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A mount for an optical element such as i a laser, optical
amplifier, or other optical system, 1s disclosed. The mount 1s
a mounting vane (100) for cooling the optical element (125)
by a fluid stream. The optical element may be a gain medium
generating heat. The mounting vane comprises: an mput sec-
tion with a leading edge (110) for meeting the fluid stream; a
diffuser section (130) which tapers to a trailing edge (135);
and a plane section (120) with an aperture for receiving the
optical element (125) for cooling by the fluid stream, the
plane section arranged between the input section and difluser
section, wherein the diffuser section (130) includes one or
more ﬂow guiding fins (140) protruding from the diffuser
section. The mounting vane may be stacked with a plurality of
other mounting vanes in a manifold. The shape of the vane
plate results 1 a turbulent fluid flow 1mproving the heat
exchange between a laser disc heated by optical pumping and
a cryogenic He gas used for cooling.
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MOUNTING VANE FOR OPTICAL ELEMENT
OF A LASER

TECHNICAL FIELD

The present mvention relates to a mount for an optical
clement such as 1n a laser, optical amplifier, and other types of
optical systems. In embodiments the mount 1s configured for
cooling of the optical element 1n a gas or liquid stream. The
optical element may be an element that becomes heated 1n
operation such as an optical gain medium. The present mnven-
tion also provides an optical assembly comprising a plurality
of vane mounted optical elements.

BACKGROUND ART

Lasers with a high output power are required for a number
of applications, such as materials processing, particle accel-
eration, military applications, and laser induced fusion for
energy production. Lasers for these applications are required
to provide high energy, high repetition rate pulses. One of the
challenges associated with obtaining stable and reliable pulse
generation 1s managing the heat generated 1n optical elements
of the laser. Heating may occur 1n a variety of components
such as optical gain media, Pockels cells, Faraday 1solators,
frequency conversion stages where some optical absorption
occurs and many other components 1n which absorbed energy
1s converted to heat. Conventional lasers producing high-
energy pulses use rods with water cooling or slabs without
active cooling as a gain medium. The pulse energy and/or the
pulse repetition rate provided by such lasers 1s not high
enough for laser induced fusion and other applications, such
as laser-driven particle accelerators.

Thermal management 1n optical gain media arranged as
slabs has been investigated under a US Department of Energy
contract, the results of which have been published as “Ther-
mal Management in Inertial Fusion Energy Slab Amplifiers™,
Sutton and Albrecht, Lawrence Livermore National L.abora-
tory, 1°° International Conference on Lasers for Inertial Con-
finement Fusion, Monterey, Canada, May 30-Jun. 2 1995 and
as Sutton, S. B. & Albrecht, G. F. (1995), “Thermal manage-
ment 1n 1nertial fusion energy slab amplifiers™, Proceedings
of SPIE 2633, 272-281. These papers describe the use of
gas-cooling of large aperture slabs where the beam propa-
gates through the cooling medium. The consequences of poor
thermal management are thermally induced aberrations and
thermally induced birefringence, both leading to a degrada-
tion of the quality of the transmitted beam. Thermally
induced deformation or expansion of the gain material can
cause beam steering. In the extreme case, the thermally
induced stresses can lead to cracking of the gain medium. The
arrangement described by Sutton and Albrecht uses an end-
pumped configuration with the slabs of gain medium oriented
normal to the pump laser beam. The pump laser beam was
provided from semiconductor laser diodes. The end-pumped
arrangement used gain media segmented 1nto a series of thin
slabs with cooling channels there between. A gas 1s pumped at
high velocity through the channels to remove heat from the
slabs. As mentioned above, the pump laser beam and emitted
beam pass through the cooling medium. Turbulent flow and
spatial variations in the cooling rate were previously consid-
ered to be major barriers to achieving good beam quality.
Turbulent tlow was considered to introduce non-uniform
scattering losses, whereas spatial variation in cooling rate was
considered likely to result 1n unacceptably large variations 1n
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2

optical path length in the system. The paper describes that the
use of helium as a cooling medium can overcome these prob-

lems.

A later project, known as the Mercury Laser, 1s described 1n
“Activation of the Mercury Laser: A diode-pumped solid-
state laser driver for inertial fusion”, Bayramian et al.,
Advanced Solid-State Lasers 2001 Topical Meeting and
Tabletop Exhibit, Seattle, Wash., Jan. 29-31, 2001. The
project 1s also described 1n A. Bayramian et al. (2007), “The
mercury project: A high average power, gas-cooled laser for
inertial fusion energy development”, Fusion Science and
Technology 52(3), 383-38"/. The project goal was to design a
laser capable of producing 100J pulses having a pulse length
of 2-10ns and arepetition rate of 10 Hz. FIG. 1 1s a schematic
diagram showing the system for cooling the slabs of gain
medium. The cooling system 5 comprises a heat exchanger
10, channels for routing the gas stream 30, a circulating fan
20, and laser amplifier 50 which includes vane mounts 60.
The heat exchanger 10 cools the gas after 1t has passed by the
gain media. The circulating fan 20 pumps the gas around the
system towards the laser amplifier. The laser amplifier 20
includes slabs of gain medium 62 mounted 1n acrodynamic
vanes 60. F1G. 2 shows the vanes 60 mounted 1n the amplifier.
The vanes 60 are stacked such that the slabs of gain material
lie adjacent to each other and coincident with windows 82 1n
the amplifier manifold. Around the edge of each slab 1s edge
cladding 84 to locate and support the slabs 1n the vanes.

Small gaps 86 between the vanes, and between the vanes
and the manifold, provide channels through which the cool-
ing gas tlows. Gas 1s pumped through the amplifier manifold.
The gas first approaches the nozzle section 70 which condi-
tions the gas stream by narrowing the cross section within the
manifold to match the stack of vanes. The gas next passes
through straight section 80 which has channels or gaps
between the vanes 60, cooling the slabs. After the channel
section 80 the vanes narrow in the diffuser section 90 and the
gas merges back together.

The optical gain medium 1s pumped by a beam arranged
normal to the plane of the slabs. The output beam generated 1s
also normal to the slabs. The narrow channels between the
vanes and the curved leading edge accelerate the gas to pro-
duce turbulent flow between the slabs. Turbulent flow pro-
vides better cooling than laminar flow. The diffuser section 90
decelerates the gas and the flows merge back together at the
trailing edge of the vanes. The diffuser section 90 tapers 1n a
series ol steps. The pressure drop across the channels was
found to be small enough to prevent the formation of wake
disturbances. The measured waveiront output from the
amplifier includes a wavelront distortion due to heating of the
gas as 1t traverses the amplifier. The gas used 1n the cooling
system was helium at a gas pressure of 4 bar within the
channels of the straight section. The gas velocity within the
channels 1s Mach 0.1 and the mass flow rate 1s ~1 g/sec. The
gas operates at around room temperature.

Operating the cooling system at lower temperatures and
higher pressures than those used 1n Mercury brings about
certain benefits.

SUMMARY OF THE INVENTION

The present invention provides a mounting vane for an
optical element of a laser, optical amplifier or other optical
system, the mounting vane for cooling by a fluid stream, the
mounting vane comprising: an mput section with a leading
edge for meeting the fluid stream, that 1s the leading edge 1s
the first part of the mounting vane to be subjected to the tluid
stream; a diffuser section which tapers to a trailing edge, the
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trailing edge being the last part of the mounting vane to be
subjected to the fluid stream; and a plane section with an
aperture for recerving the optical element for cooling by the
fluid stream, the plane section arranged between the input
section and diffuser section, wherein the diffuser section
includes one or more flow guiding fins protruding from the
diffuser section. The tlow guiding fins are preferably straight
to keep the fluid stream flowing straight aiter passing over the
diffuser section. The fins reduce flow recirculation down-
stream of the diffuser. Reduced tlow recirculation reduces the
occurrence of flow instabilities and thereby reduces vibration
from 1induced by unstable tlow.

The fluid 1s preferably a gas, but may be a liquad.

The fins may have a length equal to the length of the
diffuser section. The fins may be parallel. A plurality of fins
may be distributed across the vane 1n a direction transverse to
the flow direction of the stream.

The plurality of fins are preferably equally spaced across
the vane.

The optical element may be a heat generating element,
such as optical gain medium. The optical gain medium may
comprise Yb: YAG, Nd:YAG, or other solid state laser mate-
rial that lends 1tself to optical pumping.

The aperture for receiving the optical element may be
rectangular or square and a diagonal of the rectangle or square
may be arranged parallel to the direction of the stream. The
diagonal arrangement prevents one edge of the square or
rectangle from becoming significantly hotter than the others.

Alternatively the aperture for receiving the optical element
may be circular or elliptical.

The leading edge may have a curved cross-section such
that when the vane 1s mounted 1n the stream the stream flow 1s
accelerated. By accelerating the flow into a small gap
between adjacent vanes, the flow between vanes 1s turbulent.
This provides better cooling than laminar tlow. The cross-
sectional curve may be elliptical and may be elliptical along
substantially all or part of 1ts length. The curved cross-section
may be continuously curved around the leading edge, for
example such that the surfaces of the vane are linked by a
continuous curve.

The taper of the diffuser section may include surfaces
which elliptically curve to zero thickness.

The present invention also provides an optical assembly
comprising: a plurality of the mounting vanes as set out
above; a manifold having an input and an output for the fluid
stream to tlow through and a pair of windows for transmitting
an 1cident light beam to the optical elements, wherein the
mounting vanes are stacked 1n the mamifold and the optical
clement of each mounting vane aligns with the windows of
the manifold.

The mounting vanes are preferably stacked such that the
one or more {ins of a first mounting vane are aligned with the
one or more fins of a second mounting vane so that the fins
divide the stream transversely to the plane of the mounting
vane and form a plurality of channels for the stream to flow
through. The fins of one mounting vane may abut, or meet end
on, the fins of another vane.

The channels may be substantially rectangular and formed
by the mounting vanes and aligned fins.

The optical assembly may further comprise an iput flow
conditioner internally shaped to convert a fluid stream of
circular cross-section to a fluid stream of rectangular cross-
section, and/or an output flow conditioner imternally shaped
to convert a gas stream of rectangular cross-section to a gas
stream of circular cross-section. The internal shaping may
comprise a surface that tapers from a circular cross-section to
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a rectangular cross-section. For example, the curvature of
parts of the circular surface may increase to form the corners

of the rectangle.

The mounting vanes are preferably spaced 1n the stack such
that the fluid stream flows turbulently through the space
between the mounting vanes.

The present mvention provides a laser comprising the
mounting vane set out above or the optical assembly set out
above and wherein the optical element 1s an optical gain
medium.

The present invention provides an optical amplifier com-
prising the mounting vane set out above or the optical assem-
bly set out above and wherein the optical element 1s an optical
gain medium.

The laser or optical amplifier 1s preferably arranged such
that a pump beam 1s incident on the optical gain medium. The
pump beam and/or output beam may propagate through the
cooling fluid stream.

The present mvention provides an optical assembly com-
prising one or more mounting vanes and a manifold, each
mounting vane for mounting an optical element of a laser or
optical amplifier for cooling by a fluid stream, each mounting
vane comprising: an mput section with a leading edge for
meeting the fluid stream; a diffuser section which tapers to a
trailing edge; and a plane section with an aperture for receiv-
ing the optical element for cooling by the fluid stream, the
plane section arranged between the input section and difluser
section, and the manifold having an input and an output for
the flmd stream to flow through and a pair of windows for
transmitting an incident light beam to the optical element, the
one or more mounting vanes for mounting in the mamiold
such that the optical element of each mounting vane aligns
with the windows of the manifold, wherein the manifold
comprises one or more flow guiding fins protruding towards
the diffuser section of the mounting vane.

The present invention further provides a mounting vane for
an optical element of a laser or optical amplifier, the mounting
vane for cooling by a fluid stream, the mounting vane com-
prising: an mput section with a leading edge for meeting the
fluid stream; a diffuser section which tapers to a trailing edge;
and a plane section with an aperture for receiving the optical
clement for cooling by the fluid stream, the plane section
arranged between the input section and diffuser section,

wherein the input section has an elliptically curved cross-
section such that when the vane 1s mounted 1n the stream the
stream tlow 1s accelerated.

The present invention further provides a mounting vane for
an optical element of a laser or optical amplifier, the mounting
vane for cooling by a fluid stream, the mounting vane com-
prising: an mnput section with a leading edge for meeting the
fluid stream; a diffuser section which tapers to a trailing edge;
and a plane section with an aperture for receiving the optical
clement for cooling by the fluid stream, the plane section
arranged between the iput section and diffuser section,
wherein the diffuser section has an elliptically curved cross-
section such that when the vane 1s mounted 1n the stream the
stream flow 1s decelerated.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present invention, along with aspects
of the prior art, will now be described with reference to the
accompanying drawings, ol which:

FIG. 1 1s a schematic diagram of the cooling system of the
prior art for cooling optical elements;

FIG. 2 1s an 1llustration of a cross section through the gas
cooled amplifier according to the prior art;
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FIG. 3a shows 1n perspective view the detail of a mounting,
vane according to the present invention, FIG. 3b shows a
cross-section through the vane when viewed form the side,
and FIG. 3¢ 1illustrates the angle of the trailing edge of the
vane;

FI1G. 4 1s a perspective view of the mounting vane including,
the diffuser section;

FIG. 5a 1s a perspective view of four vanes stacked
together, and FIG. 35 shows the components making up the
manifold assembly;

FIGS. 6a and 65 are view of an assembled manifold;

FIG. 7 1s cut-away view of a flow conditioner;

FIG. 8a 1s a cut-away view of an assembly, FIG. 86 15 an
1sometric cross-sectional view through the assembly;

FIG. 9 1s a schematic diagram of the cooling system of the
present invention;

FIGS. 10a-10d show modelled velocity streamline and
contours of a vane without fins and with seven fins;

FIGS. 11a and 115 shows modelled pressure contours of a
vane without fins and with seven fins; and

FIG. 12 shows a square-shaped slab of gain medium ori-
ented diagonal to the coolant tlow direction.

DETAILED DESCRIPTION

FIG. 3 shows the mounting vane 100 according to the
present invention. FIG. 3a shows a perspective view of the
mounting vane. FIG. 35 1s a side view of the mounting vane.

The mounting vane 100 includes an input section 105
which when mounted 1n an amplifier mamifold receives the
cooling gas first. The middle part of the vane 1s where the
optical element 125 or slab 1s mounted and 1s a straight
section 120. The last part of the vane 100 to receive the
cooling gas 1s the diffuser section 130.

The 1nput section comprises a leading edge 110 with an
clliptical cross-section as shown 1n FIG. 3b. The shape is
designed to minimize pressure drop in the system by a gently
decreasing curvature (increasing radius of curvature). The
clliptical cross-section 1s preferably defined by an ellipse
having a ratio of major:minor axes of 4:1. For a vane having,
a straight section 120 thickness of S mm, the minor axis has a
length of 2.5 mm and the major axis has a length of 10 mm.
Other sizes of ellipse may be used. The iput section 105 may
take other elliptical shapes and shapes other than an ellipse.

The straight channel section 120 1s sized to be large enough
to hold the optical element 125, which may be an optical gain
medium, Pockels cell, Faraday 1solator, {frequency conversion
stage where there 1s some optical absorption and heat 1s
generated, and other optical devices such as those which may
generate heat. As shown 1n FIG. 3a the optical element 1235
may be circular and 1s therefore mounted 1n a circular aperture
in the vane. Alternatively, the optical element may be other
shapes such as square or rectangular. Rectangular 1s com-
monly the case for high power lasers where the pump source
comprises a plurality of diode lasers arranged 1n one or more
arrays. In such cases the optical slabs tend to have a large
aperture to avoid the risk of optical damage due to excessive
optical energy density. For a square or rectangular optical
clement the aperture 1n the vane 100 should be arranged such
that the diagonal of the rectangle or square 1s parallel to the
direction of tlow of the cooling gas, as shown 1n FIG. 12. By
arranging the optical element on the diagonal compared to
parallel to the gas flow direction avoids the corners and edge
from becoming hotter than the rest of the optical element. If
arranged parallel the edge that 1s subjected to the cooling gas
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Between the edge of the optical element and the vane may
be a cladding to support the optical element. For square opti-
cal elements with an absorptive edge cladding the diagonal
alignment of the element provides improved heat removal
from the cladding compared to an arrangement 1n which the
clement 1s arranged with sides parallel to the flow direction.
This diagonal orientation minimises temperature gradient
across the disc.

The diffuser section 130 comprises a single long tapered
section with a shallow angle and elliptical cross-section. The
cross-section may be shaped such that the upper and lower
surfaces are part of an ellipse which meet at a tip so as not to
form a rounded edge but a wedge or vertex tip. If an ellipse 1s
used to form the upper and lower surface with a rounded
trailing edge, the ellipse has a much greater major axis than
the minor axis. For example, the major axis may be ten to
twenty times the minor axis. For a vane having a straight
section 120 thickness of 5 mm, the major axis was 35 mm and
the minor axis 2.5 mm. Other sizes of ellipse may be used.
The trailing edge 135 may also take other elliptical shapes and
shapes other than an ellipse. FIG. 3¢ shows an effective taper
angle 0 produced by the diffuser calculated from the ratio of
its thickness to length. The length of the diffuser section may
be such as to provide an average taper angle of up to 10
degrees. In an example, embodiment for a vane of 5 mm
thickness, a taper length of 40 mm has been used which
provides a taper angle 0 of 3.6 degrees. The long taper section
and shallow taper angle reduce the possibility of stalls occur-
ring as the cooling gas flows over the vane and provide stable
flow conditions.

Fins 140 are provided to keep the gas flow 1n a straight line
as the gas slows down over the diffuser section 130. The fins
140 are ndges having a height similar to the thickness of the
straight section 120 and stand normal to the diffuser surface.
The fins extend 1n the direction of the gas tlow and preferably
extend from the start of the diffuser section to the end of 1t. In
some embodiments, the fins may extend for only part of the
length of the diffuser section or for longer than the diffuser
section. Preferably, a plurality of fins are provided. The fins
may be distributed across the diffuser at equal spacings apart.
The actual number of fins required will be determined by
characteristics of the flow. However, 1n one embodiment there
are seven {ins 140 distributed across a 64 mm wide and 40 mm
long diffuser section. The fins 140 should be as thin as pos-
sible so as not to cause a significant additional obstruction to
the gas and thereby cause an increased pressure drop. The
minimum thickness 1s determined by manufacturing and
materials constraints. The fins prevent tlow recirculation and
transient wake tlow from occurring aiter the gas has passed
the diffuser. Some results of pressure drop and tlow lines are
described in the Example Embodiment section below.

FIG. 4 15 a further view of the mounting vane. The detail of
the diffuser section 130 and fins 140 1s shown. The narrow
width of the fins and taper of the diffuser are clearly shown.

The vane mounts are fitted 1n a rack for holding a plurality
of the vane mounts 1n a stack. FIG. Sa shows four mounting
vanes arranged 1n a rack. The rack consists of two side parts,
one of which 1s shown 1n FIG. 54 below the mounting vanes.
FIG. 5b shows three mounting vanes arranged 1n a rack. The
mounting vanes are fitted between both side parts of the rack.
FIG. 5b also shows three other components, which include a
further mounting vane and two semicircular pipe components
which when assembled together form a manifold.

FIGS. 6a and 65 show four mounting vanes in the
assembled manifold. FIG. 6a shows the manifold exit with
diffuser section 130 and fins 140 of the vane. FIG. 65 shows

the entrance to the manifold and the leading edges 110 of the
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four mounting vanes. As shown i FIG. 6a the spacing and
position of the fins on each of the four diffusers 1s 1dentical
such that the fins of the diffusers are aligned to form an array
of rectangular channels. The diffuser section of the mounting
vanes has an edge rib (132 i FIG. 3a) which 1s the same
thickness as the straight section and input sections of the vane.
This 1s best shown at the top of FIG. 3a. The straight sections
120 of the vanes are spaced apart a small amount in the rack,
but because the fins extend beyond the surface of the straight
section 120, the fins meet to form a plurality of channels. In
some embodiments the fins do not meet and are spaced apart
by a small amount but the rectangular channels are neverthe-
less formed all be 1t with a small section joining adjacent
channels together.

In an alternative arrangement the fins may form part of the
manifold instead of being part of the mounting vanes. Nev-
ertheless, the mounting vanes fit into the fins to provide sub-
stantially the same arrangement as shown 1n FI1G. 6a. The fins
cross the flow aperture, again preferably at equal spacing and
divide the tlow aperture mnto smaller channels as described
above. The fins may include slots or grooves to receive and
support the diffuser section of the mounting vanes, or the
mounting vanes may include slots into which the fins locate.

In the cooling system, the manifold 1s mounted with flow
conditioners to convert the gas stream from having a circular
cross-section to having a rectangular cross-section and vice
versa. A cut-away view of a flow converter 200 1s shown 1n
FIG. 7. The flow conditioner 200 1s a short section of pipe 1n
which the cross-section of the flow space 1s circular at one end
and rectangular at the other. The contour of the internal flow
space gradually changes from one shape to the other along the
length of the pipe. The flow conditioner 1s manufactured by
wire erosion. Conventional piping used 1n cooling systems
have a circular internal flow cross-section. Although 1t 1s
possible to connect a circular pipe directly to the manifold
having a square internal cross-section such an arrangement 1s
likely to result 1n flow instabilities. Hence, the flow condi-
tioner 200 1s required at the entrance and exit to the manifold.
At the entrance to the manifold the tlow conditioner converts
a circular gas stream to a rectangular one for input to the stack
of vanes. At the exit to the manifold the tflow conditioner
converts a rectangular gas stream to a circular one for 1nput to
the rest of the cooling system.

FIGS. 8a and 86 show the amplifier assembly 1n cross-
section. The assembly 1s as fitted to the cooling section shown
schematically 1n FIG. 9. The assembly comprises four vane
mounts 100 which are seen 1n this figure in cross-section
transverse to their plane. The mounting vanes 100 are stacked
and arranged between the two semicircular parts 150 shown
in FIGS. 56 and 6 and which form the manifold. Flow con-
ditioners 200 are connected to the manifold by intermediate
mounting rings 250.

FI1G. 9 1s a diagram showing the cooling system, which 1s
similar to that of FIG. 1 but includes the vane mounts 100
according to the present invention and assembled 1n the man-
ner described above with flow conditioners 200 1into an ampli-
fier assembly. The heat exchanger 1s a cryogenic heat
exchanger.

The cooling system has a temperature of operation from
cryogenic temperatures, namely near liquid nitrogen tem-
peratures (77K), up to just beyond room temperature (320K).
The cooling system uses helium as the cooling gas because 1t
1s close to an 1deal gas and 1s so over the whole temperature
range. Helium also exhibits a high thermal conductivity, has a
low boiling point which is below that of liquid nitrogen, and
also mimimises optical scatter from the turbulent gas tlow. The
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Inertial Fusion Energy Slab Amplifiers™ paper by Sutton and
Albrecht mentioned above. Helium has a factor of 600 lower
scattering loss induced by turbulent flow than nitrogen. This
1s described by the lower Gladstone-Dale coellicient (GDC)
for helium as compared to nitrogen (7.4 times greater). GDC
1s a constant of proportionality relating changes 1n refractive
index to changes in relative gas density which are present with
hot turbulent flow. The refractive index changes result in
scattering.

Although embodiments describe the use of a gas as the
coolant, it 1s also possible to use a liquid as the coolant. If a
liquid 1s used the liquid must be optically inert since the pump
beam and output beam travel through the coolant. A liquid
will have a higher mass tlow rate than a gas and so the flow
velocity to achieve turbulent conditions will be much lower.
System Performance

The vane mount and cooling system aims to provide a
stable mount for an optical element such as optical gain
material while also cooling the gain material. The optical
clement 1s gas cooled. For gain material the pump and output
beams pass through the cooling gas.

The laser for which the cooling system and vane mount 1s
provided 1s capable of generating pulses with a repetition rate
of <1 kHz while recerving pump powers amounting to 400 W.
Of this around 100 W 1s output as optical energy and the
remainder may be converted to heat. As mentioned above, to
cool the laser the system 1s designed to operate from liquid
nitrogen temperatures up to just above room temperature.
This range can be approximated as 77K to 320K. Over this
range of operation the optical material must experience little
distortion and so prevent wavetront distortion. A temperature
gradient across the optical element will introduce such dis-
tortions or aberrations in the beam passing through 1t. The
strength of the distortions and aberrations will vary depend-
ing on the strength of the thermo-optic coelficients of the
material. The mounting vane and cooling system provide a
temperature gradient d1T<<10K across the surface of the opti-
cal element to minimise aberrations such as may cause wave-
front t1lt or defocus etc.

Obstacles 1n a flow stream will generally create a pressure
drop. In the cooling system the mounting vanes will tend to
create a pressure drop. The amount of pressure drop should be
minimised. A lower pressure drop allows the cooling system
to run at a higher mass tlow rate for a given s1ze of pump or fan
thereby providing more effective cooling. High levels ol pres-
sure drop will reduce the cooling effectiveness. An acceptable
level of pressure drop (dP) 1in the cooling system 1s defined by
the capability of the cryogenic circulating fan, determined by
flow rate and operating pressure. In the present invention the
level of dP was 5000 Pa (50 mBar). Larger or more poweriu
circulating fans or pumps are able to overcome greater pres-
sure drops but these have increased size as well as a higher
purchase cost. The power required to drive them 1s also
greater, which in itself produces additional heating which
needs to be removed by the cooling system. At cryogenic
temperatures the extra energy iput required for the addi-
tional cooling 1s especially costly.

The mounting vanes and their spacing 1n the stack provide
turbulent tlow over the optical element. I the system 1s set up
for laminar flow, the gas which starts flowing through the
channels and 1s in close proximity to the optical element will
remain close to them throughoutits passage through the chan-
nel. Therefore, for laminar flow the gas will get hot because 1t
remains close to the optical element. Turbulent flow 1s desir-
able since the gas close to the surface of the optical element
will be continually changing and therefore turbulent flow
provides a much greater heat transier coetlicient at the optical
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clement. Thus, turbulent tlow provides more effective heat
transfer from the optical element to the cooling gas than
laminar flow.

Stable flow 1s necessary to prevent vibration in the system.
Any vibration could cause the optical element to vibrate and 5
cause wavelront distortion. More serious vibration could also
lead to adverse mechanical effects such as bolts holding the
system together becoming loose or material fatigue.

As mentioned above, 1n an exemplary embodiment the
optical element may be a gain medium. The average operating 10
temperature of the optical element can be calculated from the
coolant gas temperature and the heat transfer coeificient
(HTC) of the surrounding tlow.

The heat transter coetlicient (HTC) 1s calculated from the
Reynolds number (Re) of the coolant flow, and depends on the 15
velocity of the fluid and the hydraulic diameter of the chan-
nels between the mounting vanes. The Reynolds number also
depends on the local properties of the fluid, namely the actual
pressure and temperature 1n the proximity of the mounting
vane. To achieve turbulent flow the Reynolds number should 20
be greater than 5000.

The temperature range within the optical element 1s deter-
mined from its thermal conductivity, thickness, and the cool-
ant mass tlow rate. The coolant mass flow rate affects the
temperature gradient dT across the disc due to the coolant 25
heating up as 1t passes over the element. The higher the mass
flow rate the lower the temperature gradient dT across the
clement 1n the direction of coolant flow.

The length of the diffuser section 130 should be a minimum
of the length required to prevent transient stalls and therefore 30
vibration instabilities from occurring. The length required for
a straight edge diffuser can be estimated from textbooks such
as “Applied Fluid Dynamics Handbook™ by Blevins. The
clliptical geometry for the diffuser shown in FIG. 3 achieves
better performance than the straight edge described by 35
Blevins. Other curved shapes are also possible to achieve
good performance.

As mentioned above, the fins for flow straightening should
be as thin as possible. The actual thickness 1s limited by
machining and also by what can maintain a rigid fin. The fin 40
should extend for the length of the diffuser section. Fins from
neighbouring mounting vanes touch to form a plurality of
channels.

A Turther advantage of including the tlow straightening fins
1s that as well as preventing the wake disturbances, the fins 45
allow greater range of design freedom for operation over a
broader range of pressure drops. As mentioned above, lower
pressure drops are beneficial for the operation of the cooling,
system because greater mass flow can be achieved for a given
fan or pump power. This leads to improvements 1n cooling 50
elficiency which 1s especially important for circulating fans
or pumps operating at cryogenic temperatures.

The size of the gap between adjacent vanes which 1s
required to achieve turbulent flow while meeting require-
ments regarding pressure drop and flow recirculation are 55
dependent on a large number of factors such as mass tlow rate,
coolant temperature, Reynolds number and dimensional
characteristics.

To reduce thermal stresses the materials used for the
mounting vane should have a similar thermal expansion coef- 60
ficient as that of the optical element. For the example, when
the optical element 1s gain medium such as Yb: YAG, titanium
may be used for the vane. Titanium has a thermal expansion
coeflicient of 8.6x107° K~' which s close to that ofaYb: YAG
crystal which has a thermal expansion coelficient of around 65
7.8x107° K~'. By matching the thermal expansion coeffi-
cients stress mnduced in the optical disc can be reduced. In

10

extreme cases this prevents cracking, but more commonly
reduces the effects of the thermo-optic and stress-induced
eifects which would cause changes 1n refractive index and
produce scattering, wavetront distortion, or depolarisation.

Example Embodiment

FIG. 10 shows simulation results for a mounting vane
according to the arrangement shown 1 FIGS. 3 and 4. The
mounting vane 1s arranged to hold discs of ceramic Yb: YAG
of diameter 55 mm and thickness 5 mm. The coolant is
cryogenically cooled helium gas. The vane 1s 5 mm thick with
clliptical leading edge and diffuser section as described
above. Seven fins are distributed across a width of 64 mm and
run the full length of the 40 mm long diffuser section. Other
s1zes and shapes are possible to produce stable flow, but the
simulation results for this configuration are shown in FI1G. 10.
Typical mass flow rates are 30 g/second at 10 bar helium
pressure.

FIGS. 10a and 105 compare mounting vanes with and
without straightening fins. In both cases the leading edge and
diffuser section have elliptical cross-sections. FIG. 10a
shows the results for the mounting vane without fins. FI1G. 105
shows the results for the mounting vane with the seven {ins
included. The lines represent velocity streamlines of the cool-
ing gas. As can be seen i FIG. 10qa there 1s significant recir-
culation after the diffuser section. The recirculation 1s shown
by the loops 1n the velocity streamlines towards the outside of
the vane. Recirculation 1s almost completely eliminated by
adding the fins as shown 1n FIG. 105.

FIGS. 10¢ and 104 show velocity contours for the vane
without fins (FIG. 10¢) and with straightening fins (F1G. 10d).
In FIG. 104 the velocity contours are largely uniform across
the width of the vane. The acceleration of the gas can be seen
at the leading edge and the deceleration over the diffuser
section. FIG. 10¢ shows significant narrowing of the fast
stream after the diffuser section. These slowed areas corre-
spond to the areas of recirculation 1n FIG. 10a. The width
across the vane for which fast flow occurs 1s reduced 1n FIG.
10c. There 1s a slight reduction 1n the width of the fast stream
in FIG. 104 but the reduction is 1nsignificant compared to
FIG. 10c. Thus, the tlow straightening fins achieve the desired
elfect and flow recirculation which causes tlow instabilities
and may cause vibration 1s reduced.

FIGS. 11a and 115 compare simulated pressure drop for
the vane described above. FIG. 11a shows the results for the
mounting vane without fins. FIG. 115 shows the results for the
mounting vane with the seven fins included. The centreline
pressure contours indicate there 1s a slight increase 1n pres-
sure drop for the vane with {ins. Some pressure drop 1s to be
expected due to the introduction of obstacles in the tlow.
However, as shown 1n FIGS. 11a¢ and 115 the increase 1n
pressure drop as a result of adding fins 1s slight and the impact
on performance 1s minimal. Hence, the addition of fins pre-
vents mstabilities occurring and therefore minimises the risk
of vibration.

The person skilled in the art will readily appreciate that
various modifications and alterations may be made to the
above described mounting vane without departing from the
scope of the appended claims. For example, different shapes,
dimensions and materials may be used. The optical element
may be an optical gain medium or other heat generating
optical element.

The invention claimed 1s:

1. A mounting vane for an optical element of a laser or
optical amplifier, the mounting vane for cooling by a fluid
stream, the mounting vane comprising:
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an mput section with a leading edge for meeting the fluid
stream;

a diffuser section which tapers to a trailing edge; and

a plane section with an aperture for receiving the optical
clement for cooling by the fluid stream, the plane section
arranged between the input section and diffuser section,

wherein the diffuser section includes one or more flow
guiding fins protruding from the diffuser section.

2. The mounting vane of claim 1, wherein the tlow guiding

fins are flow straightening fins.

3. The mounting vane of claim 1, wherein the fins have a
length equal to the length of the diffuser section.

4. The mounting vane of claim 1, wherein the fins are
parallel.

5. The mounting vane of claim 1, wherein a plurality of fins
are distributed across the vane 1n a direction transverse to the
fluid stream.

6. The mounting vane of claim 5, wherein the plurality of
fins are evenly distributed across the vane.

7. The mounting vane of claim 1, wherein the optical ele-
ment 1s a heat generating element.

8. The mounting vane of claim 1, wherein the optical ele-
ment 1s optical gain medium.

9. The mounting vane of claim 8, wherein the optical gain
medium comprises Yb:YAG, Nd:YAG or other solid-state
laser medium suitable for optical pumping.

10. The mounting vane of claim 1, wherein the aperture for
receiving the optical element 1s rectangular and a diagonal of
the rectangle 1s arranged parallel to the direction of flow of the
fluid stream.

11. The mounting vane of claim 1, wherein the aperture for
receiving the optical element 1s circular.

12. The mounting vane of claim 1, wherein the leading
edge has a curved cross-section such that when the vane 1s
mounted in the stream the stream tlow 1s accelerated.

13. The mounting vane of claim 12, wherein the curve 1s
clliptical.

14. The mounting vane of claim 1, wherein the taper of the
diffuser section includes surfaces which elliptically curve to
zero thickness.

15. The mounting vane of claim 1, wherein the mounting
vane 1s for cooling by a gas stream.

16. An optical assembly comprising:

a plurality of the mounting vanes according to claim 1;

a manifold having an mput and an output for the fluid
stream to flow through and a pair of windows for trans-
mitting an mncident light beam to the optical elements,

wherein the mounting vanes are stacked 1n the manifold
and the optical element of each mounting vane aligns
with the windows of the manifold.

17. The optical assembly of claim 16, wherein the mount-
ing vanes are stacked such that the one or more fins of a first
mounting vane are aligned with the one or more fins of a
second mounting vane so that the fins divide the fluid stream
transversely to the plane of the mounting vane and form a
plurality of channels for the fluid stream to flow through.

18. The optical assembly of claim 17, wherein the channels
are substantially rectangular and formed by the mounting
vanes and aligned fins.

19. The optical assembly of claim 16, further comprising
an mput tlow conditioner internally shaped to convert a fluid
stream of circular cross-section to a fluid stream of rectangu-
lar cross-section.

20. The optical assembly of claim 16, further comprising
an output flow conditioner internally shaped to convert a fluid
stream of rectangular cross-section to a flmid stream of circu-
lar cross-section.
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21. The optical assembly of claim 16, wherein the mount-
ing vanes are spaced 1n the stack such that the fluid stream
flows turbulently through the space between the mounting
vanes.

22. A laser comprising the mounting vane of claim 1 and
wherein the optical element 1s optical gain medium.

23. An optical amplifier comprising the mounting vane of
claiam 1 and wherein the optical element 1s optical gain
medium.

24. The laser of claim 22 arranged such that a pump beam
1s incident on the optical gain medium.

25. The laser of claim 24, wherein the pump beam and/or
output beam propagates through the cooling fluid stream.

26. An optical assembly comprising one or more mounting,
vanes and a manifold,

cach mounting vane for mounting an optical element of a

laser or optical amplifier for cooling by a fluid stream,
cach mounting vane comprising: an input section with a
leading edge for meeting the fluid stream; a diffuser
section which tapers to a trailing edge; and a plane
section with an aperture for recerving the optical element
for cooling by the fluid stream, the plane section
arranged between the input section and diffuser section,
and

the manifold having an mmput and an output for the fluid

stream to flow through and a pair of windows for trans-
mitting an incident light beam to the optical element, the
one or more mounting vanes for mounting 1n the mani-
fold such that the optical element of each mounting vane
aligns with the windows of the manifold,

wherein the mamifold comprises one or more flow guiding

fins protruding towards the diffuser section of the
mounting vane.

277. The optical assembly of claim 26, wherein the one or
more 1ins extend across a tlow aperture in the manifold
between the mput and output, the one or more fins having
grooves to recerve the difluser section of mounting vanes and
the fins meeting the diffuser section normal to the diffuser
surface.

28. The optical assembly of claim 26, wherein the fins are
arranged to divide the fluid stream transversely to the plane of
the mounting vane and form a plurality of channels for the
fluid stream to flow through.

29. A mounting vane for an optical element of a laser or
optical amplifier, the mounting vane for cooling by a fluid
stream, the mounting vane comprising:

an mput section with a leading edge for meeting the fluid

stream;,
a diffuser section which tapers to a trailing edge; and
a plane section with an aperture for receiving the optical
clement for cooling by the fluid stream, the plane section
arranged between the input section and diffuser section,

wherein the mput section has an elliptically curved cross-
section such that when the vane 1s mounted 1n the stream
the stream tlow 1s accelerated.

30. A mounting vane for an optical element of a laser or
optical amplifier, the mounting vane for cooling by a fluid
stream, the mounting vane comprising;:

an mput section with a leading edge for meeting the fluid

stream;,
a diffuser section which tapers to a trailing edge; and
a plane section with an aperture for receiving the optical
clement for cooling by the fluid stream, the plane section
arranged between the input section and diffuser section,

wherein the diffuser section has an elliptically curved
cross-section such that when the vane 1s mounted 1n the
stream the stream flow 1s decelerated.
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31. The optical amplifier of claim 23 arranged such that a
pump beam 1s incident on the optical gain medium.

32. The optical amplifier of claim 31 wherein the pump
beam and/or output beam propagates through the cooling
fluid stream. 5
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