A 000 OO O

0 03/107495 A2

=

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date

(10) International Publication Number

24 December 2003 (24.12.2003) PCT WO 03/107495 A2
(51) International Patent Classification’: HO1S 3/00 BETIN, Alexander A.; 1246 8th Street, Manhattan Beach,
CA 90266 (US).
(21) International Application Number: PCT/US03/18545

(22) International Filing Date: 13 June 2003 (13.06.2003)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

10/171,955 14 June 2002 (14.06.2002)  US
(71) Applicant:  RAYTHEON COMPANY [US/US];

EO/E1/E150, 2000 East El Segundo Blvd, P O Box
902, El Segundo, CA 90245-0902 (US).

(72) Inventors: BYREN, Robert W.; 2001 Agnes Road,
Manhattan Beach, CA 90266 (US). GRIFFIN, William
S.; 1207 8th Street, Manhattan Beach, CA 90266 (US).

(74) Agents: RAUFER, Colin M. et al; c/o Raytheon
Company, 2000 East El Segundo Blvd, P O Box 902
(EO/E1/E150), El Segundo, CA 90245-0902 (US).

(81) Designated State (national): 1L.

(84) Designated States (regional): European patent (AT, BE,
BG, CH, CY, CZ, DE, DK, EE, ES, FI, FR, GB, GR, HU,
IE, IT, LU, MC, NL, PT, RO, SE, SI, SK, TR).

Published:
without international search report and to be republished
upon receipt of that report

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.

(54) Title: LASER COOLING APPARATUS AND METHOD

(57) Abstract: A laser cooling apparatus and method. Generally, the inventive apparatus includes a mechanism for transporting
sensible thermal energy from a solid state laser and for communicating waste fluorescent radiation therefrom as well. In the illus-
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LASER COOLING APPARATUS AND METHOD

BACKGROUND OF THE INVENTION

Field of the Invention:

The present invention relates to lasers. More specifically, the present invention

relates to systems and methods for cooling solid-state laser media.

Description of the Related Art:

As is well-known in the art, lasers emit waste energy in two forms: 1) sensible
heat and 2) fluorescence. Sensible heat is energy that is conducted through the surface
while fluorescence is waste light that is created within the medium. Sensible heat is
produced by non-radiative processes in the laser medium that enable relaxation of the
excited species, which may be rare-earth ions in a crystal, from a higher energy level to
a lower energy level. An unavoidable portion of the sensible heat is due to the
“quantum defect” which is the difference in photon energy between the pump light and
the laser light. Other processes may contribute to the sensible heat, uncluding phonon-
assisted quenching of the upper state population by intermediate energy levels,
upconversion and subsequent non-radiative relaxation, and ground-state absorbtion.
Fluorescent light is an omni-directional spontaneous emission resulting from incomplete
extraction by the laser beam of the energy stored in a population inversion . Fluorescent
light does not create heat until it impinges upon a surface and is absorbed.

Waste energy is particularly problematic with respect to solid-state lasers. That

is, chemical lasers, gas lasers, and liquid medium lasers, such as dyes, have a lasing
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medium which may be caused to flow out of the active region of the laser cavity for
cooling. Solid-state lasers, on the other hand, typically have a stationary lasing medium,
which does not allow heat removal by forced convection of the lasing medium. That is,
once the medium is heated with pump energy, it cannot simply be removed from the
pump cavity for cooling. Unfortunately, failure to successfully remove heat from solid-
state lasers will cause the temperature of the medium to substantially increase, and may
degrade the operation of the laser and reduce its reliability.

For slab laser media that are cooled across the broad face of the slab, , the
sensible heat may be transported through the thin dimension to the slab’s surfaces by
conduction without incurring excessive temperature drops. The radiant energy of
spontaneous emission, however, must also be rejected. In some solid-state lasers, such
as ytterbium-doped yttrium aluminum garnet (Yb:YAG), the energy of the fluorescent
radiation component may exceed that of the sensible heat component by a factor of four.

Accordingly, U.S. patent application serial number , filed ,
by A. Betin and W. Griffin and entitled SYSTEMS AND METHOD FOR A MULTI-
JET IMPINGEMENT COOLED LASER PUMPHEAD (Attorney Docket No. PD-
01W090), the teachings of which are incorporated herein by reference, discloses and
claims an invention which uses liquid-phase multi-jet impingement directly on the
broad face of a slab to remove the sensible heat component and either uses an
absorbing species in the cooling liquid or an absorbing structure immersed within the
cooling manifold to absorb the fluorescent component in a distributed volume at some
distance away from the slab face, such that the fluorescent heating does not add to the
sensible heat at the slab face. This approach provides excellent thermal transfer at the
surface, avoids problems associated with nucleate boiling in a 2-phase cooling system
and is compatible with a continuously operating high power laser system.

However, this approach also relies on the slab pumphead cooling loop to
remove both the sensible and fluorescence components. This places an additional
thermal load on the coolant and the associated heat transfer equipment which rejects
heat from the coolant, requiring high flow rates and large diameter cooling lines in an

already congested volume. This may increase the requirements on the external heat
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dissipator by a factor of five. For a space borne application which rejects heat by
radiation to ambient, this increase may become critical.

Thus, there is a need in the art for an improved, inexpensive, lightweight system
or method for removing waste energy from lasers, particularly solid-state lasers, without

5  converting the fluorescent component of the waste energy to heat.

SUMMARY OF THE INVENTION

10
The need in the art is addressed by the laser cooling apparatus and method of
the present invention. Generally, the inventive apparatus includes a mechanism for
transporting thermal energy from a laser and for communicating fluorescent radiation
therefrom as well.
15 In the illustrative embodiment, the apparatus includes an optically transparent

cooling structure or manifold with an inlet port, an exhaust port and a plurality of spray
nozzles therebetween adapted to direct a cooling fluid on the active medium of a solid-
state laser. In the best mode, the manifold is constructed of sapphire, notwithstanding
the fact that diamond and other optically transparent materials may be used, such that
20 the fluorescent component of waste energy is transmitted as light.out of and away from

the laser pump cavity (or pumphead).
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BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a cut-away 3-D solid model view of a multi-jet impingement-cooled
slab las:er pumphead designed in accordance with the teachings of the above-referenced
Betin et al. application, which have been incorporated herein by reference.

Figure 2 is a simplified representation of the slab active lasing medium,
showing conventional lasing, pumping, and cooling directions thereof.

Figure 3 is a simplified diagram showing an illustrative application of the
teachings of the present invention.

Figure 4 shows an alternative arrangement by which the florescent radiation
may be transmitted through an optically transparent window out of the laser system to
an external absorptive heat sink structure such as the inside of the aircraft skin or a jet
fuel heat exchanger.

Figure 5 shows yet another alternative arrangement in which the florescent
radiation is relayed and transmitted out of the host platform to the external
environment.

Figures 6 and 7 depict additional alternative arrangements by which the
fluorescent energy is transported to either an absorbing heat sink (Figure 6) or to the
external environment (Figure 7) by a relay optic or light guide (optical fibers or light
pipes).

Figure 8 is a sectional side view of a transparent manifold implemented in
accordance with the teachings of the present invention.

Figure 9 is a sectional in view of the manifold of Figure 8 taken along the
lines B-B’ thereof.

Figure 10 is a magnified sectional side view of the transparent manifold of
Figure 9 taken along the lines A-A’ thereof.

Figure 11a shows a top view of a monolithic manifold with no exhaust holes.

Figure 11b is a sectional side view of the manifold of Figure 11a taken along
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the line A-A thereof.
Figure 12 shows an alternative embodiment for the diffusion-bonded manifold

in which the bonded surfaces form a series of parallel exhaust ports.

DESCRIPTION OF THE INVENTION

Tlustrative embodiments and exemplary applications will now be described with
reference to the accompanying drawings to disclose the advantageous teachings of the
present invention.

While the present invention is described herein with reference to illustrative
embodiments for particular applications, it should be understood that the invention is
not limited thereto. Those having ordinary skill in the art and access to the teachings
provided herein will recognize additional modifications, applications, and embodiments
within the scope thereof and additional fields in which the present invention would be
of significant utility. '

Figure 1 is a cut-away 3-D solid model view of a multi-jet impingement-cooled
slab laser pumphead designed in accordance with the teachings of the above-referenced
Betin ef al. application, which have been incorporated herein by reference. As
discussed more fully in the Betin et al. application, the pumphead 10° includes a
diffusion-bonded rectangular slab laser medium 20’ onto which a cooling fluid is
sprayed by two symmetrically disposed multi-jet sprayheads 12”. The laser pumphead
apparatus consists of an array of jets impinging on the surface of the laser slab with an
interspersed array of exhaust holes. The diffusion-bonded laser slab is shown more
clearly in Figure 2.

Figure 2 is a simplified representation of a slab laser medium, showing
conventional lasing, pumping, and cooling directions thereof. Diode pump light is
input along one or both ends 24’ of the slab 20°. In the preferred embodiment, the slab is
symmetrically pumped from both ends as illustrated in Fig. 2. When lasing action is
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initiated within the gain medium, a laser beam is emitted from the ends 24 of the slab
20°.

In accordance with the teachings of Betin et al., the slab 20’ is cooled by a
removal of thermal energy from the top and bottom surfaces 26 and 28’ thereof
through the sprﬁy of the coolant from a plurality of jets in the multi-jet sprayhead 12’
of Figure 1. The multi-jet sprayheads 12’ may be disposed within an interface or
metering plate 14°. Coolant is supplied through an intake manifold 16° and removed
through an exhaust manifold 18°. Side exhaust of the coolant may be employed.

This general method of surface cooling is well known and is presently used
extensively in the heat treating and tempered glass industries. In accordance with one
embodiment of Betin’s invention, the fluorescence component of waste power from
the slab is absorbed within a species dissolved or suspended within the coolant media
allowing the conversion from light to heat to occur in a distributed region within the
coolant manifold and away from the surface of the slab. In another embodiment, the
fluorescence is absorbed at the surface of a porous structure such as a screen mesh or
stack of perforated plates disposed within the coolant manifold, such that the exhaust
coolant flows through the mesh, thereby removing the waste power as sensible heat.

However, as mentioned above, this approach relies on the slab pumphead
cooling loop to remove both the sensible and fluorescence components. This places
an additional thermal load on the coolant and the associated heat transfer equipment
which rejects heat from the coolant, requiring high flow rates and large diameter
cooling lines in an already congested volume. This may increase the requirements on
the external heat dissipator by a factor of five. For a spaceborne application which
rejects heat by radiation to ambient at about 300°K, this increase may become critical.

Accordingly, a need has existed in the art for an improved, inexpensive,
lightweight system or method for removing waste energy from lasers, particularly solid-
state lasers, without converting the waste energy to heat.

The need in the art is addressed by the laser cooling apparatus and method of
the present invention. The present invention uses essentially the same approach for

removing the sensible heat from the surface of the slab via all-liquid phase multi-jet
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impingement cooling. However, the inventive apparatus further includes a
mechanism - an optically transparent manifold - for communicating fluorescent
radiation from the slab as well.

Figure 3 is a simplified diagram showing an illustrative application of the
teachings of the present invention. As shown in Figure 3, in accordance with the
present teachings, the optically transparent manifold 10 is applied around a slab
pumphead 20 to remove sensible heat and transmit fluorescent energy therefrom. In
the illustrative embodiment, as discussed more fully below, the optically transparent
manifold 10 includes an inlet port, an exhaust port and a plurality of spray nozzles
therebetween (none of which are shown in Figure 3) adapted to direct a cooling fluid
on the active medium of a laser. The manifold 10 is coupled to a conventional cooling
loop (not shown) to remove sensible heat from the slab pumphead 20 using a multi-jet
impingement approach, such as that shown in disclosed in the above-referenced Betin
et al. application.

The transparency of the manifold 10 allows for the fluorescent energy to be
more efficiently removed from the system than heretofore possible using conventional
teachings. The manifold 10 is made from a material that is transparent at the
fluorescence wavelength of the laser (e.g., 1.03 um for Yb:YAG) thereby allowing the
fluorescence component of waste power to pass through a coolant and manifold
structure in the form of optical radiation, where it can be removed without adding to
the heat load of the laser cooling system. (In a preferred mode, the manifold is
constructed of sapphire notwithstanding the fact that diamond and other optically
transparent materials may be used.)

Figures 3 - 7 depict various arrangements for removing fluorescent energy
communicated through the transparent manifold of the present invention. Figure 3
depicts a first embodiment by which the fluorescent energy is absorbed by a separate
heat sink 40 within a laser system 30. Those skilled in the art will appreciate that the use
of a separate heat sink 40 allows for the thermal load associated with the fluorescent
energy to be handled more easily, where the heat sink temperature is not constrained by

the performance of the laser medium.
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Figure 4 shows an alternative arrangement by which the florescent radiation
may be transmitted through an optically transparent window 32 out of the laser
system 30’ to an external absorptive heat sink structure 40> such as the inside of the
aircraft skin or a jet fuel heat exchanger.

Figure 5 shows yet another alternative arrangement in which the florescent
radiation is relayed and transmitted out of the host platform 30”" to the external
environment. This approach is attractive for space based laser systems since it avoids
the processes of first converting the fluorescence power to sensible heat, transporting
the heat via heat pipes or other means to a thermal radiator panel, and finally
converting the waste power back into light as infrared blackbody radiation at the
radiator panel.

Figures 6 and 7 depict additional alternative arrangements by which the
fluorescent energy is transported to either an external absorbing heat sink (Figure 6)
ot to an external environment (Figure 7) by a relay optic or light guide (optical fibers
or light pipes) 34. In these figures, next to the manifold 10, the adjacent fibers may be
sintered to each other, their previously round cross-section assuming a hexagonal or
other polygonal form. The space left between the fibers should be minimized to limit
the fluorescent energy from escaping and landing in an undesired location. The
remaining lengths of the fibers can be bundled together and routed, in a manner
similar to electrical cabling, to a convenient point at which the fluorescent light in the
fibers can escape and be dissipated in an external absorber or environment.

One or more mirrors or refractive elements (with or without optical power) may also
be positioned outside the top and bottom surfaces of the manifold so that the
fluorescent light emanating from the manifold may be directed to a desired location.

Figure 8 is a sectional side view of a transparent manifold implemented in
accordance with the teachings of the present invention.

Figure 9 is a sectional end view of the manifold of Figure 8 taken along the
lines B-B’ thereof.

Figure 10 is a magnified sectional side view of a portion of the transparent

manifold of Figure 9 taken along the lines A-A’ thereof.
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The design requirements of the transparent manifold are different from those
described for the manifold of the above-referenced application Betin ez al. due to the
fact that high intensity light will be passing through the flow manifold. Flow areas
and nozzle sizes remain the same however inasmuch as, as described earlier, these
design elements depend primarily on the sensible heat dissipated at the external
surfaces of the slab. The flow manifold may be fabricated as a monolithic structure
with no o-ring seals or gaskets to absorb or scatter the fluorescence radiation. In the
illustrative embodiment, the manifold 10 is constructed with sections of sapphire
which are machined to provide inlets, outlets and channels therein. Joining of the
various layers may be accomplished by optical bonding techniques, such as chemical
bonding, optical contacting, or preferably diffusion bonding. Diffusion bonding of
large areas of glass and/or sapphire is now well-established and produces strong and
optically-clear interfaces. One practitioner of this art is Onyx Optics, Dublin, CA who
holds several fundamental patents in the field.

The design should avoid sharp edges, sites from which cracks could
propagate, and high aspect ratio nozzle configurations, which could break off in
handling and under normal vibration/shock loads. Nozzle sizes, center-to-center
spacing, and placement as well as approximate cross-sections of flow manifolds will
be selected in accordance with the teachings of the above referenced Betin et al.
application. This is due to the fact that removal of sensible heat from the slab’s
surface dominates the multi-jet cooling flow, and is only weakly dependent on heat
dissipated by the fluorescent energy in the cooling fluid.

In Figures 8 - 10, the active core of the slab 20 is shown at 22. A cladding 24
surrounds the core 22. As is common in the art, the cladding 24 allows guiding of the
pump and laser light within the core, protects the core 22 from breakage and conducts
heat therefrom. The flow of coolant around the slab 20 is illustrated in Figure 9. Any
conventional coolant may be used such as water, alcohol, ammonia, cryogens (for
space applications), mixtures thereof or any other coolant fluid known in the art with
suitable thermal capacity and operative at the temperature extremes of the system.

Further, those skilled in art will appreciate that a gas may be used as the cooling fluid
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without departing from the scope of the present teachings.

As shown in Figures 9 and 10, coolant flows into one of four inlets 12 through
channels 14 to nozzles 16 where it is sprayed on the slab 20. The exhaust fluid is
received by exhaust channels 18 and exits via exhaust ports 19. Reflective metal end
plates 21, within which O-ring seals 23 are seated, ensure sealing of the coolant
within the manifold 10 and slab 20.

Alternative embodirﬁents for the optically clear manifold are shown in Figures
11 and 12. Figure 11a shows a top view of a monolithic manifold with no exhaust
holes. Figure 11b is a sectional side view of the manifold of Figure 11a taken along
the line A-A thereof. In this configuration, the coolant liquid, after impinging on the
laser slab, is exhausted transversely, preferentially through a series of interconnecting,
recessed flow channels machined in the surface of the sapphire. The channels form a
two-dimensional network with hexagonal symmetry and the jet nozzles are drilled in
the mesas left after cutting the channels. All inside and outside corners are rounded to
avoid crack initiation and propagation under load. The entire plate structure is
clamped and sealed around the edges with a face-seal o-ring to the high-pressure inlet
manifold cover.

Figure 12 shows an alternative embodiment for the diffusion-bonded manifold
in which the bonded surfaces form a series of parallel exhaust ports. The exhaust
ports are accessed through exhaust holes drilled through the multi-jet layer. This
configuration is more complex than that shown in Figure 11, but provides better
control of the exhaust flow with better temperature uniformity across the laser slab’s
surface.

Thus, the present invention has been described herein with reference to a
particular embodiment for a particular application. Those having ordinary skill in the
art and access to the present teachings will recognize additional meodifications,
applications and embodiments within the scope thereof.

Tt is therefore intended by the appended claims to cover any and all such
applications, modifications and embodiments within the scope of the present invention.

Accordingly,

10
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WHAT IS CLAIMED IS:

11
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EUROSTYLE CLAIMS

1. An apparatus for use in a cooling system characterized by:
a first mechanism for transporting thermal energy from a source and

a second mechansim for communicating electro-optical radiation from said source.

2. The invention of Claim 1 wherein said apparatus includes a manifold.

3. The invention of Claim 2 wherein said first mechanism includes a mechanism

for directing a cooling fluid over a surface of said source.

4, The invention of Claim 3 wherein said mechanism for directing a cooling

fluid over the surface of said source includes a plurality of conduits in said manifold.

5. The invention of Claim 4 wherein said mechanism for directing a cooling
fluid over the surface of said source further includes an inlet in said manifold and an

exhaust port in said manifold.

6. The invention of Claim 2 wherein said second mechanism includes an

optically transparent aperture disposed in said manifold.

7. The invention of Claim 6 wherein said second mechanism includes material

that is transparent to the waste electromagnetic energy generated by said source.
8. The invention of Claim 7 wherein said waste electromagnetic energy is waste

fluorescent radiation energy at a wavelength consistent with the operation of a laser

system with which said apparatus is used.

12
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9. The invention of Claim 8 wherein said source is a slab of a solid-state laser.

13



PCT/US03/18545

WO 03/107495

1/6

Diode
Pumplight

>

24

Cooling

1

N’

26

Diode
Pumplight
28'

Y.

Cooling

FIG, 2



PCT/US03/18545

WO 03/107495

0 I peaydwng qeis or 08 7 peaydung qais o
apinbiybri Jo N , |
o LWRJSAS 135e7 opinbybr7 1o N WaISAS 195€7
2140 Aejs : :
1nag Aejgy ( . Jam ondp A2joy Jmm
vE .\/M_ P/ " vE / N 2ILI80S.10N] "
S0BLIIUT 2082521004 WajsAs (2130
[euIRIXg WLIojIeld WAILOIALT (82130 \wmw\mm — = m\n%mwnt A
- uIqiosqy
[eusixq 0/ ool | 0F
N
J— N > s— >
oc peaydwind qe|s or oc 1" peaydwing gejs o oc peaydund qejs
WajsAs Jaseq Walshs UIDISAS 195€7 wasAs plojiuew
luﬁ ! Q—m; QQ.\\OQ.U lv‘ﬁ _ Q—M. QQ.\\DQ.U .Ntm‘\mﬁw. vel/
uCE d0U8253.401| \ jeusaixg 3 20U3058.10N]4 ~ jeuioixd 2012259100
[e213do wol4/01 /8213d0 Loi/0] /821240

WBUWLONAUT —t= JuisiesH % —B= YUISIEBH

LR 01 = buigiosqy m I e buigiosqy [

WajsAs 13seT]

G Ol

y Ol

— 07

B

0¢

)4

£ o



PCT/US03/18545

WO 03/107495

3/6

8 oI

™~
~N

s

V{4
N Nm d
\\# =
‘\“““ HHHUUP A \ 07
N SO\ NN SO\ N SUONONNNND O\ OO OO\
\\\iiillliiiillliiiilliiii$¢§i$$$¥lli$$$llliiiill &_&EE \¥
. \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ a\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\.\\\\\\\\ v B
\ V4 A
N R e
N : [T HRRERAENRNRRNNNREND T L] CHTTTEEE [LTLETHTTT BN
sy )
| m I



T

N OO0 // NN
H %&
NN

) % \ |
)

TE %ﬁﬁ@@%ﬁf@%

NN NN

J
v\ ety
\§\\\\\\\\\_ . =




000000000000000000000000

5/6

% ‘ el
/ |

SIS
AN
\

' vé/////////////

AR
N \\\\\\\\ N

% Nasel

FIG. 10




WO 03/107495

PCT/US03/18545
6/6
—a— A
Fluorescence
: T I r»Power
pinging
Hol - =
@ &@ &v & ? &08 Jet Coolant
—~e—— Coolant Exhaust Flow Coola “'>@>\ Inlet Flow
SN
Xhaust
| YN AL Flow i’" Multi-jet
—— o a | Head
NN
Exhaust Channel Slab B \2’\/‘»
/A S A s
&@ & & & Exhaust | |/ Hole
Channel '—‘-QZ\ —
L A
FIG. 11a FIG. 11b
Inlet
Fluorescence Hole Coolant
oint | s
etering
\\ | ] )/ Plate
\%\5 /\5 @ ||l ||l

|
D/ffusionA/ l lK

|
|

B |
| |
AN

N

\v

|
|
/

Bond r r e PR Mulit-jet
VA » \ Head
/ Collant \ -
Laser Exhaust Impinging
Slab Jet
Flow

FIG. 12



	Abstract
	Bibliographic
	Description
	Claims
	Drawings

