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HIGH POWER LASER PHOTO-CONVERSION ASSEMBLIES, APPARATUSES AND
METHODS OF USE

[0001] This application: (i) claims, under 35 U.S.C. §119(e)(1), the benefit of
the filing date of January 11, 2011 of provisional application serial number 61/431,827;
and (ii) claims, under 35 U.S.C. §119(e)(1), the benefit of the filing date of February 7,
2011 of provisional application serial number 61/431,830, the entire disclosures of each

of which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

Field of the Invention

[0002] The present inventions relate to assemblies that utilize laser energy to
provide electrical, mechanical or electro-mechanical energy for use in apparatuses, and
in particular apparatuses that operate in remote, hostile, extreme or difficult to access
locations, such as, subsea equipment, mining equipment, drilling equipment, flow
control equipment, plugging and abandonment equipment and nuclear remediation
equipment. The present inventions relate to laser apparatus that may perform laser
cutting operations, cleaning operations, or other types of laser operations, as well as,
potentially other non-laser operations; and which apparatus may also have assemblies
that utilize laser energy to provide electrical, mechanical or electro-mechanical energy.
By way of illustration the present inventions embrace subsea equipment that utilize
tethers, such as subsea vehicles, remotely operated vehicles ("ROV"s), subsea tractors,
subsea trenchers, and subsea excavation tools. Thus, and in particular, the present
inventions relate to novel subsea vehicles that utilize high power laser energy, including
high power laser cables and tethers. The present inventions further relate to subsea
laser tools that can be used with an ROV or as a stand-alone tool. These tools deliver
high power laser beams to cut, clean, remove material, and perform other tasks that
may be accomplished by high power laser energy. These tools and related apparatus
and systems bring high power laser technology to the seafloor, subsea environment,
and equipment and structures located below the surface of the water; as well as, to
other extreme or difficult to access environments or locations, such as within a

borehole, a mine, or a nuclear facility.
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[0003] As used herein, unless specified otherwise the terms "blowout
preventer," "BOP," and "BOP stack" are to be given their broadest possible meaning,
and include: (i) devices positioned at or near the borehole surface, e.g., the seafloor,
which are used to contain or manage pressures or flows associated with a borehole; (ii)
devices for containing or managing pressures or flows in a borehole that are associated
with a subsea riser; (iii) devices having any number and combination of gates, valves or
elastomeric packers for controlling or managing borehole pressures or flows; (iv) a
subsea BOP stack, which stack could contain, for example, ram shears, pipe rams,
blind rams and annular preventers; and, (v) other such similar combinations and
assemblies of flow and pressure management devices to control borehole pressures,
flows or both and, in particular, to control or manage emergency flow or pressure
situations.

[0004] As used herein, unless specified otherwise "offshore" and "offshore
drilling activities", "offshore activities" and similar such terms are used in their broadest
sense and would include activities on, or in, any body of water, whether fresh or salt
water, whether manmade or naturally occurring, such as for example rivers, lakes,
canals, inland seas, oceans, seas, bays and gulfs, such as the Gulf of Mexico. As used
herein, unless specified otherwise the term "offshore drilling rig" is to be given its
broadest possible meaning and would include fixed towers, tenders, platforms, barges,
jack-ups, floating platforms, drill ships, dynamically positioned drill ships, semi-
submersibles and dynamically positioned semi-submersibles. As used herein, unless
specified otherwise the term "seafloor" is to be given its broadest possible meaning and
would include any surface of the earth that lies under, or is at the bottom of, any body of
water, whether fresh or salt water, whether manmade or naturally occurring. As used
herein, unless specified otherwise the terms "well" and "borehole" are to be given their
broadest possible meaning and include any hole that is bored or otherwise made into
the earth's surface, e.g., the seafloor or sea bed, and would further include exploratory,
production, abandoned, reentered, reworked, and injection wells.

[0005] As used herein, unless specified otherwise the term "fixed platform,"
would include any structure that has at least a portion of its weight supported by the

seafloor. Fixed platforms would include structures such as: free-standing caissons,
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well-protector jackets, pylons, braced caissons, piled-jackets, skirted piled-jackets,
compliant towers, gravity structures, gravity based structures, skirted gravity structures,
concrete gravity structures, concrete deep water structures and other combinations and
variations of these. Fixed platforms extend from at or below the seafloor to and above
the surface of the body of water, e.g., sea level. Deck structures are positioned above
the surface of the body of water a top of vertical support members that extend down in
to the water to the seafloor. Fixed platforms may have a single vertical support, or
multiple vertical supports, e.g., pylons, legs, etc., such as a three, four, or more support
members, which may be made from steel, such as large hollow tubular structures,
concrete, such as concrete reinforced with metal such as rebar, and combinations of
these. These vertical support members are joined together by horizontal and other
support members. In a piled-jacket platform the jacket is a derrick like structure having
hollow essentially vertical members near its bottom. Piles extend out from these hollow
bottom members into the seabed to anchor the platform to the seabed.

[0006] The construction and configuration of fixed platforms can vary greatly
depending upon several factors, including the intended use for the platform, load and
weight requirements, seafloor conditions and geology, location and sea conditions, such
as currents, storms, and wave heights. Various types of fixed platforms can be used
over a great range of depths from a few feet to several thousands of feet. For example,
they may be used in water depths that are very shallow, i.e., less than 50 feet, a few
hundred feet, e.g., 100 to 300 feet, and a few thousand feet, e.g., up to about 3,000 feet
or even greater depths may be obtained. These structures can be extremely complex
and heavy, having a total assembled weight of more than 100,000 tons. They can
extend many feet into the seafloor, as deep as 100 feet or more below the seafloor.

[0007] As used herein the term "drill pipe" is to be given its broadest possible
meaning and includes all forms of pipe used for drilling activities; and refers to a single
section or piece of pipe. As used herein the terms "stand of drill pipe," "drill pipe stand,"
"stand of pipe," "stand" and similar type terms are to be given their broadest possible
meaning and include two, three or four sections of drill pipe that have been connected,

e.g., joined together, typically by joints having threaded connections. As used herein

the terms "drill string," "string," "string of drill pipe," string of pipe" and similar type terms
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are to be given their broadest definition and would include a stand or stands joined
together for the purpose of being employed in a borehole. Thus, a drill string could
include many stands and many hundreds of sections of drill pipe.

[0008] As used herein the term "tubular" is to be given its broadest possible
meaning and includes drill pipe, casing, riser, coiled tube, composite tube and any
similar structures having at least one channel therein that are, or could be used, in the
drilling industry. As used herein the term "joint" is to be given its broadest possible
meaning and includes all types of devices, systems, methods, structures and
components used to connect tubulars together, such as for example, threaded pipe
joints and bolted flanges. For drill pipe joints, the joint section typically has a thicker
wall than the rest of the drill pipe. As used herein the thickness of the wall of tubular is
the thickness of the material between the internal diameter of the tubular and the
external diameter of the tubular.

[0009] As used herein, unless specified otherwise the term "subsea vehicle" is
to be given its broadest possible meaning and would include an manned or unmanned
apparatus that that is capable of, or intended for, movement and operation on and
under the surface of a body of water, whether the body of water is salt water, fresh
water, naturally occurring, manmade, including within a structure, such as a pool of
water located above a nuclear reactor, a commercial fish farm, a public aquarium or
oceanarium, or a pool of water for testing large equipment, such as NASA's astronaut
training pools. Subsea vehicles would include, for example, remotely operated vehicles
("ROVs"), unmanned underwater vehicles ("UUVs"), manned underwater vehicles
("MUVs"), autonomous underwater vehicles ("AUVs"), vehicles that have positive
buoyancy, variable buoyancy, neutral buoyancy and negative buoyancy, as well as,
tracked, wheeled, or skid vehicles, such as subsea tractors and trenchers, that move
along, or are otherwise in contact with the seafloor, or a work object, and underwater
robots. As used herein, unless specified otherwise, the term "subsea equipment"” is to
be given its broadest possible meaning and would all subsea vehicles, as well as, other
subsea equipment.

[0010] As used herein, unless specified otherwise “high power laser energy”

means a laser beam having at least about 1 kW (kilowatt) of power. As used herein,
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unless specified otherwise “great distances” means at least about 500 m (meter). As

used herein the term “substantial loss of power,” “substantial power loss” and similar
such phrases, mean a loss of power of more than about 3.0 dB/km (decibel/kilometer)
for a selected wavelength. As used herein the term "substantial power transmission”
means at least about 50% transmittance.

[0011] As used herein, unless specified otherwise, "optical connector", "fiber
optics connector", "connector" and similar terms should be given their broadest possible
meaning and include any component from which a laser beam is or can be propagated,
any component into which a laser beam can be propagated, and any component that
propagates, receives or both a laser beam in relation to, e.g., free space, (which would
include a vacuum, a gas, a liquid, a foam and other non-optical component materials),
an optical component, a wave guide, a fiber, and combinations of the forgoing.

[0012] As used herein, unless specified otherwise, the terms “ream?,
‘reaming”, a borehole, or similar such terms, should be given their broadest possible
meaning and includes any activity performed on the sides of a borehole, such as, e.g.,
smoothing, increasing the diameter of the borehole, removing materials from the sides
of the borehole, such as e.g., waxes or filter cakes, and under-reaming.

[0013] As used herein the terms "decommissioning,” "plugging" and
"abandoning" and similar such terms should be given their broadest possible meanings
and would include activities relating to permanent abandonment, temporary
abandonment, the cutting and removal of casing and other tubulars from a well (above
the surface of the earth, below the surface of the earth and both), modification or
removal of structures, apparatus, and equipment from a site to return the site to a
prescribed condition, the plugback of a borehole to side track or bypass, the
modification or removal of structures, apparatus, and equipment that would render such
items in a prescribe inoperable condition, the modification or removal of structures,
apparatus, and equipment to meet environmental, regulatory, or safety considerations
present at the end of such items useful, economical or intended life cycle. Such
activities would include for example the removal of onshore, e.g., land based, structures
above the earth, below the earth and combinations of these, such as, e.g., the removal

of tubulars from within a well in preparation for plugging. The removal of offshore
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structures above the surface of a body of water, below the surface, and below the
seafloor and combinations of these, such as fixed drilling platforms, the removal of
conductors, the removal of tubulars from within a well in preparation for plugging, the
removal of structures within the earth, such as a section of a conductor that is located
below the seafloor and combinations of these.

[0014] As used herein the terms "workover," "completion" and "workover and
completion" and similar such terms should be given their broadest possible meanings
and would include activities that place at or near the completion of drilling a well,
activities that take place at or the near the commencement of production from the well,
activities that take place on the well when the well is a producing or operating well,
activities that take place to reopen or reenter an abandoned or plugged well or branch
of a well, and would also include for example, perforating, cementing, acidizing,
fracturing, pressure testing, the removal of well debris, removal of plugs, insertion or
replacement of production tubing, forming windows in casing to drill or complete lateral
or branch wellbores, cutting and milling operations in general, insertion of screens,
stimulating, cleaning, testing, analyzing and other such activities. These terms would
further include applying heat, directed energy, preferably in the form of a high power
laser beam to heat, melt, soften, activate, vaporize, disengage, desiccate and
combinations and variations of these, materials in a well, or other structure, to remove,
assist in their removal, cleanout, condition and combinations and variation of these,

such materials.

Discussion of Related Art
Underwater Activities

[0015] Over 70% of the earth's surface is covered with water. Over time there
has been a considerable amount of activity on, construction in, and development of the
seafloor and the water column between the seafloor and the surface of the water.
These underwater endeavors would include, for example: underwater pipe lines for oll,
gas, communications, and the transport of materials; offshore hydrocarbon exploration
and production; offshore renewable energy production, such as tidal and current based

systems; the construction and maintenance of supports extending from the seafloor to
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at or above the water surface, such as pylons, piles, towers, and other structures, that
are used to support bridges, piers, windmills and other structures above the surface of
the water; the construction and maintenance of water intakes and outlets for
enterprises, such as power plants, factories and municipalities. In future years is it
anticipated that such endeavors will increase and that new and more complicated
underwater activities and structures will arise. Moreover, as with the case of offshore
hydrocarbon exploration and production, these endeavors will be moving to deeper and
deeper waters. Thus, for example, today drilling and production of hydrocarbon
activities at depths of 5000 ft, 10,000 ft and even greater depths are contemplated and
carried out.

[0016] By way of general illustration of an example of an underwater activity,
in drilling a subsea well an initial borehole is made into the seabed and then subsequent
and smaller diameter boreholes are drilled to extend the overall depth of the borehole.
Thus, as the overall borehole gets deeper its diameter becomes smaller; resulting in
what can be envisioned as a telescoping assembly of holes with the largest diameter
hole being at the top of the borehole closest to the surface of the earth, e.g., the
seafloor.

[0017] Thus, by way of example, the starting phases of a subsea drill process
may be explained in general as follows. Once the drilling rig is positioned on the
surface of the water over the area where drilling is to take place, an initial borehole is
made by drilling a 36" hole in the earth to a depth of about 200 - 300 ft. below the
seafloor. A 30" casing is inserted into this initial borehole. This 30" casing may also be
called a conductor. The 30" conductor may or may not be cemented into place. During
this drilling operation a riser is generally not used and the cuttings from the borehole,
e.g., the earth and other material removed from the borehole by the drilling activity, are
returned to the seafloor. Next, a 26" diameter borehole is drilled within the 30" casing,
extending the depth of the borehole to about 1,000 - 1,500 ft. This drilling operation
may also be conducted without using a riser. A 20" casing is then inserted into the 30"
conductor and 26" borehole. This 20" casing is cemented into place. The 20" casing
has a wellhead secured to it. (In other operations an additional smaller diameter

borehole may be drilled, and a smaller diameter casing inserted into that borehole with
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the wellhead being secured to that smaller diameter casing.) A BOP is then secured to
a riser and lowered by the riser to the sea floor; where the BOP is secured to the
wellhead. From this point forward all drilling activity in the borehole takes place through
the riser and the BOP.

[0018] The BOP, along with other equipment and procedures, is used to
control and manage pressures and flows in a well. In general, a BOP is a stack of
several mechanical devices that have a connected inner cavity extending through these
devices. BOP's can have cavities, e.g., bore diameters ranging from about 4 1/6" to 26
3/4." Tubulars are advanced from the offshore drilling rig down the riser, through the
BOP cavity and into the borehole. Returns, e.g., drilling mud and cuttings, are removed
from the borehole and transmitted through the BOP cavity, up the riser, and to the
offshore drilling rig. The BOP stack typically has an annular preventer, which is an
expandable packer that functions like a giant sphincter muscle around a tubular. Some
annular preventers may also be used or capable of sealing off the cavity when a tubular
is not present. When activated, this packer seals against a tubular that is in the BOP
cavity, preventing material from flowing through the annulus formed between the
outside diameter of the tubular and the wall of the BOP cavity. The BOP stack also
typically has ram preventers. As used herein unless specified otherwise, the term "ram
preventer" is to be given its broadest definition and would include any mechanical
devices that clamp, grab, hold, cut, sever, crush, or combinations thereof, a tubular
within a BOP stack, such as shear rams, blind rams, blind-shear rams, pipe rams,
variable rams, variable pipe rams, and casing shear rams.

[0019] Regardless of the depth, performing subsea operations can be very
difficult, costly, time-consuming and damagers. These obstacles and risks, however,
greatly increase, and one could say exponentially increase, as the depth of the water
becomes greater, and in particular for deep (e.g., about 1,000 ft), very-deep (e.g., about
5,000 ft) and ultra-deep (e.g., about 10,000 ft and greater) depths. Thus, to minimize
the risk to human divers, and for those depths where human divers cannot safely go,
and tasks that a human diver could not perform unassisted, subsea equipment has
been developed.

Subsea Vehicle Tethers
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[0020] Such subsea vehicles can be connected to surface support equipment
that can be located on vessels, such as a ship, barge, or offshore drilling rig, or located
on land, by a tether. In general, and prior to the present inventions, subsea vehicle
tethers were limited to providing a way to transmit electrical power and control
information from the surface support equipment to the subsea equipment and to obtain
images, data, and control information back from the subsea equipment. As the
complexity and power demands of subsea vehicles increases, so has the complexity
and size of tethers, e.g., diameter, complexity, power capabilities, data capabilities,
number of cables, wires, and components. Further as the depth of operations
increases, and thus the length of the tether needed increases, the thickness of the
electrical power supply wires must similarly increase. A tether for a subsea vehicle
could include, by way of example, conductors for transmitting electrical power from the
surface to subsea equipment, control throughput for telemetry, either metal wires or
optical data fibers, video throughput, either metal wires or optical data fibers, data
transmission throughput, either metal wires or optical data fibers, a strength member,
buoyancy control material, and outer protective sheathing.

Tether Drag

[0021] A significant and long-standing problem with subsea vehicles, and in
particular floating subsea vehicles, such as ROVs, is the drag that the tether creates. In
order for a subsea vehicle to move, or to remain in a stationary position relative to a
work piece, fixed structure or the sea floor when a current is present, the vehicle's
thrusters, or other form of motive power, must produce enough thrust to overcome the
drag created by the vehicle itself and the tether. In most ROV systems tether drag is a
very significant drag factor; and as depth of operation increases tether drag quickly
becomes the most significant drag factor; and tether drag can be many multiples greater
and on an order of magnitude greater than vehicle drag. Thus, for example, it is
reported that for a vehicle working at a depth of 500 ft, in a 1-knot current, and having a
vehicle surface area of 10 ft* and a tether having a diameter 0.75" (inches) the vehicle
drag would be 25.5 Ibs (pounds) and the tether drag would be 106.3 Ibs. (see R. Christ
& R. Wegnl, "The ROV Manual", at p. 32 (2007) (hereinafter Christ, "The ROV
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Manual").) Thus, "[w]hen operating at depth (versus at the surface), the greatest
influence of current is on the tether cable." (Christ, "The ROV Manual," at p. 39.)

[0022] As tether length increases tether drag increases. Similarly, as tether
diameter increases tether drag increases. Further, as the length of the tether increases,
in particular in very deep operations, the diameter of the tether also typically increases,
to accommodate the larger electrical power requirements for deeper operations. Thus,
a paradigm exists where deep operations require more power and the diameter of the
tether is increased to handle the additional power, which in turn further increases the
tether drag and requires yet more power.

[0023] This paradigm has been described as -- "More power drives the cable
to become larger, which increases drag, etc. It quickly becomes a vicious design spiral."
(Christ, "The ROV Manual," at p. 47.) Thus, it was postulated that the perfect ROV
would have "a minimal tether diameter (for instance, a single strand of unshielded
optical fiber)"; but then noted that this was not obtainable because "the smaller the
tether cable diameter, the better -- in all respects (except, of course, power delivery)."
(Christ, "The ROV Manual," pp. 18, 29 (emphasis added).) Accordingly, it is believed
that until the present inventions, no solution existed to the "vicious design spiral”
presented by the tether-drag paradigm.

High Power Laser Beam Conveyance

[0024] Prior to the recent breakthroughs at Foro Energy, Inc., it was believed
that the transmission of high power laser energy over great distances without
substantial loss of power was unobtainable. These breakthroughs in the transmission
of high power laser energy, and in particular energy levels greater than about 5 kW, are
set forth, in part, in the novel and innovative teachings contained in US patent
application publications 2010/0044106, 2010/0044103 and 2010/0215326, and in
pending US patent application serial numbers 12/840,978, and 13/210,581; the entire
disclosures of each of which are incorporated herein by reference.

SUMMARY

[0025] There has been a long-standing need for power sources, tools and
related apparatus and systems that can access and perform operations in remote,

harsh and difficult to access locations and environments, such as the seafloor, subsea,
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below the seafloor, off-shore, mines, boreholes, pipelines, nuclear facilities, chemical
facilities and other facilities and locations. There has also been a long-standing need
for power sources fur use in such environments and under such conditions. There has
further been a long-standing need for assemblies that perform precise and controlled
cutting operations, boring operations, cleaning operations, removal operations, and
other types of operations in such environments and locations. Moreover, in the design
and operation of subsea vehicles and subsea equipment, as well as potentially other
tethered equipment, the vicious design spiral presented by the tether-drag paradigm
has been a long-standing problem. The present invention, among other things, solves
these needs by providing the articles of manufacture, devices and processes taught

herein.

[0026] There is provided a high power laser photovoltaic assembly
comprising: a photovoltaic assembly comprising a plurality of photovoltaic cells; a
means to provide a predetermined high power laser beam distribution profile to the
photovoltaic cells; and, the photovoltaic cells configured in a shape based at least in
part upon the predetermined laser beam profile.

[0027] There is still further provided, a high power laser photovoltaic assembly
in which the photovoltaic cells comprises a material selected from the following group:
Aln,Ga.«yAs, wherein 0=x<0.45 and 0<y<1, Si;Ge1 , wherein 0<x<1, Allin,Ga P ,
wherein 0sx<0.80 and O<y=<1, AliInyGa1.xyN , wherein 0sx<0.5 and 0.1=sy<1, In,Ga1,Sb ,
wherein 0sx<0.3, InyGa.xNyAs1., , wherein 0<x<0.3 and 0<y<0.1, and InyGaixAs,P1.y,
wherein 0=x<1 and 0<y<1.

[0028] Moreover, there is provided a high power laser photovoltaic assembly
in which the photovoltaic cells comprises an alloy of one or more elements selected
from the group of Al, In, Ga, Si, Sb, N, and As.

[0029] Furthermore, there is provided a high power laser photovoltaic
assembly in which the means to provide a predetermined high power laser beam
distribution profile to the photovoltaic cells includes a collimating lens.

[0030]  Still further there is provided a high power laser photovoltaic assembly
in which the means to provide a predetermined high power laser beam distribution

profile to the photovoltaic cells includes an optical fiber face.
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[0031] Additionally, there is provided a laser photovoltaic assembly including:
a photovoltaic cell cooling device; and, a back reflection management means.

[0032] et still further there is provided a high power laser photovoltaic
assembly having: a laser beam delivery means; a photovoltaic assembly comprising a
housing; the housing having an opening for receiving the laser beam, the housing
defining an optically active surface, the optically active surface comprising a plurality of
photovoltaic cells; and, a cooling device.

[0033] Moreover, there is provided a high power laser photovoltaic
assembilies: in which the laser beam delivery means is an optical fiber face; the laser
photovoltaic cells has a material paired to a predetermined laser beam wavelength
range; a distribution of the wavelengths in the laser beam wavelength range is no
greater than about 10 nm; the laser beam wavelength range is from about 1060 nm to
about 1080 nm; or the laser beam wavelength range is from about 1530 nm to about
1600 nm.

[0034]  Still additionally there is provided a high power laser photovoltaic
assembly in which the laser photovoltaic cells has a multilayer structure configured to
receive a predetermined laser beam wavelength range.

[0035] Further, there is provided a high power laser photovoltaic assemblies:
in which the optically active surface defines a disc; in which , the inner optically active
surface defines a portion of a sphere; in which the inner optically active surface defines
a woods horn; or in which the inner optically active surface defines a cylinder having an
open end and closed end.

[0036]  Still further there is provided a high power laser photovoltaic cell
having: a front for receiving a high power laser beam having a predetermined
wavelength; a back; and, a layer between the front and back, comprising a photovoltaic
material having a band gap tuned to a predetermined operating temperature and the
predetermined laser wavelength.

[0037] Yet additionally, there is provided a high power laser photovoltaic cell
of claim 22, wherein the predetermined laser wavelength is from about 1000 nm to
about 1600 nm and the predetermined operating temperature is greater than about 100

degrees C.
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[0038] Furthermore, there is provided a high power laser photovoltaic cell
having: a front for receiving a high power laser beam having at least about 10 kW of
power and having a predetermined wavelength; a back; a layer between the front and
back, comprising a photovoltaic material having a band gap tuned to the predetermined
laser wavelength; and, the front comprising a busbar, an antireflective coating capable
of handling the at least about 10 kW of power at the predetermined wavelength, and a
grid.

[0039] Moreover, there is provided a high power laser photovoltaic cell in
which the grid is characterized by a grid height, a grid facing surface, and a grid width;
and, wherein the grid height is from about 5 ym to about 10 ym and the grid with is
about 5 um to about 10 ym.

[0040] Additionally, there is provided a high power laser photovoltaic cell in
which the grid is characterized by a grid height, a grid facing surface, and a grid width;
and, wherein the grid height is greater than about 10 ym; or wherein the grid height is
greater than about 20 ym.

[0041] Furthermore, there is provided a high power laser photovoltaic cell
having a second a layer between the front and back, comprising a photovoltaic material
having a band gap tuned to the predetermined laser wavelength.

[0042]  Still additionally, there is provided a high power laser photovoltaic cell
having a plurality of layers between the front and back, comprising a photovoltaic
material having a band gap tuned to the predetermined laser wavelength.

[0043] Moreover, there is provided a high power laser photovoltaic cell
having: a front for receiving a high power laser beam having a predetermined
wavelength; a back; a plurality of layers between the front and back, the layers
configured for the predetermined laser wavelength, to convert at least about 25% of the
received laser beam into electricity; and, the front comprising a grid.

[0044]  Still additionally, there is provided a high power photovoltaic cell having
an optics means to minimize the grid shadowing fraction.

[0045] Moreover, there is provided a method of remotely converting power
laser energy for use in a device, the method including: propagating a high power laser

beam; transmitting the high power laser beam through the high power laser fiber to the

13



10

15

20

25

WO 2012/096966 PCT/US2012/020789

device without substantial loss of power; directing the high power laser beam from the
high power laser fiber into a laser photovoltaic assembly; converting at least a portion of
the laser beam into electrical energy; and, utilizing the electrical energy to power an
operation of the device.

BRIEF DESCRIPTION OF THE DRAWINGS

[0046] FIG. 1 is a perspective view of an embodiment of a laser subsea
vehicle system in accordance with the present invention.

[0047] FIG. 2A is a perspective view of a laser subsea vehicle system in
accordance with the present invention.

[0048] FIG. 2B is schematic view of a laser subsea vehicle in accordance with
the present invention.

[0049] FIG. 3Ais a perspective view of a laser-photovoltaic assembly in
accordance with the present invention.

[0050] FIG. 3B is a cross-sectional view of the laser-photovoltaic system of
FIG. 3A taken along line B-B of FIG. 3A.

[0051] FIG. 3C is a cross-sectional view of the laser-photovoltaic system of
FIG. 3A taken along line C-C of FIG. 3A.

[0052] FIG. 4 is a schematic view of a laser-photovoltaic assembly in
accordance with the present invention.

[0053] FIG. 5 is a cross-sectional perspective view of a laser-photovoltaic
assembly in accordance with the present invention.

[0054] FIG. 6 is a schematic view of a laser system of the present invention
for use in a laser subsea vehicle system in accordance with the present invention.

[0055] FIG. 7 is a perspective view of a laser subsea vehicle system of the
present invention engaged in laser subsea operations in accordance with the present
invention.

[0056] FIG. 8 is a perspective view of a laser subsea vehicle system utilizing
a laser tether management system of the present invention, engaged in subsea laser

operations in accordance with the present invention.
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[0057] FIG. 9 is a perspective view of a laser subsea vehicle system of the
present invention engaged in subsea laser operations in accordance with the present
invention.

[0058] FIG. 10 is a perspective view of a laser subsea vehicle of the present
invention engaged in subsea operations in accordance with the present invention.

[0059] FIG. 11 is a perspective view of a laser subsea vehicle system in
accordance with an embodiment of the present invention.

[0060] FIG. 12 is a perspective view of a laser subsea vehicle system of the
present invention engaged in subsea laser operations in accordance with the present
invention.

[0061] FIG. 13 is a perspective view of a laser-photovoltaic cell in accordance
with the present invention.

[0062] FIG. 13Ais a detailed perspective view of the laser-photovoltaic cell of
FIG. 13 taken along section 13A.

[0063] FIG. 14 is a cross-sectional perspective view of a laser-photovoltaic
assembly in accordance with the present invention.

[0064] FIG. 15 is a cross-sectional schematic view of a laser-photovoltaic
assembly in accordance with the present invention.

[0065] FIG. 16 is a cross-sectional schematic view of a laser-photovoltaic
assembly in accordance with the present invention.

[0066] FIGS. 17 - 19 are spectrums of laser energy transmitted in accordance
with aspects of the present invention showing the absence of SRS phenomena.

[0067] FIG. 20 is a perspective view of a laser-photovoltaic assembly in
accordance with the present invention.

[0068] FIG. 21 is a perspective view of a laser-photovoltaic assembly in
accordance with the present invention.

[0069] FIG. 22 is a plan view of a laser-photovoltaic assembly of laser-
photovoltaic cells of the present invention.
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DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0070] In general, the present inventions relate to system, tools and
assemblies that utilize laser energy to perform various operations, for example, a laser
apparatus that may perform laser cutting operations, cleaning operations, conversion of
laser power to other forms of energy or power, or other types of laser operations, as
well as, potentially other non-laser operations; and which may also have assemblies
that utilize laser energy to provide electrical, mechanical, thermal, or electro-mechanical
energies, and combinations and variations of these energies. The present inventions
further provide the ability, to have and to use, such apparatus in remote, hostile,
extreme, difficult to access locations, and combinations and variations of these, such
as, subsea equipment, mining equipment, drilling equipment, flow control equipment,
well and rig plugging, abandonment and decommissioning equipment, and nuclear
remediation, monitoring and decommissioning equipment.

[0071] By way of illustration of laser equipment for use in remote and
hazardous environments, the present inventions embrace novel subsea equipment that
utilizes high power laser energy, including high power laser cables as tethers, such as
subsea vehicles, remotely operated vehicles ("ROV"s), subsea tractors, subsea
trenchers, and subsea excavation tools. It being recognized that the present inventions
may also find applicability in many other applications and fields, in addition to the
subsea field, such as mining, drilling, offshore above the surface, oil, natural gas and
geothermal, construction, remediation, military, pipelines, nuclear and others. Thus, in
general, and by way of illustration, the present inventions relate to laser subsea
equipment and laser tools, systems for operating such equipment and tools, and may
include laser powered subsea equipment, such as a laser subsea vehicle, e.g., a laser
remotely operated vehicle ("ROV"), and subsea equipment, whether laser powered or
not, that utilize high power laser delivery assemblies for performing subsea laser
operations, such as the cutting, cleaning, welding or removal of material, objects and
structures.

[0072] By way of general illustration there is provided a laser ROV system
that uses a high power laser that is in optical communication, by way of a high power

optical fiber cable, with a photo-electric conversion device that is located in an ROV.
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The high power optical fiber cable can be made up of a high power optical fiber. These
fibers may be very thin on the order of hundreds of um (microns). These high power
optical fibers have the capability to transmit high power laser energy having many kW of
power over many hundreds and thousands of feet. The laser-ROVs of the present
invention substantially reduce the tether drag associated with conventional electrical
powered tethers, by substantially reducing the thickness of the tether. Further, and of
particular value for smaller support vessels, the high power optical fibers weigh less per
foot of fiber than electrical cables. This weight difference can be important, for example
when comparing the weight of 10,000 feet of ROV tether for a conventional ROV, with
the weight of 10,000 feet of, for example 600 ym high power optical fiber. Thus, the
weight of the tether, which on many vessels is stored or positioned above the deck of
the ship, can be substantially reduced.

[0073] Thus, for example, 10 kW of laser power may be delivered over an
umbilical having a fiber having a 600 ym (micron) core, (the core having a weight of
0.62 g/m) the umbilical having a length of 1 km. This provides for a weight-power-
distance ("WPD") value of 4. The WPB value is determined by the formula -- a * b? * ¢ -
- where "a" is the delivered laser power, or maximum deliverable, power in kW; "b" is
the weight of the core of a fiber in the umbilical in g/m; and "c¢" is the length of the
umbilical. For multi-fiber umbilicals, if any one fiber meets the specified WPD value,
than the umbilical is considered as having that WPD value. Preferably, umbilicals may
have WPD values of less than about 1000,, less than about 500, less than about 200,
and less than about 100. More, preferably the WPD values may be from about 2 to
about 250, and from about 5 to about 50. Further, in some embodiments and
applications greater WPD values are contemplated. For a conventional, electrically
conductive wire "b" would the weight of the electrically conductive material, e.g., copper
wire, in g/m. In general, "b" for copper wire would be on the order of magnitudes
greater than for an optical fiber.

[0074] The energy that is transmitted down the high power optical fiber is in
the form high power laser energy, i.e., high power light having a very narrow wavelength
distribution. To be used in the ROV this high power may be converted to electrical,

thermal, electro-mechanical and/or mechanical energy. A laser photo-conversion
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device may be used for this purpose and is located within, associated with, or as a part
of the ROV. This device may be associated with a housing that is attached to the ROV
frame, or it may be contained in an ROV tether management systems (TMS) (for
example a TMS such as that disclosed in US Pat. No. 6,260,504 the entire disclosure of
which is incorporated herein by reference), or it may be otherwise associated with the
ROV.

[0075] Photo-conversion devices can be any such device(s) that are known to
the art, or may be later developed by the art, for the conversion of light energy, and in
particular laser light energy (i.e., a laser photo-conversion device), into electrical,
thermal, mechanical, electro-mechanical energies and combinations and variations of
these energy types. For example, photovoltaic ("PV") devices may be used, a quantum
well may be used, a micro array antenna assembly that employs the direct coupling of
photons to a micro array antenna (the term micro array antenna is used in the broadest
sense possible and would include for example nano-wires, semi conducting nano-wires,
micro-antennas, photonic crystals, and dendritic patterned arrays) to create oscillatory
motion to then drive a current may be used, plasmonic nanostructure, electron
excitation and ejection, a sterling engine with the laser energy providing the heat source
may be used, a steam engine or a turbine engine with the laser energy providing the
heat source may be used (see, e.g., US Pat. No. 6,837,759, which uses a chemical
reaction as a heat source turbine engine in an ROV, the entire disclosure of which is
incorporated herein by reference).

[0076] For size considerations, as well as over all system costs, in general, all
other factors being equal, the greater the efficiency of the photo-conversion device in
turning the laser energy into electric energy the more desirable. It being understood
that in all of these consideration there are design tradeoffs for the ROV, tool, robot,
laser application device, and for specific applications, conditions and environments.
While it is generally desirable to have the ROV as small as possible, to reduce the
ROV's drag, some increase in size may be acceptable to obtain a higher power
conversion rate by using a larger photo-conversion device. Preferably the photo-
conversion device is of the type of the novel photovoltaic device(s) provided in this

specification.
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[0077] The high power optical fiber further provides the ability, in a single
fiber, to convey high power laser energy down to the ROV, tool, robot, or other laser
application device, convey control signals and data down to the ROV, tool, robot, or
other laser application device, and convey up from the ROV, tool, robot, or other laser
application device, control information and data (including video data). In this manner
the high power optical fiber has the ability to perform, in a single very thin, e.g., less
than 1000 ym diameter fiber, the functions of transmitting operating power, transmitting
and receiving control information, and transmitting data and other information from a
remote location or the distal end (e.g., the laser device end) of the fiber (data could also
be transmitted down the optical cable to the distal end). As used herein the term
"control information” is to be given its broadest meaning possible and would include all
types of communication to and from the ROV, tool, robot, or other laser application
device, and to and from such devices' components and systems that would provide for
the control of such devices, their movements, and/or their operations. In addition to a
single fiber, and in particular because of their thinness and low weight, multiple fibers
(e.g., one, two, three, four or more) can be utilized.

[0078] Additionally, either as a single fiber, in which case a high power beam
splitter, switch or both, will be needed within, for example, an ROV, or by way of a
second high power fiber, the high power laser energy can be used to power a laser
delivery tool, which can be located on a manipulator arm of for example, an ROV, or
otherwise associated with the ROV, or be a stand-alone tool or device. The laser
delivery tool has the capability to deliver high power laser energy to a subsea target to
perform an operation on that target. Thus, an ROV with a high power laser tool can be
used to perform tasks, such as for example, cutting of tubulars, removal of biologic
growth, sediments, and materials from subsea structures, welding of materials,
trenching and the removal, in particular of hard materials, such as hard rocks or
concrete, present at the surface of the seafloor during a trenching operation.

[0079] When packaging the high power laser fiber into a tether, depending
upon the intended use, only a single fiber configured as an optical cable, having
shielding may be used. However, it is preferred that the fiber be contained in a

protective tube that also provides strength. Further, buoyancy issues should be taken

19



10

15

20

25

30

WO 2012/096966 PCT/US2012/020789

into consideration when making a tether and the packaging of the fiber should have
material incorporated therein, or associated therewith, to set the buoyancy, whether it
be neutral, positive or negative.

[0080] Additionally, fairings may be employed to further reduce the drag of the
optical fiber and/or optical fiber tether. For example, when multiple fibers, fibers and
cables, or cables are used the may be contained with, as a part of or otherwise
associated with an outer member that has a shape designed to reduce drag, such as
having the cables and/or fibers in a line, giving rise to a flat or ribbon type of tether, and
which could further have tapered or narrowed edges at the sides of the ribbon like
structure.

[0081] Turning to FIG. 1 there is illustrated an embodiment of a laser-ROV
system having a support vessel 100. The support vessel 100 could by any type of ship,
boat or barge, that is suitable for the operational conditions of the laser-ROV (e.g., sea
conditions, weight requirements, deck space requirements, etc.) The support vessel
could also be an offshore oilrig, or a submarine (manned or unmanned). Additionally,
instead of a support vessel a shore-based support system could be employed. The
support vessel contains a laser housing or laser room 102, which contains a high power
laser(s) and laser support equipment. The high power laser is optically connected to an
optical slip ring assembly 106, by way of high power optical fiber 103. The optical slip
ring assembly 106 is positioned in, or otherwise associated with, a spool 104 containing
a high power laser tether 107. The spool has supports 105. The support vessel 100
may further have a crane 108, or other lifting device, which has an attachment device
109 for securing and lifting the ROV 111 in and out of the body of water 124. The
attachment device 109 could be a custom made device for a particular ROV, or it could
be as simple as a hook, shackle or choker. The vessel 100 is shown on the surface 120
of a body of water 124 with a laser powered ROV 111 being shown as it approaches the
seafloor 125. There is also shown a tether-handling device 110, which in this
embodiment is attached to the vessel 110, positioned above the surface 120 of the body
of water 124.

[0082] Turning to FIG. 2 there is shown an embodiment of a laser-ROV 211
that is operating in a body of water 224. The laser-ROV 211 has an ROV frame 213,
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which supports a tether attachment device 212, which is attached to high power laser
tether 207. The laser-ROV has a tether attachment device 212, which places the tether,
either directly or indirectly through other optical components, in optical association with
the components of the photo-electric housing 216. The tether attachment device 212
may have a connecting or coupling device as provided in US Patent Application Serial
Number 61/493,174, the entire disclosure of which is incorporated herein by reference,
or it may have a commercially available high power laser connector or coupler. The
ROV 211 also has operational testing and observation related equipment, such as a
lights 217, 221, a sensor 218 such as a temperature sensor, and a camera 219. The
laser-ROV 211 has thrusters, for example thruster 215, 214. The ROV has a
manipulator arm 222, which has a tool 223, for example a laser cutter.

[0083] The laser cutter may be optically associated with the tether. The tether
may have separate high power fibers for providing high power energy to the laser cutter
and to a photo-conversion device, or the tether may have a single high power fiber for
providing laser energy to the photo-conversion device and the laser cutter. A high
power optical cable, external to the out cover of the tether, but which may be associated
therewith, such as by cable ties, may also be used to provide laser energy to the laser
cutter.

[0084] Turning to FIG. 2B there is shown a cross-sectional schematic view of
the laser-ROV 211 of FIG. 2A. In FIG. 2B there is provided a laser photovoltaic
assembly 230, contained within the photo-electric housing 216. The laser photovoltaic
assembly 230 having a laser delivery assembly 226 and a photovoltaic component 227,
and a thermal management device 229, e.g., a cooling device. The high power laser
tether 207 and the tether attachment 212 may be associated with the frame 213 and are
at least partially contained within, or otherwise associated with housing 216. One or
more or all of the tether 207, the tether attachment 212, the laser delivery assembly
226, may be permanently attached and in optical communication, releasably attached
and in optical communication, and combinations and variations of these. Electrical
wires or cable 228, 231 are connected to the photovoltaic component 227 and to form
an electric circuit and convey electricity generated by the photovoltaic assembly to the

systems, batteries, equipment and apparatus of the ROV.
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[0085] FIGS. 3A-C, 4 and 5 provide examples of embodiments of laser-
photovoltaic assemblies. In general photovoltaics are semiconductor materials that are
used to convert light directly into electricity at the atomic level. These materials exhibit
a property known as the photovoltaic effect.

[0086] Photovoltaics are used, and well known, to those of skill in the semi-
conductor, solar panel, solar energy and related arts. In general solar panels, and thus,
most photovoltaic cells and semiconductor materials evidencing a photovoltaic effect
are designed to handle sunlight. Sunlight is light that contains a broad distribution of
wavelengths and is not coherent. Although some of these solar panels, cells and
materials may be more efficient than others at converting certain wavelengths, or
wavelength bands within the broad spectrum of sunlight, to electric energy, these
conventional, solar based, materials, structures and assemblies, have little to no
applicability for the present photovoltaic assemblies, and have substantial drawbacks
and negatives, e.g., size, weight, grid design and overall series resistance, efficiency,
and shape, to their use in laser-powered tools and assembles.

[0087] Thus, preferably, the novel laser-photovoltaic assemblies and
materials, of the types disclosed herein are employed in the laser-powered tools and
assemblies contemplated by this specification. In general, in these assemblies and
materials, a specifically selected (or designed) photovoltaic material(s) is matched with
a narrow wavelength band of light, and in particular coherent light, to optimize the
efficiency of the conversion of the light energy to electric energy. In particular, and by
way of illustration, a narrow band of wavelengths of light, e.g., less than 10 nm , less
than 5 nm, and less than 2 nm, may be paired with a particular type of photovoltaic
material or cells.

[0088] Further, the selection of the wavelength and the photovoltaic material
may also be based upon minimizing the amount of transmission losses to the laser
beam from non-linear effects as the laser beam is transmitted by the optical fiber from
the laser to the laser-powered tool, e.g., from the laser on the ship through the tether to
the ROV. Preferably, the photovoltaic materials and the laser, and in particular the laser
beam wavelength (or wavelength band width), should be selected to optimization both

the reduction in non-linear effects and the power conversion efficiency. Thus, for
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example, a 1.5 ym diode laser may be used with a GaSb (Gallium Antimony)
photovoltaic material.

[0089] Turning to FIGS 3A to 3B there is provided a perspective view, a
longitudinal cross-sectional view and a transverse cross-sectional view, respectively, of
an embodiment of a laser-photovoltaic ("laser-PV") assembly 300, having an optical
fiber 301 having a fiber face 302 from which a high power laser beam 311 is
propagated, or launched. The laser beam 311 is launched into a photovoltaic
assembly ("PV assembly") 303, which has a cooling jacket 304; other types of cooling
devices may be employed provided that they can dissipate or otherwise manage the
excess heat that is produced by the high power laser beam contacting the photovoltaic
cells, e.g., 305, 306, 307, 308, 309, and potentially other sections of the photovoltaic
assembly 303 inner side surface 310 and inner bottom surface 321. The photovoltaic
assembly 303 is in the shape of a tube having a sealed bottom. Thus, the photovoltaic
assembly 303 has an inner side surface 310 and an inner circular bottom surface 321.
Both inner surfaces are covered with, have, or are, photovoltaic cells ("PV cells"),
preferably made up of a material that was selected to match the wavelength of the laser
beam 311 (or visa versa, i.e., the laser beam could be selected to match the
photovoltaic material(s) used in the photovoltaic cells; recognizing that the selection of
the wavelength may, and preferably should, also take into consideration the reduction of
non-linear effects). The photovoltaic assembly 303 and the laser-PV assembly 300
have an axis 322, that in this figure is normal to the fiber face 302, and which may also
preferably be coaxial with the fibers axis, at least at or near, the area of the fiber face
302. The laser beam 311 diverges as it leaves the fiber face 302 and forms an angle
312 with the axis 322. The laser beam 311 then enters photovoltaic assembly 303
through opening 319 and impinges upon, or strikes, the inner side surface 310 and the
side photovoltaic cells, e.g., 306. The laser beam 311 first contacts the photovoltaic
assembly 303 at angle 315. At that point, some of the laser energy is absorbed by the
photovoltaic cells and converted to electricity, while other of the laser energy from the
laser beam 311, is reflected further into the photovoltaic assembly 303. This action of
reflection, is shown by representative reflected laser beam rays 313, 314. The laser

beam reflects off of the inner side surface 310 initially at angle 316. It being understood
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that there will be many different rays and angles as the laser beam 311 is reflected and
propagated further into the photovoltaic assembly 303. (Although not shown, there may
also be reflections from the bottom surface 321, back through the photovoltaic assembly
303.)

[0090] Further with this and other laser-PV assemblies the optics, and the
configuration of the fiber face can be used to optimize the path and beam profile of the
laser beam as it interacts with the PV cells in the PV assembly. Further, the shape of
the PV assembly and the location of the cells in the assembly can be optimized for a
particular laser beam profile or visa versa, to optimize the overall power conversion
efficiency of the laser-PV assembly.

[0091] In FIG. 4 there is provided an embodiment of a laser-PV assembly 400
having a multilayer disc type PV assembly 403. In this embodiment the high power
laser beam 411 is launched from fiber face 402 and diverges from the fiber face until
entering collimating optics 420, where it then leaves those optics as a collimated beam
412 and travels to the PV assembly opening 419, into the PV assembly 403, and strikes
the first layer 404 of PV cells, e.g., 406. Some of the laser beam 412 passes through or
past the first layer 404 and then strikes the second layer 405 of PV cells, e.g., 407.
Preferably, a cooling means or thermal management means (not shown) is used with
this PV assembly. Although shown as two staggered layers, additional staggered layers
may be employed, or only a single layer uniform layer, e.g., plainer and non-staggered,
may be used. The staggering, and relative positioning of the staggered layers may
provided benefits to heat management issues, overall space, i.e., size, considerations
and the management of back reflections.

[0092] In FIG. 5 there is provided an example of an embodiment of a laser-PV
assembly 500 having a hemispherical type PV assembly 503. In this embodiment a
high power laser beam 511 is launched from the face 502 of an optical fiber 501. The
laser beam 511 diverges, as shown by exemplary and illustrative rays 514, 515, 516,
517 until it enters collimating optics 520, where it leaves as a collimated beam 512 as
shown by exemplary and illustrative rays 514a, 515a, 516a, 517a. Collimated beam
512 then enters diverging optics 521, where it leaves as diverging beam 513, as shown
by exemplary and illustrative rays 514b, 515b, 516b, 517b and enters the PV assembly

24



10

15

20

WO 2012/096966

PCT/US2012/020789

503 by way of opening 519. The PV assembly 503 is in a half-hemispherical shape,

e.g., a half of a hollow ball. The PV assembly 503 has a hemispherical inner surface
510 that has, contains or holds, PV cells, e.g., 505, 506, 507, 508, 509, 510.

[0093]

The optics, fiber types, fiber face, heat management, cooling, number

of fiber, laser power, laser type, other considerations, and shapes and configurations of

assembles can be arranged and configured in many different ways and combinations

without departing from the spirit of the present inventions.

In the embodiments of

FIGS. 3 and 5 the optically active surfaces, e.g., the surfaces that are designed to,

capable of, or intended to, receive laser energy and convert that energy into electricity

such as by having, or being made up by, PV cells or otherwise having a photovoltaic

material, are on the inside of the assembly. It is contemplated that these optically active

surfaces, i.e., the surfaces of, may be on the outside of the assembly, on the outside

and inside, on flat panel like structures, e.g., the embodiment of FIG. 4, discs, balls,

other shapes, and other combinations and variations of these.

[0094]

Thus, these various configurations and considerations may be used to

provide predetermined and specific energies (e.g., W/cmz) and predetermined and

specific energy distributions patterns (e.g., W/cm? on a PV cell-by-cell basis), on the

optically active surfaces of the PV assembly. Thus, using the embodiment of FIG. 5 by

way of illustration, examples of different laser energies on a particular PV cell for

exemplary energy distribution patterns are provided in Table I.

[0095] Table I

Energy
distribution | PV cell 505 | PV cell 506 | PV cell 507 | PV cell 508 | PV cell 509 | PV cell 510

pattern
1 200 W/cm* 200 W/cm?® 200 W/cm?® 200 W/cm?® 200 W/ecm® | 200 W/cm?
2 200 W/ecm® | 200 W/em? | 200 W/icm® | 200 W/em® | 0 W/em® 200 W/cm®
3 100 W/cm® 200 W/cm® 200 W/cm® 100 W/cm® 10 W/cm® 100 W/cm®
4 25 W/cm? 75 W/cm* 75 W/cm* 25 W/cm? 350 W/em?® | 200 W/cm?
5 300 W/em® | 200 W/em® | 50 W/em® 10 W/em® 50 W/cm® 100 W/cm?
0096 In general the energy distribution pattern of the laser beam as it strikes

g gy

the surfaces of the laser PV assembly, and in particular the optically active surfaces of
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that assembly, may be in a predetermined energy distribution pattern. This
predetermined energy distribution pattern can address, and preferably maximize,
thermal issues, efficiency issues, and back reflection issues.

[0097] Energy distribution pattern 1, from Table | is a uniform pattern as
projected on the optically active surface, which in this example is the interior of a
sphere. This uniform pattern may be employed with and in view of the ability to have
photocell efficiency optimized for a given power density.

[0098] Energy distribution pattern 2, from Table | is a uniform pattern with a
black out, as projected on the optically active surface, which in this example is the
interior of a sphere. The black out may be obtained by optics and may further be
shaped and positioned to address and minimize back reflections.

[0099] Energy distribution pattern 3, from Table | is a linear pattern as
projected on the optically active surface, which in this example is the interior of a
sphere. This pattern provides for the use of simple, durable and less expensive optics.

[00100] Energy distribution pattern 4, from Table | is Gaussian pattern as
projected on the optically active surface, which in this example is the interior of a
sphere. This energy distribution pattern requires no optical modification of most beams
as they exit the fiber face, e.g., no optics are needed between the fiber face from which
the laser beam is launched and the optically active surface.

[00101] Energy distribution pattern 5, from Table | is asymmetric pattern as
projected on the optically active surface, which in this example is the interior of a
sphere. Such a pattern may be used to address asymmetries in abilities to dissipate
heat, or asymmetries (or other design constraints) arising from the placement of the
laser PV assembly in a tool, robot, or ROV.

[00102] Moreover, in addition to applications in subsea equipment, these laser-
photovoltaic assemblies can be employed in drilling, monitoring, logging and measuring
activities associated with creating boreholes, such as boreholes for the exploration and
production of hydrocarbons and geothermal energy. Further these laser-photovoltaic
assemblies may have military applications, manufacturing applications and other
applications, where the use of a high power optical fiber, and especially the very thin

and light weight characteristics of such fibers, to deliver high power laser energy to a
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remote location, and especially a small or otherwise difficult to access location, is
desirable; and it is further desirable to convert some or all of the delivered high power
laser energy into electrical energy.

[00103] In general, the high power laser systems may include, conveyance
structures and deployment systems for use in delivering high power laser energy over
great distances, without substantial power loss, and to work areas where the high power
laser energy may be utilized. Preferably, the system may include one or more high
power lasers, which are capable of providing: one high power laser beam, a single
combined high power laser beam, multiple high power laser beams, which may or may
not be combined at various points or locations in the system, or combinations and
variations of these. Long distance high power laser conveyance structures and
deployment systems are provided in US Patent Application Publication Numbers
2010/0044106, 2010/0044103 and 2010/0215326, and in pending US Patent
Application Serial Numbers 12/840,978, 13/210,581, 61/493,174; the entire disclosures
of each of which are incorporated herein by reference.

[00104] A single high power laser may be utilized in the system, or the system
may have two or three high power lasers, or more. High power solid-state lasers,
specifically semiconductor lasers and fiber lasers are preferred, because of their short
start up time and essentially instant-on capabilities. The high power lasers for example
may be fiber lasers or semiconductor lasers having 5 kW, 10 kW, 20 kW, 50 kW or
more power and, which emit laser beams with wavelengths in the range from about 455
nm (nanometers) to about 2100 nm, preferably in the range about 800 nm to about
1600 nm, about 1060 nm to 1080 nm, 1530 nm to 1600 nm, 1800 nm to 2100 nm, and
more preferably about 1064 nm, about 1070-1080 nm, about 1360 nm, about 1455 nm,
1490 nm, or about 1550 nm, or about 1900 nm (wavelengths in the range of 1900 nm
may be provided by Thulium lasers).

[00105] For example a preferred type of fiber laser would be one that includes
20 modules or more. The gain bandwidth of a fiber laser is on the order of 20 nm, the
linewidth of the free oscillator is 3 nm, Full Width Half Maximum (FWHM) and may
range from 3 nm to 5 nm (although higher linewidths including 10 nm are envisioned

and contemplated). Each module’s wavelength is slightly different. The modules

27



10

15

20

25

30

WO 2012/096966 PCT/US2012/020789

further each create a multi-mode beam. Thus, the cumulative effect of combining the
beams from the modules is to maintain the Raman gain and the Brillouin gain at a lower
value corresponding to the wavelengths and linewidths of the individual modules, and
thus, consequently reducing the SBS and SRS phenomenon in a fiber when the
combined beams are transmitted through the fiber. An example of this general type of
fiber laser is the IPG YLS-20000. The detailed properties of which are disclosed in US
patent application Publication Number 2010/0044106.

[00106] In some embodiments, a fiber laser emitted light at wavelengths
comprised of 1060 nm to 1080 nm, 1530 nm to 1600 nm, 1800 nm to 2100 nm, diode
lasers from 400 nm to 1600 nm, CO, Laser at 10,600 nm (however, CO- laser do not
couple into conventional fused silica optical fibers, and thus, a solid fiber capable of
transmitting these wavelengths, or hollow light pipe or later developed optical means
may be utilized to transmit this laser beam), or Nd:YAG Laser emitting at 1064 nm can
couple to the optical fibers. In some embodiments, the fiber can have a low water
content. Preferably, the water content of the fiber should be as low as is possible.

[00107] Examples of lasers, and in particular solid-state lasers, such as fibers
lasers, are set forth in US Patent Application Publication Numbers 2010/0044106,
2010/0044105, 2010/0044104 and 2010/0215326 and in pending US Patent Application
Serial Numbers 12/840,978, 13/210,581 and 61/493,174; the entire disclosures of each
of which are incorporated herein by reference. Further diode lasers, and for example,
such lasers having a wavelength of from about 0.9 microns to 2 microns may be
utilized.

[00108] In general, lasers propagate laser beams having coherent light. All of
the lasers described or discussed in this specification propagate laser beams having
coherent light.

[00109] Generally, coherent light is any light having light waves that are in
phase with one another. Coherent light can be distinguished from incoherent light, such
as for example sunlight and light from a household light bulb. Further, coherence is
related to the ability of light to show interference effects. Thus, a light field may be
coherent when there is a fixed phase relationship between the electric field values at

different locations or at different times. Partial coherence means that there is some

28



10

15

20

25

30

WO 2012/096966 PCT/US2012/020789

(although not perfect) correlation between these phase values. A partially coherent
beam or light will nevertheless be considered within the general definition of "coherent”
or "coherent light."

[00110] In general, coherence may also further be characterized as temporal
and spatial coherence. In general, spatial coherence is expressed through the output
being a narrow beam that is diffraction limited. Spatial coherence is characterized by a
strong correlation between the electric fields at different locations across a beam profile.
For example, within a cross-section of a beam from a laser with diffraction-limited beam
quality, the electric fields at different positions oscillate in a totally correlated way, even
if the temporal structure is complicated by a superposition of different frequency
components. In general, temporal (e.g., longitudinal) coherence relates to a polarized
wave at a single frequency whose phase is correlated over a relatively large distance
(the coherence length) along the beam. Temporal coherence is characterized by a
strong correlation between the electric fields at one location but different times. For
example, the output of a single-frequency laser can exhibit a very high temporal
coherence, as the electric field temporally evolves in a highly predictable fashion: it
exhibits a clean sinusoidal oscillation over extended periods of time.

[00111] Unless specifically provided otherwise, the terms coherent, coherent
light, coherent light source and similar terms should be given their broadest possible
meaning and would include all laser beams, and would include a collection of one, two
or a plurality of coherent sources or beams combined together. The terms coherent,
coherent light, and coherent light source expressly exclude the sun, solar energy and
sunlight.

[00112] In Table Il there are provided examples of various photovoltaic
materials and their preferred wavelengths for maximum efficiency (e.g., the highest
conversion rate of laser energy of a particular wavelength into electric energy). It being
understood that other, new, combined, or tailored PV materials, in addition to those set
forth in Table Il for a laser beam having a specific wavelength, for a multimode laser
beam having one, two, three or more wavelengths, or for a range of wavelengths, may

be utilized in addition to the materials provided in Table Il. Here photovoltaic material
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refers to the material that would be used for the base layer of a PV cell, the primary

layer where the laser light would be absorbed and converted to electrical energy.

[00113] Table ll

Photovoltaic Material Band Gap Preferred Laser Preferred Laser
Wavelength Energy

AlxInyGa1.x.yAs 0.50-2.00 eV 400 nm - 2100 nm 0.59-3.10eV

(0=x=0.45, O=sy=1)

SixGe1.x (0sxs1) 0.66-1.11eV 870 nm — 1880 nm 0.66 -1.42eV

AlnyGa. P 1.35-2.40eV 400 nm - 925 nm 1.34-3.10eV

(0=x=0.80, O=y=1)

AlxInyGaxyN 0.65-3.10 eV 400 nm — 1900 nm 0.65-3.10eV

(0=x<0.5, 0.1=sy=1)

InGa1xSb (0<x<0.3) |0.55-0.73 eV 1380 nm — 2100 nm 0.59-0.90 eV

InxGatxNyAs1.y 0.50-1.40eV 870 nm — 2100 nm 0.59-142¢eV

(0=x<0.3, 0<y=0.1)

InxGa1xNyASs1.y..Sb, 0.90-1.40eV 870 nm — 1380 nm 0.90-142eV

(0=x<0.2, 0<y=0.04,

0<z<0.06)

InxGaixAsyP1, (0sx<1, | 0.50 — 2.26 eV 400 nm - 925 nm 1.34-3.10 eV

0<y<1)

[00114]

It should be understood that in addressing laser energy and band

gaps, in general, each type of semiconductor or photovoltaic material has a specific

band gap and a preferred laser energy. In addition to the preferred laser energy, the

semiconductor materials may be used with any laser with having an energy higher than

that material’s band gap (with efficiency decreasing in proportion to the difference

between the laser energy and the semiconductor band gap). Alloys, may also be sued

as photovoltaic materials.

[00115]

In FIG. 13 there is provided a general embodiment of a laser

photovoltaic cell that may be used in a laser PV assembly. The laser PV cell 1300 is
cubic having a length 1307, a width 1308 and a height 1306. Although shown in this
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embodiment as having generally a cube shape, the laser PV cell may be other shapes
and configurations, such as for example cylindrical, cylindrical-oval, and other
volumetric shapes. Generally the length of the laser PV cell may be from about 0.05 cm
to about 40 cm, the width can be from about 0.05 cm to about 40 cm, and the height is
about 0.25 to about 1000 ym (microns). Preferably, the length of the PV cell may be
from about 1 cm to about 10 cm, the width can be from about 1 cm to about 10 cm, and
the height of the active layers, not including the substrate, is about 0.5 to about 10 ym
(microns). More preferably, the width and length are about 4 cm and the height of the
active layers, not including the substrate, is about 4 um. The specific cell dimensions
depend on a number of factors, including the number of PV cells in the PV assembly,
the PV material(s) used and whether or not the substrate is removed during device
preparation.

[00116] The laser PV cell has a front 1301, which is intended to receive or be
struck by the laser energy, e.g., the laser beam, and a back contact 1305. The front
1301 has a grid 1302, a pair of busbars 1303a, 1303b, and anti-reflective coating 1304.
From the front 1301 to the back contact 1305, the cell 1300 may be made up of several
layers of material, 1309, 1310, 1311, 1312, 1313. Electrical wires, contact, or leads, not
show in the drawing, are electrically connected to the pair of busbars 1303a, 1303b and
the back surface 1305. These wires are then used to facilitate the incorporation of the
cell into a PV assembly for providing laser-electric power to an apparatus, such as an
ROV or downhole tool.

[00117] In FIG. 13A there is shown an enlargement of the area shown by
dashed circle 13A in FIG. 13. Thus, turning to FIG. 13A, the grid 1302 has a grid width
1320, a grid height 1321, and a grid-facing surface 1322. Generally, the ratio of the
area of the grid-facing surface to the area of the front 1301 that is not covered by
busbars 1303a, 1303b, provides the relative amount of the front surface (and thus in
general the layers below) that is shielded or shaded from the laser beam, or the grid
shadowing fraction. The smaller this ratio, the greater the number of photons from the
laser beam that will pass through the anti-reflective coating 1304 and into layer 1309.

[00118] Thermal issues, back reflection issues and heat management issues

for the busbars, and for the grid pattern, may be address and managed by the various
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techniques and solutions provided in this specification. For example, laser beam
patterns can be selected to avoid, minimize or manage the striking of the busbars, grids
or both, with the laser energy, e.g., black outs, i.e., locations where there is little or no
laser energy, in the pattern can be created that follow, are identical to, or are
substantially identical to the grid pattern, busbars or both. Thus, for example, optics
such as diffractive or refractive optics, e.g., a Fresnel lens for a concentric grid pattern,
could be used to create a beam distribution to minimize or avoid the laser striking the
grid pattern, the busbars or both. Interference patterns generated in the beam could
used to create a beam distribution to minimize or avoid the laser striking the grid
pattern, the busbars or both. Alone, or in conjunction with beam patterns, providing
additional, tailored, or enhanced heat dissipation may be used. Angles and reflective
surfaces to reflect or redirect the light from the busbar or grid to not absorb the light and
redirect toward an optically active surface may be used alone or in conjunction with the
other means for addressing, back reflections, thermal issues and other issues related to
the laser beam striking the grid, busbars or both.

[00119] Layers 1309, 1310, 1311, 1312, 1313 may be made of the same
material or they may be made from different materials. A laser PV cell may have more
or less layers. Thus, for example the laser PV cell could be a one-layer cell, or it could
be a multilayer cell having, two, three, four, or more layers; and may have tens of
layers, such as for example if the cell is a multi-junction or metamorphic cell. In general
in determining the materials for the layers, and their respective placement relative to the
other layers and the front or front surface, consideration should be given to the laser
wavelength(s), the materials band gap, the materials lattice constant, the doping levels
and the thickness of the layers.

[00120] In general, using a single-junction laser PV cell as an example, layer
1311 is the base and has a material composition and band gap tailored to the laser
energy and it absorbs the majority of the laser light. Layer 1310 is the emitter. The
emitter is a thick, highly doped layer designed to have minimal sheet resistance while
also having a band gap larger than the laser energy, so that it will not absorb a
significant fraction of the laser light. The front most layer or window, layer 1309, has a
band gap larger than layer 1310. Layer 1311 is the back surface field and it has a
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larger band gap than layer 1310. (Layer(s) 1313 may be a buffer layer, contact layers
and/or include the substrate.)

[00121] Laser PV cells may include more than one junction, such as two
junctions or three junctions. Each individual junction is composed of one or more
layers, and connected to the other junctions in series via tunnel diodes or tunnel
junctions. Thus, monolithic multi-junction laser PV cells may include tens of layers
stacked on top of each other. If the laser light contains a single wavelength, then the
base layers of each junction will typically be the same material and same band gap, with
only the thickness varying. The thickness of the base layer will be least for the top
junction and most for the bottom junction, so that the currents produced by each
junction are substantially the same. If the laser light contains more than one
wavelength, then the PV cell will be designed so that the highest energy (lowest
wavelength) laser light will be absorbed by the top junction and the lowest energy
(highest wavelength) laser light will be absorbed by the bottom junction. Thus the base
layer of the top junction will have a higher band gap than the base layer of the bottom
junction.

[00122] Generally, the current that a single multi-junction PV cell produces is
limited to the lowest amount of current that any single junction in the cell creates. Thus,
it may be desirable to configure the junction of the PV cell, the energy, and energy
distribution of the laser beam(s), the wavelength(s) of the beam(s), relative thickness for
the layers, the shape, size and properties of the optically active surface of the PV
assembly, the overall configuration of the laser-PV assembly, and combinations and
variations of these and other factors set forth in this specification and known to those of
skill in the photovoltaic arts, such that each junction produces essentially the same, if
not the same, amount of current. Similarly, such configurations of single multi-junction
PV cells could be applied to other and more complicated multi-junction cells. For,
example, based upon the absorption constant for the material of a layer intended to
absorb a particular wavelength of laser beam and other considerations, a relative
thickness for a layer can be determined to thus, in essence, match the current produced
by that layer with the other layers in the cell. For a cell designed to absorb and convert

multiple laser wavelengths concurrently, the laser power intensities may also be
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adjusted to produce essentially the same amount of current in each junction. As such,
there is contemplated an embodiment of a laser-PV assembly having PV cells in which,
based upon predetermined factors and configurations, provide a predetermined current
per junction, which predetermined current may be slightly different from one PV cell
junction to the other, substantially different from one PV cell junction to the other,
essentially the same from on PV cell junction to the other, the same from one PV cell
junction to the other and combinations and variations of these.

[00123] Again, using the schematic of FIG. 13 for illustrative purposes, in a
metamorphic PV cell, layer 1313 may represent a set of metamorphic buffer layers used
to transition the lattice-constant. Metamorphic buffer layers may also compose other
layers.

[00124] The ability to provide high laser power to the PV assemble (e.g., by
means of a single fiber delivering 5, 10, 20, 30 kW, or more kW, or by providing multiple
fibers each providing 5, 10, 20, 30 or more kW of laser power), the ability to shape,
focus and direct the laser beam, beams or combined beam, to provide predetermined
high energy patterns to a PV assembly and the PV cells in that PV assembly, the ability
to select and match both the laser beam wavelength (or wavelengths for a multimode
laser beam) and intensity (or intensities for a multimode laser beam) and the PV cells
and their materials to enhance efficiency of the cells, provides for laser PV cells and
laser PV assemblies of the present invention that are capable of providing greater, and
substantially greater power than is obtained from conventional solar cells and solar
panels. In particular, the ability to use in a predetermined manner a coherent light
source, and coherent light energy, provides substantial advantages, and obtains results
believed to be unobtainable, with solar or other incoherent light sources. These
advantages include, for example, the ability to operate in harsh, remote and difficult to
access locations, and locations in which there is little or no sun light, and location in
which it would be difficult, if not essentially impossible, to provide sufficient energy by an
incoherent light source to perform intended operations of a system or tool, for example
an ROV. Such locations would include, for example, the interior of a pipeline, a location
under the surface of a body of water, a location on the sea floor, and a location under

the surface of the earth, such as in a borehole or mine. By the specific design of the
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laser PV cells and assemblies, the output current and voltage can be tailored, as well.
For example, using a three-junction PV cell will enhance the voltage and decrease the
current compared to a single-junction PV cell, holding other factors constant.

[00125] In laser PV cells, for example those that may be used to power an
ROV, the currents for a cell may be greater than about 10 amps, greater than about 100
amps, greater than about 1,000 amps, greater than about 3,000 amps, from about 100
amps to about 6,000 amps, from about 1,000 amps to about 5,000 amps, and from
about 2,500 amps to about 3,500 amps.  The specific current per cell will depend on
the design of the PV assembly, including the area of the individual PV cell, the incident
laser intensity, the grid design, the cell efficiency, and the number of junctions in the
solar cell. For example, for a PV assembly consisting of a single PV cell with one
junction, the current may be greater than 1000 amps. For a PV assembly consisting of
100 PV cells that each have two junctions, the current may be 10 — 50 amps. The
current of the PV assembly will depend on the same factors as the current per cell, as
well as the number of PV cells in the assembly and how the cells are connected
together in series and in parallel. To address and handle these high currents the
amount of grid shadowing, or the fraction of the front cell surface that is covered by the
grid on the PV cell, should preferably be substantially larger than for conventional PV
cells. Thus, and again referring to FIGS. 13, 13A for the purposes of illustration, the
total number of grid lines, or members of the grid 1302 could be increased on the front
1301 of the cell 1300, the height 1321 of the grid could be increased, the width 1320 of
the grid could be increased and combinations and variations of these. The grids may
be made from metals having good electrical conductivity, thus, for example they may be
made from aluminum, copper, gold, nickel and/or silver, preferably made primarily from
aluminum, copper, gold, nickel and/or silver and more preferably are primarily
composed of silver. These metals compose the majority of the grid, but other elements
are frequently used at the semiconductor-metal interface to promote adhesion and low
resistance, such as chromium, titanium, nickel, platinum, and germanium. The grid
metals are deposited by evaporation or are electroplated.

[00126] To minimize the resistance of the grid, and thus reduce the amount of

heat loss, (e.g., reduce the loss of electrical energy to heat and the need to manage that

35



10

15

20

25

30

WO 2012/096966 PCT/US2012/020789

heat), the height 1321 of the grid, the width 1320 of the grid, and both can be increased.
Thus, the grid height may be about 4 yum, about 5 ym, about 4-5 um, greater than about
4 um, greater than about 710 ym, greater than about 20 yum and greater. The grid width
may be about 1 ym, about 2 yum, about 5 ym, about 10 yum and greater than about 7
um, greater than about 2 um, greater than about 5 um and greater than about 70 ym.
Thus, for example, a grid may have a grid height in the range of about 5 — 10 ym and
the grid width in the range of about 5 — 10 yum. The configuration, pattern, shading,
height and width of a grid may be the same, substantially the same, difference, or
substantially different, within a PV cell and from one PV cell to the next in a particular
laser-PV assembly, based upon factors, such as, back reflection mitigation and
management, the configuration of the optically active surface of the PV assembly, size
constraints on the PV assembly, and heat management.

[00127] Preferably, the grid height will be maximized with the grid width being
minimized. In this manner for any given grid pattern the greatest cross-sectional area of
a grid member is obtained, while minimizing the total area of the grid facing surface
1322. Minimizing the total area of the grid facing surface 1322, minimizes the amount
of laser energy that is blocked by the grid from entering the cell through the anti-
reflective coating 1304 on the front 1301 of the cell 1300.

[00128] Additionally, the grid may be configured and positioned to minimize
any shadows that may be created by the placement or position of the laser PV cells in
the laser PV assembly, and to enhance the amount of laser energy that enters the cell.
In this manner the optically active surface of the laser-PV assembly may be optimized.
Thus, for example, the facing surface 1322, may be configured to be pointed, curved or
angled. Although the grids are shown to be normal to the facing surface 1322, they
could be placed on different angles, which angles make the grid members essentially
parallel with the rays for the laser beam and thus minimize any shadowing effect that
may occur. For example, in the embodiment of a laser PV assembly of FIG. 3 the rays
of the laser beam 311, will be striking a PV cell at a particular angle, e.g., 315. The
grating for that PV cell can be specifically positioned and matched with this angle, to

minimize any shadow that the grating may form, and to thus maximize the amount of
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laser energy entering the cell. In addition, optics may be used to direct the incident light
away from the grid lines, minimizing or eliminating losses due to grid shadowing.

[00129] Additionally, the placement and configuration of the grating on each PV
cell, as well as the overall grating configuration of the PV assembly that is obtained
when the PV cells are positioned in the PV assembly, may be used to manage and
preferably minimize back reflections, e.g., high power laser energy that reflects back in
the direction of the fiber, optics or both and which can be very detrimental to the laser
delivery system.

[00130] The anti-reflective coating 1304 (again using the schematic of FIG. 13
for illustrative purposes) should be selected to, and capable of handling the laser
wavelengths and powers that are contemplated by the present inventions. The anti-
reflective coatings have reflection losses of less than ten percent, and preferably less
than one percent, in the wavelength range of the incident laser(s). The anti-reflective
coating will have one or more thin film layers with thicknesses chosen to minimize
reflection over the wavelength range of the incident laser(s). The anti-reflective coating
may consist of one or more layers of Al,Os, CeO, INAIP, MgF», Tax0s, TaOy, SiOz, TiO2,
SiN, and ZnS. For example, the coating could consist of 65 nm of ZnS and 125 nm of
MgF.. Nanostructures and surface texturing may also be used to reduce reflection
losses and to change the angle of laser light as it travels through the PV cell, so that
less PV cell material is needed.

[00131] The high power laser and electrical energies that will be present when
using a laser PV cell and a laser PV assembly combined with the inability to convert all
(100%) of the laser's light energy into electrical energy, as well as, the inability to
transmit all of the electrical energy away from the PV cell, will create heat. This heat
may be viewed as waste heat and removed by a cooling system associated with the PV
assembly. The system may be a closed loop system, similar to systems that are used
to cool high power lasers, such as fiber lasers. Preferably, however, for ROV
applications and other applications where the laser system will be at least partially
operating in an environment that provides a large heat sink, such as the ocean and in
particular the deep ocean, the system may be an open loop system that takes in sea

water from outside the ROV flows the sea water over, around, or by the PV assembly to
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cool the assemble, and remove the excess heat by returning it to the sea with the
outflow. The heat could also be captured and used for secondary generation of
electricity, by for example a Sterling Engine or a thermal electric device.

[00132] Many of the PV materials have very narrow temperature ranges in
which they will operate at maximum conversion efficiencies. In general, and by way of
example, a 10 degree C increase in temperature may cause a loss of conversion
efficiency of about 1.5%. Thus, preventing the heating of the PV cells and the PV
assembly may be important to efficient operation.

[00133] The band gap of a material changes with temperature, increasing as
temperature decreases. Thus the optimal material and composition used as the base
layer in laser PV cells depends on the intended operating temperature of the device.
For example, an optimal material for converting a 1080 nm laser at 25°C is
Ino21Gap 70As. However, for the same laser at 85°C, the optimal material is
Ing23Gap 77As and at 5°C it is Ing20GapspAs. Metamorphic growth techniques are helpful
in tuning material composition, and therefore band gap, to be optimized for a given laser
wavelength range at a given operating temperature, because they remove the
constraint of lattice matching to a substrate. In choosing the material composition to
use for laser PV cells, the operating temperature range of the application is taken into

account in order to maximize efficiency.

[00134] In situations where there many be a wide range of environmental
temperatures, such as for example operating at or near the surface of the Gulf of
Mexico and then at depths of 10,000 feet under the surface, the selected band gap
(tuned band gap) and cooling methods (thermal management) may be optimized to
provided the greatest efficiency over the anticipated temperature ranges. The
thickness and materials of the back contact (for illustrative purposes back contact 1305
of the embodiment of FIG. 13) may primarily consist of aluminum, copper, gold, nickel
or silver, and may be alloys of these metals and other elements. As with the top
contact, other elements are frequently used at the semiconductor-metal interface to
promote adhesion and low resistance, such as chromium, titanium, nickel, platinum, and

germanium.
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[00135] Thus, for a given power distribution on a given optically active surface
and a given heat dissipation orientation, a steady state temperature distribution of the
photocells will occur. This temperature distribution can be effected and utilized by
selection of photoactive materials that for the given parameters of the system optimum
PV efficient is achieved and maintained at the steady state distribution.

[00136] The laser and laser systems have the capability to provide multimode
laser beams. Thus, for example, a 20 kW laser beam may have 5 different wavelength,
e.g., 1066, 1068, 1070, 1773, 1075 nm. Further, these different wavelengths in the
multimode beam may have different power levers, e.g., the 1066 may be 4 kW, while
the 1070 beam may be 10 kW. This ability to provide a high power multimode laser
beam to a PV cell and PV assembly in a remote location provides the ability to match,
or tailor the multimode laser beam characteristics (e.g., power, wavelength) and the
construction of a PV cell and assembly (e.g., layer materials, band gap, thickness,
relative placement to other cells, optics used to alter the laser beam). For example, a
multijunction PV cell may have individual junctions tailored to the different wavelengths
of the laser beam to maximize the voltage out of the PV cell. This is especially
important for high efficiency when the wavelengths in the multimode beam are
substantially different from each other. In addition, optics may be used to split a
multimode laser beam and direct the different wavelengths to different PV cells, each
tailored for a specific laser wavelength.

[00137] Pulsed lasers may be used to transmit power while reducing losses
due to heating and cooling system requirements. Further a single mode laser may be
utilized for example in the ROV, TMS, subsea equipment, robot, or tool. In this manner
the single mode laser is placed in optical communication with the high power long
distance umbilical and the laser energy from the umbilical is re-lased by the single mode
laser as a single mode laser beam. The single mode beam may be further utilized n
applications such being directed towards a PV assembly for conversion into electrical
energy, or with a laser cutting tool.

[00138] Turning to FIG 17 there is provided and a spectrum of a high power
laser beam from an IPG YLS 20000 laser operated at a duty cycle of 10% for a 1 kHz
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pulse rate. The high power laser beam was transmitted through the 2 km fiber. The
spectrum for 4,868 Watt power is shown at FIG. 17. The absence of SRS phenomenon
is clearly shown in the spectrum. (As used herein terms such as, “absence of”, "without
any" or "free from" a particular phenomena or effect means that for all practical purpose
the phenomena or effect is not present, and/or not observable by ordinary means used
by one of skill in the art) Further the linear relationship of the launch (input) and output
power confirms the absence of SBS phenomena. Further details regarding this high
power laser beam and spectral may be found in US Patent Application Publication No.
2010/0215326, regarding figure 4 of that application and the associated description, the
entire disclosure of which is incorporated herein by reference.

[00139] Turning to FIG. 18 there is provided a spectrum of a high power laser
beam from an IPG YLS 20000 laser operated to provide a continuous wave. The laser
beam was transmitted through the 2 km fiber. The spectrum for 4 modules at 100%
laser setting is shown at FIG. 18. The absence of SRS phenomenon is clearly shown in
the spectrum. Further the linear relationship of the input and output power confirms the
absence of SBS phenomena. Further details regarding this high power laser beam and
spectral may be found in US Patent Application Publication No. 2010/0215326,
regarding figure 5 of that application and the associated description, the entire

disclosure of which is incorporated herein by reference.
[00140] Turning to FIG. 19 there is provided a spectrum of a high power laser

beam from an IPG YLS 20000 laser operated to provide a continuous wave. The laser
beam was transmitted through a 2 km fiber. The spectrum for 10 modules at 9,300 W
output power, 90% laser setting is shown at FIG. 19. The absence of SRS
phenomenon is clearly shown in the spectrum. Further the linear relationship of the
input and output power confirms the absence of SBS phenomena. Further details
regarding this high power laser beam and spectral may be found in US Patent
Application Publication No. 2010/0215326, regarding figure 6 of that application and the
associated description, the entire disclosure of which is incorporated herein by
reference.

[00141] EXAMPLE 1
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[00142] Turning to FIG. 20 there is shown an embodiment of a laser PV
assembly having 1 single junction PV cell 2000 for use with a laser beam having a
spectrum of the type shown in FIGS. 16-19. The single junction PV cell 2000 has a grid
design 2002 optimized for low resistance, including 4 busbars 2003a, 2003b, 2003c,
2003d. The single junction PV cell 2000 has an antireflective coating 2004. The PV cell
2000 has a window 2010, a highly doped, low resistance emitter 2011, a base with band
gap tailored to the laser energy 2012, a back surface field 2013, buffer layer(s) and/or
substrate 2014 and a back contact 2005.

[00143] EXAMPLE 2

[00144] Turning to FIG. 21 there is shown an embodiment of a laser PV
assembly having 1 triple junction PV cell 2100 for use with a laser beam having a
spectrum of the type shown in FIGS. 16-19. The triple junction PV cell 2100 has a grid
design 2102 optimized for low resistance, including 4 busbars 2103a, 2103b, 2103c,
2103d. The triple junction PV cell 2100 has an anti-reflection coating 2104. The PV
cell has a top junction 2110, a middle junction 2112 and a bottom junction 2114. The
junctions are connected together in series by tunnel junctions 2111 and 2113. Each of
the top 2110, middle 2112 and bottom 2114 junctions has an emitter, base, back
surface field, and may also include a window and buffer layer(s). The base of each
junction is the same material, with a band gap tailored to the laser energy. The
thickness of the base in each junction is chosen such that the current produced by each
junction is approximately the same. Thus, the base is thinnest in the top junction 2110
and thickest for the bottom junction 2114. Current is collected from the busbars 2103a,
2103b, 2103c, 2103d and the back contact 2105.

[00145] EXAMPLE 3

[00146] Turning to FIG. 22 there is shown an embodiment of a laser PV
assembly 2200 having 4 PV cells 2201, 2202, 2203, 2204 connected in series for use
with a laser beam having a spectrum of the type shown in FIGS. 16-19. The 4 PV cells
2201, 2202, 2203, 2204 may all have the same design, which may be similar to those
shown in Examples 1 and 2. The cells are connected in series by wire bonds 2205 or
other interconnections so that the total current out of the PV assembly 2200 is the
lowest of the currents produced by the 4 PV cells 2201, 2202, 2203, 2204, and the
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voltage out of the assembly is approximately the sum of the voltages of the 4 PV cells
2201, 2202, 2203, 2204 when operating at that single current. In this illustration, power
is extracted from the assembly by leads 2206.

[00147] EXAMPLE 4.

[00148] What may be characterized as an inverse laser diode may be used as
a Photo-convert assembly. In the inverse laser diode an absorptive medium is selected
for a for the particular wavelength of the laser, which is excitable for the emission of
electrons. The medium can be a quantum well device, e.g., an energy potential is set
up on a medium, which requires a predetermined energy level to excite an electron, or
ionic particle, out of its place. The width of the active region of the quantum well will
define the wavelength of active absorption.

[00149] Generally, in the operation of high power laser systems the
management or mitigation of back reflections in designing the system may be a factor,
and in some embodiments may be a significant factor. Back reflections may be
managed in several ways, including the selective placement of absorbent and reflective
surfaces in the laser beam launch area, the use of materials and components designed
to handle back reflections (see, e.g., US Patent Application Serial Number 61/493,174,
the entire disclosure of which is incorporated herein by reference.)

[00150] Thus, for example in the embodiment of FIG. 5 the radius of curvature
of the sphere should be such it is larger than the distance from the bottom of the sphere
to launch point of the laser. In this manner any focusing effect of the spherical shape
would focus the back reflections well beyond the laser fiber face and any optics.

[00151] Turning to FIG. 14, there is provided a cross-sectional perspective
view of an embodiment of laser-PV assembly 1401 in the shape of a Wood's Horn,
which may have enhanced back reflection management properties. The PV assembly
has an opening 1402 where the laser beam enters. The inner surface 1406 of the PV
Assembly 1401 has a multiplicity of PV cells, e.g., cell 1403. The inner surface 1406
curves and narrows, (like the interior of a cornucopia) until it reached end 1405.

[00152] Turning to FIG. 15, there is provided a cross-sectional view of an
embodiment of a laser PV assembly 1501. The laser PV assembly 1504 has an inner

surface 1502, which is an optically active surface, and has a length 1504. At the end
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1505, which is the furthest point from the opening 1506 where the laser beam enters,
there is provided a conical inner surface 1503, which may mitigate the effect of back
reflections by minimizing the likelihood that they would travel back up the assembly and
out the opening 1506. The length of the assembly and the angle and size of the cone,
can be adjusted, based upon laser beam properties, to obtain the most efficient
minimization of back reflections. In addition to a cone, other shapes may be employed
at end 1505, or at other points along the length 1504, to prevent or minimize the
likelihood that any back reflections travel back up the assembly 1501 and out opening
1506.

[00153] In FIG. 16. there is provided a cross-sectional view of a PV assembly
1600 having an inner surface 1602 and a tapered conical end section 1603. Based
upon the laser beam properties the shape and depth of the tapered conical end 1603
can be adjusted to obtain the most efficient minimization of back reflections.

[00154] In the following embodiments of sub-sea laser equipment, a single or
multiple laser cutters may be utilized. Thus, if only a single optical fiber is used a
source of stored energy may be employed to perform other mechanical operations,
such as operation of the thrusters, cameras or sensors, so that all of the laser power is
used by the cutter, or at lest available to the cutter during cutting operations. Thus,
batteries could be utilized, a super capacitor, a fly wheel, or other storage device may
be utilized.

[00155] In FIG. 6 there is provided a schematic of an embodiment of a laser
housing and spool, and control assembly for use with a laser-ROV. A laser housing 600
has a high power laser 601 that has a chiller 602 and lines 604 and 605 for circulating
cooling fluids. A high power optical fiber 607 optically connects the laser 601 and a high
power beam switch 606. The beam switch 606 is optically associated with two, or more,
high power laser fibers 609 and 608. High power fiber 609 is optically associated with
an optical slip ring 613 on spool 610 and fiber 608 is available to other uses, such as to
power a high power laser cutting tool associated with an ROV. The spool 610 has a
high power laser tether 614 wound around it in a spiral fashion. The spool has a drive
and control mechanism 611 and supports 612.
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[00156] Further teachings and details of the spool and optical slip ring are
disclosed in US patent application Publication No. 2010/0044106. In addition to a spool
and optical slip ring, a creel may be employed as a means to handle and wind and
unwind a high power laser tether, or other mechanical and opto-mechanical devices
may be used. Examples of such devices are disclosed in US patent application
Publication No. 2010/0044106, and in US patent application serial number 13/210,581,
the entire disclosures of each of which are incorporated herein by reference.

[00157] There is also shown in FIG. 6 and example of an embodiment of a
communication and control network for the operation of a laser-ROV system. Thus,
there is shown a controller 603 that is in data and control communication with the laser
601 and beam switch 606 as represented by dashed line 618. The controller 603 is
also in data and control communication with the spool drive mechanism 611 as
represented by dashed line 617. Data may further be obtained from the ROV, either by
way of the high power laser fiber in tether 614 or by way of a separate data fiber or line
incorporated with into the tether 614. If the data is being returned by way of the high
power fiber in tether 614, that information can be communicated to the controller 603
either by way of dashed line 616, and or 615.

[00158] In FIG. 7 there is provided an embodiment of a laser-ROV system
associated with an offshore drilling rig. Thus, a support vessel 700, which may be a drill
ship, has a laser-ROV system 708 that has a laser housing 701, a high power laser
optical fiber 702 that optically connects the laser (not shown) in the laser housing 701 to
the spool 703. The spool has a high power laser tether 704 wound around it. The
tether 704 could greater than 500 ft, greater than 1000 ft, greater than 5,000 ft and
10,000 ft or greater in length. The support vessel 700 is on the surface 720 of a body of
water 724 having a seafloor 725 or bottom. There is also provided a tether-handling
device 705 for managing the tether with respect to the support vessel and other
structures as it is unwound and wound. A heave compensation device or system may
also be utilized with the laser-ROV system 708 and may, for example, be associated
with the spool 703, the handling device 705, or the deployed tether 704.

[00159] The laser-ROV 706 is powered by the high power laser energy that is
transmitted by the laser tether 704. The laser-ROV has a laser delivery assembly 707
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that has a high power laser tool, for example, a high power laser cutter. In this figure,
the laser-ROV has been deployed by the drill ship during drilling operations and has
proceeded to near the seafloor 725 where a BOP is located. The laser delivery
assembly may be used to cut and/or remove unwanted material from the outside of the
BOP.

[00160] Although not shown in any of the figures, an ROV having a laser cutter
could be used to clean and remove unwanted material from the hull of a floating
offshore platform (FSOP) and its associated subsea equipment and pipes. These
platforms are very large and can remain at sea, on station for extended periods of time.
Further, a submersible robot could be affixed to the hull of the FSOP and this robot
could be fitted with a laser cutter. The robot would than automatically, or as directed,
move about the hull of the ship removing unwanted material therefrom.

[00161] In FIG. 8 there is shown a laser-ROV having a laser tether
management system. Thus, support vessel 800 has a lifting device 808 and a lifting
cable 809 that is affixed by connector 811 to and supporting a tether management
system (TSM) 810. The support vessel 800 also has a spool for delivering electrical
energy to the TMS 810 via electric cable 812. The TSM 810 has a laser-ROV system
801 that has a laser housing 802, a high power fiber 803 optically connecting a high
power laser (not shown) in the laser housing 802 with an optical slip ring 806 on spool
804. Spool 804 has supports 805 that are connected to, or otherwise part of or affixed
to, the frame 813 of the TMS 810. The spool 804 contains high power laser tether 807
that can be unwound as laser powered ROV 821 leaves the TSM 810 by way of
opening 826. In this embodiment the laser powered ROV 821 has a laser cutter tool
822 that is also powered by the laser tether 807. (Although not shown, in this
embodiment the laser tether may have two high power optical fibers or there may a
single optical fiber and a beam splitter, beam switch, or both, in the ROV to direct the
laser energy to power the ROV and the laser cutting tool.)

[00162] In the illustration of FIG. 8 the TSM 810 and ROV 821 have been
deployed by the support vessel on the surface 820 of the body of water 824. The TSM
810 is deployed at or near the seafloor 825, but a substantial horizontal distance away

from the object 823 to be worked upon by the ROV's laser cutter. This distance from
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the TSM to the object could be about 500 ft or greater, about 1000 ft or greater, about
5000 ft or greater or about 10,000 feet or greater. The ROV will then move away from
the TSM and toward the location of the object 823, which could be an underwater mine,
explosive, listening device, or other type of military subsea equipment. Once in position
the laser cutter could be fired disabling the object. However, if the ROV is at or near the
object and it should explode during the disablement procedure the ROV could be
destroyed or damaged. Thus, the laser cutting tool, or a portion of it can be affixed to
the object, the ROV can then back away, while unwinding or otherwise playing out extra
high power optical fiber that remains connected to the laser cutter on the object. In this
way once the ROV is far enough removed from the object the laser can be fired without
risk to the ROV.

[00163] In FIG. 9 there is shown a work vessel having a laser-ROV system on
station with a drilling rig. Support vessel 901 is on the surface 920 of a body of water
924 having a bottom or seafloor 925. The support vessel has a laser-ROV system 905,
as described herein, and has deployed the laser-ROV 910 into the body of water 924.
The laser-ROV is in optical communication, via laser tether 907, with a high power laser
not shown in laser support system 905. The laser ROV has a laser cutting or cleaning
tool 914 and is in the process of cleaning and/or maintaining subsea production
equipment 954, and/or BOP 953, riser 952 and the submerged portions of the hull 950,
and dynamic positioning thrusters 951 of drill ship 902.

[00164] In FIG. 10 there is illustrated another potential use for a laser-ROV. In
this use the laser ROV 1001 having laser tether 1002 is being used to removed
organisms, such as mussels from the interior 1006 and exterior 1004, of a subsea pipe
1005, that extends out into body of water 1024. This pipe 1005 could be for example an
intake pipe for a power plant located along the Great Lakes in the US.

[00165] In FIG. 11 there is illustrated and example of an embodiment of a laser
subsea equipment. Thus, there is provided a large subsea trencher 1110, such as for
example Rotech T8000, which has had high power laser delivery assembly 1108,
having high power laser cutters (not shown) added to it. The laser delivery assembly
1108 is optically connected to a high power laser in the laser housing 1103 of support
vessel 1101 by laser tether 1107. The support vessel 1101 is on the surface 1120 of
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the body of water 1124, having seafloor 1125. The vessel 1101 has a high power laser
system 1102, a high power laser housing 1103, a high power laser fiber 1104 optically
connected to an optical slip ring 1105 wound on a spool 1106. There is also shown a
support cable 1109 for trencher 1110. Other support cables for the trencher may be
needed for its operation, which are not shown in this figure but are known to those of
skill in the art.

[00166] In FIG. 12 there is shown and example of an embodiment of a laser
subsea vehicle. There is shown a laser subsea tractor 1206, such as the SMD 2.4MW
Rock Trencher, having a trenching tool 1207 that has a laser cutter 1208. The laser
cutter is optically connected to the surface and a high power laser (not shown) in laser
housing 1201 by high power optical tether 1205. There is also shown a spool 1203, an
optical slip ring 1204 and a high power optical fiber 1202. The tractor is located on the
seafloor 1225 of the body of water 1224 having a surface 1220 upon which the support
vessel 1200 is positioned.

[00167] Although single laser cutters are shown, more or less may be
employed. Further the positions of the laser cutters or laser cleaners with respect to the
tool and the ROV may be varied.

[00168] The laser housing or room, e.g., 600 of the embodiment of FIG. 6, may
be modular, that is, the room may be a self-contained unit such as a container used for
shipping that has been fitted with electrical, communication and optical fittings. In this
case, it is also preferable that the container has climate control features, e.g., heaters
and air conditioners, built in or otherwise incorporated into the room. The laser room
could be a structure that is integral to the support vessel, or it could be a combination of
modular components and integral components. Any such structure will suffice and any
placement, including on a separate laser vessel, or on shore, can be employed,
provided that the laser equipment and operators are sufficiently protected from the
offshore environmental and operating conditions, and that the laser system is readily
capable of being integrated into, or with, the other systems of the laser-ROV.

[00169] The controller, e.g., 603 of the embodiment of FIG. 6, may be any type
of processor, computer, programmed logic controller (PLC), or similar computer device

having memory and a processor; that may be, or is, used for industrial, marine or
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factory automation and control. In the system the controller preferably should be in data
and control communication with the laser-ROV.

[00170] The laser systems of for use with laser-ROVs, laser-subsea
equipment, laser subsea vehicles, and other types of laser-tools and systems
contemplated by this specification, may utilize a single high power laser, or they may
have two or three high power lasers, or more. High power solid-state lasers, specifically
semiconductor lasers and fiber lasers are preferred, because of their short start up time
and essentially instant-on capabilities. The high power lasers for example may be fiber
lasers or semiconductor lasers having 10kW, 20 kW, 50 kW or more power and, which
emit laser beams with wavelengths preferably in about the 1550 nm (nanometer), or
1083 nm ranges. Examples of lasers, and in particular solid-state lasers, such as fibers
lasers, are set forth in US Patent Application Publication Numbers 2010/0044106,
2010/0044105, 2010/0044104 and 2010/0215326 and in pending US Patent Application
Serial Numbers 12/840,978, 13/210,581 and 61/493,174; the entire disclosures of each
of which are incorporated herein by reference. Further diode lasers, and for example,
such lasers having a wavelength of from about 0.9 microns to 2 microns may be
utilized.

[00171] High powered optical cables, spools of such cables and assemblies of
such cables of the type shown and disclosed in US patent application publications
2010/0044106, 2010/0044103, and 2010/0215326 and in pending US patent application
serial numbers 12/840,978 and 13/210,581 may be used as high power laser tethers,
the entire disclosure of each of which are incorporated herein by reference. Thus, the
laser tether may be: a single high power optical fiber; it may be a single high power
optical fiber that has shielding; it may be a single high power optical fiber that has
multiple layers of shielding; it may have two, three or more high power optical fibers that
are surrounded by a single protective layer, and each fiber may additionally have its
own protective layer; it may contain other conduits such as a conduit to carry materials
to assist a laser cutter, for example oxygen; it may have other optical or metal fiber for
the transmission of data and control information and signals; it may be any of the
combinations set forth in the forgoing patents and combinations thereof. Further, these

combinations may have material added or may themselves have materials selected to
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have a predetermined buoyancy for a particular application, which could be a variable
buoyancy, a negative buoyancy, a positive buoyancy or a neutral buoyancy.

[00172] Table Ill provides a summary of potential operating conditions and
configurations for an embodiment of a system for, utilizing a GaSb laser-PV assembly
and a 1.5 micron diode laser, such as in an ROV.

[00173] Table lll
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869.6 1,000 90% | 40% | 71% | 94% | 98% | 3,688 25% | 14,751 1 48 7.8 130
1,739 2,000 7,376 29,503 1 97 111 | 261
2,609 3,000 11,064 44,254 2 145 13.6 | 391
3,478 4,000 14,751 59,006 2 193 15.7 | 522
4,348 5,000 18,439 73,757 2 242 17.5 | 652
5,217 6,000 22,127 88,508 3 290 19.2 | 783
6,087 7,000 25,815 103,260 | 3 338 | 20.8 | 913

6,957 8,000 29,503 118,011 | 3 386 | 22.2 | 1,043

7,826 9,000 33,191 132,763 | 4 435 | 235 | 1,174

8,696 10,000 36,879 147,514 | 4 483 | 24.8 | 1,304

[00174] The laser cutters and laser cleaners and laser delivery assemblies
used for a laser tool with an ROV, subsea vehicle or subsea equipment, may be any
suitable device for the delivery of high power laser energy. Thus, any configuration of
optical elements for culminating and focusing the laser beam can be employed. A
further consideration, however, is the management of the optical effects of fluids, e.g.,
sea water, mud or other material that may be located within the beam path between
laser cutter and the structure to be cut.

[00175] Such fluids could include, by way of example, water, seawater, salt
water, brine, drilling mud, nitrogen, inert gas, diesel, mist, foam, or hydrocarbons.
There can also likely be present in these drilling fluids borehole cuttings, e.g., debris,
which are being removed from, or created by, the advancement of the borehole or other
downhole operations. There can be present two-phase fluids and three-phase fluids,
which would constitute mixtures of two or three different types of material. These fluids
can interfere with the ability of the laser beam to cut the tubular. Such fluids may not
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transmit, or may only partially transmit, the laser beam, and thus, interfere with, or
reduce the power of, the laser beam when the laser beam is passed through them. If
these fluids are flowing, such flow may further increase their non-transmissiveness.
The non-transmissiveness and partial-transmissiveness of these fluids can result from
several phenomena, including without limitation, absorption, refraction and scattering.
Further, the non-transmissiveness and partial-transmissiveness can be, and likely will
be, dependent upon the wavelength of the laser beam.

[00176] In particular, for those configurations and embodiments where the
laser has a relatively long distance to travel, e.g., greater than about 1" or 2" (although
this distance could be more or less depending upon laser power, wavelength and type
of drilling fluid, as well as, other factors) it is advantageous to minimize the detrimental
effects of such fluids and to substantially ensure, or ensure, that such fluids do not
interfere with the transmission of the laser beam, or that sufficient laser power is used to
overcome any losses that may occur from transmitting the laser beam through such
fluids. To this end, mechanical, pressure and jet type systems may be utilized in
conjunction with the ROV tool and/or as a part of the ROV tool to reduce, minimize or
substantially eliminate the effect of the drilling fluids on the laser beam.

[00177] For example, mechanical devices may be used to isolate the area
where the laser cut is to be performed and the fluid removed from this area of isolation,
by way of example, through the insertion of an inert gas, or an optically transmissive
fluid, such as an oil or diesel fuel. The use of a fluid in this configuration has the added
advantage that it is essentially incompressible. Moreover, a mechanical snorkel like
device, or tube, which is filled with an optically transmissive fluid (gas or liquid) may be
extended between or otherwise placed in the area between the laser cutter and the
structure to be cut. In this manner the laser beam is transmitted through the snorkel or
tube to the structure.

[00178] A jet of high-pressure gas may be used with the laser cutter and laser
beam. The high-pressure gas jet may be used to clear a path, or partial path for the
laser beam. The gas may be inert, or it may be air, oxygen, or other type of gas that
accelerates the laser cutting. The relatively small amount of oxygen needed, and the

rapid rate at which it would be consumed by the burning of the tubular through the laser-
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metal-oxygen interaction, should not present a fire hazard or risk to the drilling rig,
surface equipment, personnel, or subsea components.

[00179] The use of oxygen, air, or the use of very high power laser beams,
e.g., greater than about 1 kW, could create and maintain a plasma bubble or a gas
bubble in the cutting area, which could partially or completely displace the drilling fluid in
the path of the laser beam.

[00180] A high-pressure laser liquid jet, having a single liquid stream, may be
used with the laser cutter and laser beam. The liquid used for the jet should be
transmissive, or at least substantially transmissive, to the laser beam. In this type of jet
laser beam combination the laser beam may be coaxial with the jet. This configuration,
however, has the disadvantage and problem that the fluid jet does not act as a wave-
guide. A further disadvantage and problem with this single jet configuration is that the
jet must provide both the force to keep the drilling fluid away from the laser beam and
be the medium for transmitting the beam.

[00181] A compound fluid laser jet may be used as a laser cutter. The
compound fluid jet has an inner core jet that is surrounded by annular outer jets. . The
laser beam is directed by optics into the core jet and transmitted by the core jet, which
functions as a waveguide. A single annular jet can surround the core, or a plurality of
nested annular jets can be employed. As such, the compound fluid jet has a core jet.
This core jet is surrounded by a first annular jet. This first annular jet can also be
surrounded by a second annular jet; and the second annular jet can be surrounded by a
third annular jet, which can be surrounded by additional annular jets. The outer annular
jets function to protect the inner core jet from the drill fluid present in the annulus
between the laser cutter and the structure to be cut. The core jet and the first annular
jet should be made from fluids that have different indices of refraction. In the situation
where the compound jet has only a core and an annular jet surrounding the core the
index of refraction of the fluid making up the core should be greater than the index of
refraction of the fluid making up the annular jet. In this way, the difference in indices of
refraction enable the core of the compound fluid jet to function as a waveguide, keeping
the laser beam contained within the core jet and transmitting the laser beam in the core
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jet. Further, in this configuration the laser beam does not appreciably, if at all, leave the
core jet and enter the annular jet.

[00182] The pressure and the speed of the various jets that make up the
compound fluid jet can vary depending upon the applications and use environment.
Thus, by way of example the pressure can range from about 3000 psi, to about 4000 psi
to about 30,000 psi, to preferably about 70,000 psi, to greater pressures. The core jet
and the annular jet(s) may be the same pressure, or different pressures, the core jet
may be higher pressure or the annular jets may be higher pressure. Preferably the core
jet is higher pressure than the annular jet. By way of example, in a multi-jet
configuration the core jet could be 70,000 psi, the second annular jet (which is
positioned adjacent the core and the third annular jet) could be 60,000 psi and the third
(outer, which is positioned adjacent the second annular jet and is in contact with the
work environment medium) annular jet could be 50,000 psi. The speed of the jets can
be the same or different. Thus, the speed of the core can be greater than the speed of
the annular jet, the speed of the annular jet can be greater than the speed of the core jet
and the speeds of multiple annular jets can be different or the same. The speeds of the
core jet and the annular jet can be selected, such that the core jet does contact the
drilling fluid, or such contact is minimized. The speeds of the jet can range from
relatively slow to very fast and preferably range from about 1 ms (meters/second) to
about 50 m/s, to about 200 m/s, to about 300 m/s and greater The order in which the
jets are first formed can be the core jet first, followed by the annular rings, the annular
ring jet first followed by the core, or the core jet and the annular ring being formed
simultaneously. To minimize, or eliminate, the interaction of the core with the drilling
fluid, the annular jet is created first followed by the core jet.

[00183] In selecting the fluids for forming the jets and in determining the
amount of the difference in the indices of refraction for the fluids the wavelength of the
laser beam and the power of the laser beam are factors that should be considered.
Thus, for example for a high power laser beam having a wavelength in the 1080 nm
(nanometer) range the core jet can be made from an oil having an index of refraction of
about 1.53 and the annular jet can be made from a mixture of oil and water having an

index of refraction from about 1.33 to about 1.525. Thus, the core jet for this
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configuration would have an NA (numerical aperture) from about 0.95 to about 0.12,
respectively. Further details, descriptions, and examples of such compound fluid laser
jets are contained in US Patent Application, Serial No. 61/378,910 and in Serial No.
13/222,931 (which claims the benefit of priority of Serial No. 61/378,910), the entire
disclosures of each of which are incorporated herein by reference.

[00184] The angle at which the laser beam contacts the structure to be cut may
be determined by the optics within the laser cutter or it may be determined by the angle
or positioning of the laser cutter itself. The laser cutters have a discharge end from
which the laser beam is propagated. The laser cutters also have a beam path. The
beam path is defined by the path that the laser beam is intended to take, and extends
from the discharge end of the laser cutter to the material or area to be cut, e.g., the
target area.

[00185] The laser tethers for the laser cutters provide the laser energy and
other materials that are needed to perform the cutting operation. Although shown as a
single cable multiple cables could be used. Thus, for example, in the case of a laser
cutter employing a compound fluid laser jet the tether could include a high power optical
fiber, a first line for the core jet fluid and a second line for the annular jet fluid. These
lines could be combined into a single cable or they may be kept separate. Additionally,
for example, if a laser cutter employing an oxygen jet is utilized, the cutter would need a
high power optical fiber and an oxygen line. These lines could be combined into a single
tether or they may be kept separate as multiple tethers. The lines and optical fibers
should be covered in flexible protective coverings or outer sheaths to protect them from
fluids, the subsea environment, and the movement of the laser cutters, while at the
same time remaining flexible enough to accommodate the orbital movement of the laser
cutters.

[00186] It is preferable that any feed-through assemblies in the subsea
equipment for a high power laser fiber, the conduits, the support cables, the laser
cutters and other subsea components associated with the operation of the laser
systems and/or cutters and/or cleaners, should be constructed to meet the pressure
requirements for the intended use. If some components do not meet the pressure

requirements for a particular use, or if redundant protection is desired, such
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components may be contained in or enclosed by a structure that does meet the
requirements. For deep and ultra-deep water uses the subsea laser system, cutter,
and/or cleaner, components should preferably be capable of operating under pressures
of 2,000 psi, 4,500 psi, 5,000 psi or greater. The materials, fittings, assemblies, useful
to meet these pressure requirements are known to those of ordinary skill in the offshore
drilling arts, related sub-sea ROV art, and in the high power laser art.

[00187] The laser cutter and/or cleaning tools of the present invention may be
used with a laser powered ROV or they may be used with a convention ROV or other
conventional subsea equipment, or with a land based system or a robotic device or
system.

[00188] Further, the laser cutting and/or cleaning tools may be used as a
stand-alone subsea tool, down hole tool, mining tool, cleaning tool or other tool for other
or multiple applications. In one such embodiment the laser tool would be lowered from
the surface by a hoisting device to the object or structure to be worked upon, e.g., cut,
cleaned, bored, etc. The laser tool could then be operated by a diver, remotely
operated, or operated by an ROV. For example, the stand-alone laser tool could be a
cutting tool that is for example lowered to a damaged section of pipeline on the seafloor.
The tool could further have cameras to assist in selecting the cutting location. The tool
could be positioned from the surface at the point were the cut is too occur and then the
laser cutter fired to cut the pipe. Additionally, a fixation device may be employed with
the stand-alone tool, such as a grasping hook, magnetic attachment or similar means to
hold the tool next to or from moving away from the work piece.

[00189] This type of stand-alone laser tool, may be a single laser cutter or laser
delivery assembly, it may have multiple cutters, or it may have a ring like arrangement
of multiple cutters in which the ring is attached around the structure or object to be cut,
the laser cutters are fired, propagating their laser beams at the object to be cut, and the
cutters and their respective beams are then rotated around the object to be cut. Thus,
the configuration could be seen as the laser beams forming a pattern like the spokes of
a wheel with the object to be cut located in the center of the wheel. Additionally, the

cutters could have parallel beam paths and thus either the cutters could be moved
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across the object to be cut or the object itself could be moved through the parallel beam
paths.

[00190] The laser cutters, either with an ROV or stand-alone may also have
applications in various salvage operations. Thus, these laser tools could be used to cut
open the hulls of sunken vessel to obtain access to their contents and done so in a
much safer, less destructive and more controlled manner than using explosives.
Further these laser tools could be used to cut and remove off shore structures that are
required to be removed for environmental, aesthetic safety or any other reason. The
laser tools provide safer, more controlled and more precise cutting than explosives and
may be used for essentially any prior subsea cutting applications where explosives or
shaped charges were or could be employed.

[00191] The high power cables and laser photovoltaic assemblies may further
be used to power subsea structures or equipment such as a BOP.

[00192] Additionally, the subsea laser tool could be used to deliver a high
power laser beam to a hydrate formation. Thus, the subsea laser tools and subsea
laser devices can be used to manage, control, remove or otherwise eliminate hydrate
formations on subsea structures and equipment.

[00193] Although many of the examples and discussion in this specification are
directed towards ROVs and ROV mounted sub-sea laser cutters, it should be
understood that these embodiments are illustrative of the present inventions. It being
understood understood that the scope and application of the present inventions are not
limited to ROVs, and are not limited to sub-sea applications. Thus, the present
inventions may find applicability in, and the scope of protection would extend to, other
laser tools, devices and applications, such as: robots; hydrocarbon and geothermal
exploration, production and abandonment tools and activities, such as, drilling,
workover, completion, decommissioning, plugging, flow control and abandonment;
pipeline activities and related tools, such as, maintenance, testing repair, construction,
removal and cleaning; military tools and applications; tools and applications relating to
nuclear facilities and remediation; tools and applications relating to hazardous
environments and remediation and other high power laser applications and uses that

may be presently known or developed in the future.
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[00194] The invention may be embodied in other forms than those specifically
disclosed herein without departing from its spirit or essential characteristics. The
described embodiments are to be considered in all respects only as illustrative and not

restrictive.
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What is claimed:

1. A high power laser photovoltaic assembly comprising:

a.

b.

C.

a photovoltaic assembly comprising a plurality of photovoltaic cells;

a means to provide a predetermined high power laser beam
distribution profile to the photovoltaic cells; and,

the photovoltaic cells configured in a shape based at least in part
upon the predetermined laser beam profile.

2. The high power laser photovoltaic assembly of claim 1, wherein the

photovoltaic cells comprises a material selected from the group consisting of:

a.

b.

g.

AlInyGax.yAs, wherein 0=x<0.45 and O<y=1,
SixGe1x , wherein 0<x<1,

AlInyGa1xyP , wherein 0=x<0.80 and Osy=1,
AlyIn,Gas.,N , wherein 0<x<0.5 and 0.1<y<1,
InxGa1xSb , wherein 0=x<0.3,

InxGa1xNyAs1.y , wherein 0=x<0.3 and 0<y=<0.1, and

InxGa1xAsyP1.y , wherein 0<x<1 and O<y<1.

3. The high power laser photovoltaic assembly of claim 1, wherein the

photovoltaic cells comprises an alloy of one or more elements selected from

the group consisting of Al, In, Ga, Si, Sb, N, and As.

4. The high power laser photovoltaic assembly of claim 1, wherein the means to

provide a predetermined high power laser beam distribution profile to the

photovoltaic cells comprises a collimating lens.

5. The high power laser photovoltaic assembly of claim 1, wherein the means to

provide a predetermined high power laser beam distribution profile to the

photovoltaic cells comprises an optical fiber face.

6. The laser photovoltaic assembly of claim 1, comprising:
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a. a photovoltaic cell cooling device; and,
b. a back reflection management means.
7. A high power laser photovoltaic assembly comprising:
a. alaser beam delivery means;
b. a photovoltaic assembly comprising a housing;

c. the housing having an opening for receiving the laser beam, the
housing defining an optically active surface, the optically active
surface comprising a plurality of photovoltaic cells; and,

d. a cooling device.

8. The high power laser photovoltaic assembly of claim 7, wherein the laser
beam delivery means comprises an optical fiber face.

9. The high power laser photovoltaic assembly of claim 7, wherein the laser
photovoltaic cells comprise a material paired to a predetermined laser beam
wavelength range.

10.The high power laser photovoltaic assembly of claim 9, wherein a distribution
of the wavelengths in the laser beam wavelength range is no greater than
about 10 nm.

11.The high power laser photovoltaic assembly of claim 9, wherein the laser
beam wavelength range is from about 1060 nm to about 1080 nm.

12.The high power laser photovoltaic assembly of claim 9, wherein the laser
beam wavelength range is from about 1530 nm to about 1600 nm.

13.The high power laser photovoltaic assembly of claim 7, wherein the laser
photovoltaic cells comprise a multilayer structure configured to receive a
predetermined laser beam wavelength range.

14.The high power laser photovoltaic assembly of claim 13, wherein a
distribution of the wavelengths in the laser beam wavelength range is no
greater than about 10 nm.

15.The high power laser photovoltaic assembly of claim 13, wherein the laser
beam wavelength range is from about 1060 nm to about 1080 nm.
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16.The high power laser photovoltaic assembly of claim 13, wherein the laser
beam wavelength range is from about 1530 nm to about 1600 nm.

17.The high power laser photovoltaic assembly of claim 7, comprising a means
for managing back reflections.

18.The high power laser photovoltaic assembly of claim 7, wherein the optically
active surface defines a disc.

19.The high power laser photovoltaic assembly of claim 7, wherein the inner
optically active surface defines a portion of a sphere.

20.The high power laser photovoltaic assembly of claim 7, wherein the inner
optically active surface defines a woods horn.

21.The high power laser photovoltaic assembly of claim 7, wherein the inner
optically active surface defines a cylinder having an open end and closed

end.
22.A high power laser photovoltaic cell comprising:

a. a front for receiving a high power laser beam having a predetermined

wavelength;
b. aback; and,

c. alayer between the front and back, comprising a photovoltaic material
having a band gap tuned to a predetermined operating temperature
and the predetermined laser wavelength.

23.The high power laser photovoltaic cell of claim 22, wherein the predetermined
laser wavelength is from about 1000 nm to about 1600 nm and the

predetermined operating temperature is greater than about 100 degrees C.
24_A high power laser photovoltaic cell comprising:

a. a front for receiving a high power laser beam having at least about 10
kW of power and having a predetermined wavelength;

b. aback;

c. alayer between the front and back, comprising a photovoltaic material
having a band gap tuned to the predetermined laser wavelength; and,
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d. the front comprising a busbar, an antireflective coating capable of
handling the at least about 10 kW of power at the predetermined

wavelength, and a grid.

25.The high power laser photovoltaic cell of claim 24, wherein the grid is
characterized by a grid height, a grid facing surface, and a grid width; and,
wherein the grid height is from about 5 ym to about 10 ym and the grid with is
about 5 um to about 10 ym.

26. The high power laser photovoltaic cell of claim 24, wherein the grid is
characterized by a grid height, a grid facing surface, and a grid width; and,

wherein the grid height is greater than about 10 ym.

27.The high power laser photovoltaic cell of claim 24, wherein the grid is
characterized by a grid height, a grid facing surface, and a grid width; and,
wherein the grid height is greater than about 20 ym.

28.The high power laser photovoltaic cell of claim 24, comprising a second a
layer between the front and back, comprising a photovoltaic material having a
band gap tuned to the predetermined laser wavelength.

29.The high power laser photovoltaic cell of claim 24, comprising a plurality of
layers between the front and back, comprising a photovoltaic material having
a band gap tuned to the predetermined laser wavelength.

30.A high power laser photovoltaic cell comprising:

a. a front for receiving a high power laser beam having a predetermined

wavelength;
b. aback;

c. a plurality of layers between the front and back, the layers configured
for the predetermined laser wavelength, to convert at least about 25%

of the received laser beam into electricity; and,

d. the front comprising a grid.
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31.The high power photovoltaic cell of claim 28, wherein the grid is configured to
minimize the grid shadowing fraction, the formation of back reflections, and

resistivity.

32.The high power photovoltaic cell of claim 28, comprising an optics means to
5 minimize the grid shadowing fraction and the formation of back reflections.

33. The high power photovoltaic cell of claim 28, comprising an optics means to
minimize the grid shadowing fraction.

34.A method of remotely converting power laser energy for use in a device, the
method comprising:

10 a. propagating a high power laser beam;

b. transmitting the high power laser beam through the high power laser

fiber to the device without substantial loss of power;

c. directing the high power laser beam from the high power laser fiber

into a laser photovoltaic assembly;

15 d. converting at least a portion of the laser beam into electrical energy;
and,

e. utilizing the electrical energy to power an operation of the device.

20
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