than is permitted in an equivalent volume of the prior art.

In an alternative embodiment, the half-height form factor MO disk drive 700 may
include a removable MO disk cartridge portion 710 and two fixed internal spinning MO disks
107. By providing the removable MO disk cartridge portion 710), the fixed internal and
removable combination permits external information to be efficiently delivered to the MO disk
drive 700 for subsequent transfer to the internal spinning MO disks 107. The copied
information may, subsequently, be recorded back onto the removable MO disk cartridge
portion 710 for distribution to other computer systems. In addition, the removable MO disk

cartridge portion 710 allows for very convenient and high speed back-up storage of the internal
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MO spinning disks 107. The fixed internal and removable combination also permits storage of
data files on the removable MO disk cartridge portion 710 and system files and software
applications on the internal MO spinning disks 107. In another altemative embodiment (not
shown), an MO disk drive 700 may include: any number of internal spinning MO disks 107
and/or any number of MO disks 107 within any number of removable MO disk cartridge
portions 710.

In another alternative embodiment, information may be conveyed between a set of
individual laser-optics assemblies 101 and a set of respective MO spinning disks 107 along
optical paths comprising respective individual single-mode PM optical fibers 102 without
necessarily requiring the optical switch 104. Alternatively, any number of PM optical fibers
102 may be used to convey laser light along an optical path, for example, by using a PM optical
fiber 102 between the laser-optics assembly 101 and the optical switch 104, and by using a PM
optical fiber 102 between the optical switch 104 and one of the flying magneto-optical heads
106. The present invention does not necessarily require use of rotary actuator arms, for
example, linear actuator arms may be used. Additionally, the low profile optical paths disclosed
by the present invention may be used to convey information to and from a storage location
without requiring objective optics (i.e., using a tapered fiber or an optical fiber with a lens
formed on an end), and/or reflective substrates, and/or quarter-wave plates, and/or flying
magneto-optical heads 106, as for example, in a information communications system that uses
fixed optical fibers and fixed storage locations. Accordingly, in routing the set of single-mode
PM optical fibers 102, the bend diameter of the optical fibers should preferably be maintained
greater than a few hundred times the optical fiber’s cladding diameter so as to minimize long-
term bending stress degradation.

While the present invention is described as being used in an MO disk drive 700, those
skilled in the art will recognize that use of optical fiber technology, as described with reference
to Figures 1-8, is applicable to information transfer using other technologies, including compact
disks (CDs), digital video disks (DVD), and communication systems. Accordingly, those
skilled in the art will recognize that the present invention may be practiced in many different
environments and many different embodiments, for example, with other types of laser sources,
with other types of optical fibers, with other types of elements, and/or with other types of

polarization altering elements, and should be limited only by the scope of the ensuing claims.
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What is claimed is:

1. An optical system for transmission of light between a source and a destination. said
optical system comprising:

an optical path for propagation of said light between said source and said destination,
said optical path positioned between said source and said destination, said optical path
comprising a first optical coupler, said first optical coupler comprising a first segment and a
second segment, said first and second segment each comprising a proximal end and a distal
end, said first segment comprising a fast axis, said second segment comprising a fast axis,
wherein said fast axis of said first segment is aligned in said optical path substantially
orthogonal to said fast axis of said second segment.

2. The optical system as recited in claim 1, wherein said first segment comprises a first
length, wherein said second segment comprises a second length, and wherein said first length
is substantially equal in length to said second length, and wherein said first segment is coupled
to said second segment.

3. The optical system as recited in claim 2, wherein said destination comprises a
magneto-optical destination.

4. The optical system as recited in claim 2, wherein said first segment and said second
segment comprise a single-mode polarization maintaining optical fiber.

5. The optical system as recited in claim 1, further comprising an assembly, wherein
said assembly is coupled to said optical path, wherein said proximal end of first segment
receives said light from said source, wherein said first segment directs said light to exit said
distal end of said first segment, wherein said proximal end of said second segment receives
said light from said distal end of said first segment, wherein said second segment directs said
light to exit said distal end of said second segment, wherein said optical path is positioned by
said assembly to convey said light exiting said distal end of said second segment to impinge
on said destination, wherein said optical path is positioned by said assembly to receive said
light impinging on said destination as a reflected light from said destination at said distal end
of said second segment, wherein said reflected light received at said distal end of said second
segment is directed by said second segment to exit said proximal end of said second segment,

wherein said distal end of first segment receives said reflected light exiting said proximal end
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of said second segment, and wherein said first segment directs said reflected light to exit said
proximal end of said first segment. |

6. The optical system as recited in claim 5, further comprising an optical element that
alters a polarization property of said impinging light and said reflected light, said optical
element aligned in said optical path between said destination and said source.

7. The optical system as recited in claim 6, wherein said optical element comprises a
quarter-wave plate.

8. The optical system as recited in claim 7, wherein said quarter-wave plate is aligned
in said optical path between said second segment and said destination.

9. The optical system as recited in claim 8, wherein said assembly comprises a flying
magneto-optical head, said flying magneto-optical head comprising a reflective substrate and
an objective element, wherein said objective element is aligned in said optical path between
said reflective substrate and said destination, and wherein said reflective substrate is aligned in
said optical path between said second segment and said objective element.

10. The optical system as recited in claim 9, wherein said quarter-wave plate is further
aligned in said optical path between said reflective substrate and said objective element.

11. The optical system as recited in claim 10, wherein said quarter-wave plate is
deposited on said reflective substrate.

12. The optical system as recited in claim 9, wherein said quarter-wave plate is further
aligned in said optical path between said objective element and said destination.

13. The optical system as recited in claim 5, wherein said optical path further
comprises a selected one of a set of respective second couplers, said one of said set of
respective second optical couplers comprising a respective third segment and a respective
fourth segment, said respective third segment and said respective fourth segment further
comprising a proximal end and a distal end and a fast axis, said distal end of said respective
third segment and said proximal end of said respective fourth segment aligned in said optical
path in a manner such that said fast axis of said respective third segment is substantially
orthogonal to said fast axis of said respective fourth segment.

14. The optical system as recited in claim 13, further comprising an optical switch,
wherein said optical switch is coupled to said second segment so as to receive said light
exiting said distal end of said second segment, said optical switch further coupled to said set

of second optical couplers, said optical switch directing said light to selectively enter said
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selected one of said set of respective second optical couplers at said proximal end of said
respective third segment, said light directed by said respective third segment to exit said distal
end of said respective third segment, said light exiting said distal end of said respective third
segment received at said proximal end of said respective fourth segment, said light directed by
said respective fourth segment to exit said distal end of said respective fourth segment as said
light impinging on said destination, said light impinging on said destination received at said
distal end of said respective fourth segment as said reflected light, said reflected light directed
by said respective fourth segment to exit said proximal end of said respective fourth segment,
said reflected light exiting said proximal end of said respective fourth segment received by
said distal end of said respective third segment, said reflected light received at said distal end
of said respective third segment directed by said respective third segment to exit said proximal
end of said respective third segment, and wherein said optical switch selectively directs said
reflected light exiting from said proximal end of said respective third segment so as to enter
said distal end of said second segment.

15. The optical system as recited in claim 13, wherein said destination comprises a set
of magneto-optical storage disks.

16. The optical system as recited in claim 13, wherein said first segment comprises a
first length, wherein said second segment comprises a second length, wherein said first length
is substantially equal to said second length, wherein said respective third segment comprises a
respective third length, wherein said respective fourth segment comprises a respective fourth
length, and wherein said respective third length is substantially equal in length to said
respective fourth length.

17. The optical system as recited in claim 13, wherein said first optical coupler and
said set of respective second optical couplers comprise single-mode polarization maintaining
optical fibers, and wherein said source comprises a RF modulated laser source.

18. The optical system as recited in claim 15, further comprising a removable portion,
wherein said set of magneto-optical storage disks comprise a set of double sided magneto-
optical storage disks, and wherein said removable portion comprises at least a one of said set
of double sided magneto-optical storage disks.

19. The optical system as recited in claim 15, further comprising a removable portion,

wherein said set of magneto-optical storage disks comprise a set of double sided magneto-
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optical storage disks, and wherein said removable portion comprises at least a two of said set
of double sided magneto-optical storage disks.

20. The optical system as recited in claim 15, wherein said set of double sided
magneto-optical storage disks comprises at least six double sided magneto-optical storage
disks, and wherein said at least six double sided magneto-optical storage disks are disposed
within a half-height form factor.

21. The optical system as recited in claim 15, wherein said optical system further
comprises a set of respective flying magneto-optical heads, wherein a one of said set of
respective flying magneto-optical heads is coupled with said selected one of said set of said
respective second optical couplers.

22. The optical system as recited in claim 21, wherein said one of said set of
respective flying magneto-optical heads further comprises a respective quarter-wave plate, a
respective reflective substrate, and a respective optical element, wherein said respective
quarter-wave plate and said optical element are positioned in said optical path to be between
said distal end of said respective fourth segment and a respective one of said set of magneto-
optical storage disks, and wherein said respective reflective substrate is positioned in said
optical path between said distal end of said respective fourth segment and said respective
optical element.

23. The optical system as recited in claim 22, wherein said respective quarter-wave
plate is positioned between said respective optical element and said respective reflective
substrate.

24. The optical system as recited in claim 23, wherein said respective quarter-wave
plate comprises multi-layers, and wherein said multi-layers are deposited on said respective
reflective substrate.

25. The optical system as recited in claim 22, wherein said respective quarter-wave
plate is positioned between said respective optical element and said respective one of said set
of magneto-optical storage disks.

26. A method of transmission of a light from a source to a storage medium, and for
transmission of a reflection of said light from said storage medium to said source, comprising
the steps of:

providing an optical fiber that comprises a first segment and a second segment,

wherein said first and second segment each comprise a fast axis, wherein said first segment
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comprises a first length, wherein said second segment comprises a second length, and wherein
said first length is substantially equal in length to>said second length;

coupling said first and second segments so that said fast axis of said first segment is
aligned orthogonal to said fast axis of said second segment;

positioning said optical fiber between said source and said storage medium so that said
light passes through said first and second segment onto said storage medium; and

positioning said optical fiber between said storage medium and said source so that said
reflection of said light from said storage medium passes through said second segment and said
first segment.

27. The method as recited in claim 26, further comprising a step of positioning a
quarter-wave plate on a flying-magneto-optical so that said light and said reflection of said
light passes through said quarter-wave plate.

28. The method as recited in claim 27, wherein said first and said second segments
comprise a single-mode polarization maintaining optical fiber, and wherein said source
comprises a RF modulated laser source.

29. An optical system for transmission of light between a source and a storage disk,
said optical system comprising:

an optical path for propagation of said light between said source and said storage disk;

a flying magneto-optical head, said flying magneto-optical head aligned in said optical
path, said magneto-optical head comprising a reflective substrate and a quarter-wave plate; and

wherein said reflective substrate and said quarter-wave plate are aligned in said optical
path between said source and said storage disk, wherein said quarter-wave plate comprises
multi-layers, and wherein said multi-layers are deposited on said reflective substrate.

30. The optical system as recited in claim 29, further comprising an optical fiber,
wherein said optical fiber is aligned in said optical path, said optical fiber comprising a first
segment and a second segment, said first and second segment each comprising a proximal end
and a distal end, said first segment and said second segment each further comprising a fast axis,
said distal end of said first segment coupled to said proximal end of said second segment so
that said fast axis of said first segment is aligned substantially orthogonal to said fast of said
second segment, wherein said first segment comprises a first length, wherein said second
segment comprises as second length, and wherein said first length is substantially equal in

length to said second length.
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31. An optical system for transmission of light between a source and a sct of storage
disks, said optical system comprising:

a set of magneto-optical heads, and

a sct of optical fibers positioned between said source and said sct of storage disks, each
of said set of second optical fibers comprising a first segment coupled to a second segment,
each of said first segments and said second segments comprising a proximal end and a distal
end, each of said first segments and said second segments further comprising a fast axis, each
of said first segments coupled to said second segments so that said fast axis of each of said first
segments is aligned substantially orthogonal to said fast axis of each of said second segments,
and wherein each of said second segments is coupled to a respective one of said set of
magneto-optical heads.

32. The optical system as recited in claim 31, wherein each of said magneto-optical
heads comprises a reflective substrate and a quarter-wave plate, each of said quarter-wave
plates comprising multi-layers, wherein said multi-layers are deposited on said reflective
substrate, and wherein each of said reflective substrates and said quarter-wave plates are
positioned in a respective optical path between said source and said set of storage disks.

33. A method of transmission of a light between a source to a storage medium,
comprising the steps of:

providing an optical fiber first segment and an optical fiber sccond segment, wherein
said first and second segment each comprise a fast axis;

positioning said optical fiber between said source and said storage medium so that said
light passes through said first and second; and

aligning said first and second segments so that said fast axis of said first segment is
aligned orthogonal to said fast axis of said second segment.

34. The method as recited in claim 33, wherein said first segment comprises a first
length, wherein said second segment comprises a second length, and wherein said first length is

substantially equal in length to said second length.

20

SUBSTITUTE SHEET (RULE 26)



WO 98/09392

120

1/8

102

M

PCT/US97/15163

Fig. 1

104

101



WO 98/09392 PCT/US97/15163

2/8

192
4
238

191
239
235

234
/
e
236

Fig. 2

237

/;1
N\
\\\ \

q—

0
294
-



PCT/US97/15163

WO 98/09392

3/8

¢ 314

001 0€T W\mw\\ M\S
/ Z -7
o\
] 261
o
61 01 ° \
~—16] °
€o¢ b Nxz P0I
LOT
A A
0 \ .
¢ °
617€ N



8/v

NP 443

N 442
] | P

486 /4!7 L 447/ / K 107

Fig. 4b 488 107 ss  Fig. 4c

716£60/86 OM

€91ST/L6S/LDd



Fig. 5
102
P
Px
‘ / - 3
e
S
191 A“ﬂ‘é’
197 Py /
/
Ox /
598
107

448

76£60/86 OM

£91S1/L6SN/1LOd



WO 98/09392

645

Fig. 6

102

6/8

N
D
W

Ox

107

PCT/US97/15163

e
446 ?
Sl

448



106

WO 98/09392

L?OO

700

107

7/8
P/
i I
el I
l\/\/
o J —
M
=)
L
il
o
mugs
J U




WO 98/09392

Layer

Incident
Medium

OO0 IO b WN~—

10
11
12
Substrate

Material

Air

ZnS
Si02
ZnS
Si02
ZnS
S102
ZnS
Si02
ZnS
Si02
ZnS
S102
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Optical Thickness Thickness

A=680nm

127.8
158.1
95.2
125.1
90.6
140.8
97.8
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93.5
147.8
87.6
137.3
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