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High-Power Diode-Laser-Pumped CW Solid-State
Lasers Usine Stable-Unstable Resonators

Damien Mudge, Peter J, Veirch, Jesper Munch, Member, \EEE, David Ottaway, and iV{urray W. Hamilton

Absba.t-We pr€s€nt a l|ov€l design for an efncien! high-
power ()Ifi) W), continuous-wave (CW) Nd:YAG laser with
dilTractionJimited performance, It us€s a side-pumped, side.
cooled, zigzag slab which is incorporated in g stable-unstable
reso[ator tbat has a variable reflectiyity output coupler. A geo.
metric magoificatio! ol at least 1.3 in lh€ unstable directjor ian
be achjeved. Modeled performaDce characteristics arc pr.esented.

Index Terms- CW soud.state lasers, diode.pumpiDg, siBgle
EOde, Ulrstable r.Esonators.

I. INaoDUcTIoN
tT IERE IS ar urgent need for an efficienr. high-power
I continuous-wave (CW), a.ll solid-stare laser with ercellenr

beam qualiry. A panicularly demanding applicadon is the laser
source for long-baseline gravitational wave inrerferometers,
wbere single-frequency, single-mode laser power in excess of
100 W is rcquted to be coupled efficiently to a high-finesse
Fabry-Perot.

Significant recent improvemenB in diode-pumped solid-
state lasers have been achieved due to a combination of crystal
-srowdt techniques, mirror technology, and rhe advent of high-
power laser{iodes. Thus, an output power of 62 W in a
single uansyerse mode (TEM66) has recently been reponed
for a side-pumpe4 side-cooled solid-state rod laser usins
3?0 W o" pump power [l]. The same aurhors also reponei
that the TEM00 ourput power from this rype of laser will
probably be limited to between l0O-150 W due to the strone
thermal lensing ard birefringence wirhin rhe laser rod, ani
that efflcieucy will probably decrease with increasing output
POwer.

Efficient operarion of end-pumped, side-cooled rod lasen
has been demonstrared by TidweU et al. [Zl who reponed a
near-diffracrion-limited TEM6g output power of 60 W using
a pump power of 235 W and two rcds that were each
pumped from both ends. While end-pumped lasen offer highly
efficient energy extraction from the gain medium due ro good
sparial overlap berween pump lighr and the fundamenal mode
volume, the maximum pump power per rod-end in rcalistic
stable resonators is Iimited by the thcrmal fracture strength of
tbe laser material to approximateiy 50-70 W t3l.

Unstable resonators haye been used to produce average
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order modes and obaining good beam qualisy whcn using
Pvblish€! Itcrn Idcrtifcr s 10?7-260X(9?)03764-7. ha-rd-€dged ourput couplers, relies on the rcsonator having

SIab gain media can also be used for solid-state lasers. Shine
et al. 14) employed a side-pumped, side-cooled zigzag slab
laser to produce 40-W TEM00 outpur using 212 W of pump
power. End pumping has been applied to a slab geometry by
Neuenschwander e, a/. [5] who demonstrated operadon of a-
muldple longirudinally pumped slab laser and produced an
output of 4.5 W from l6-W pump power.

AU of the above work has used siable resooabr archi-
tectures. To obnin good dynamic stabiiiry, the mode size
must be small t6l-t8l and rhe power must be exrract€d
from a relarively small volume of gain medium. Thus, to
produce high outpur powers one must intensely pump this
small volume of gain medium and/or increase the length
of the gain medium. However, in addirion to ahe potendal
problem of crystai fracrurc, intense optical pumping will rcsult
in increased thermal birefringence, focusing, and distortion,
whi,;h will decre:se dte efficiency ard degrade bean qualiry.
Increasing the length of the gain medium will increase the
losses per round trip, thereby decreasing efficicncy, and may
compromise the spatial overlap of the laser mode and pumped
region of rhe gain medium.

Many of the problems cited above can be avoided by
changing from stable to unstable resonators. The useful prop
enies of these resonator were fint discussed by Siegman
[9] in 1965. Since tien, they have been used extensively
in high-gain chemical and gas lasers tlOl-tl3l, wherc it has
been demonsu"ted that unsnble resonators can simultaneously
produce diffractionlimited beams and efficiently exu-act power
from extended-gain media" It has also been shown tut in
an unsbble resonator the beam quality is largely insensitive
to cbanges in the refracdve power of a th€rmal l€ns as
compared ro a shble resonator [4], u5l. Therc has also
been considerable effon devoted to understanding the mode
structures of these resonarors tl6l, tl7l. A particularly useful
featue of unstable resonators is hat the output coupling
fracrion depends only on the magnification of &e resonator (to
be discussed bclow) and thus the mode sjze can be adjusted
to fill the gain medium by mercly ilrcrcasing the mirror size
[18]. Thorough accounts of these resonators are presented by
Chodzko er al. [9] and Oughsrun [20].
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a large magnification. The gain of solid-state laser media,
however, may not be high enough to suppon the large output
coupling fraction associated wift thcse geomefic magnifica-
tions.

The advent of fiber-coupled high-power laser diodes 6nd
vfiiable reflecdviry mirrors (VRM'S) has encouraged us to
reconsider the application of unsable resonatoG to the pro-
duction of high-power, diffracrion-limired. CW solid-sare
lasers. The advankges of using laser diodes as pump sources
to reclace lamp-pumping are well known [28]-[30]-rhey
minimize the heat deposired in the gain medium and thus
allow an increase in the small-signal gain while remaining
below the crysml fiacture limit. Their well-controlled out-
put also m:irimizes variations in- ihe refractive power of dre
thermal lens. The slowly-varying reflectivity characreristic of
a vR-lvl output coupler avoidE edge-diffraction encountered
wirh hard-edged output couplers, hence the magnification
needed !o produce good mode discriminadon and beam quality
is reduced, and thus the gain-length product required for
cscillatjon is decreased. Parent et al- (3ll have demonstrared
tiat rhe use of a VRM can significandy improve the far-field
power densiry, particularly with low-magnificadol unstable
resonators.

To define the spectral propenies of rhe laser, we would
injecdon lock it using a srable masler oscillaror [32]-[34]. T]rus
we choose to pursue a trayeling-wave resonator design as tris
is more efficiendy injection locked. Funher, injection locking
prcvents the generadon of excess noise associated with free-
running unsable resonaton [35]. Therefore, rh€ output of the
injecdon-locked high-power slave laser will be a unidircctional
single-frequency single-eansverse mode with low frequency
and intensify rloise.

tr. UNsfAsLE REsoNAToR ARCSIIECTIJRE
As indicated above, an unstable rcsonator which incorpo-

rates a VRM does not need to have a large magnification to be
able to produce a good quality b€am t361. The magnification
is ilstead detemined by the rcquired mode discrimination
and misalignmert sensidvity. Unstable resonators wi*r larger
magnifications are less sensitive to rnisalignrnent [18].

The power loss per round uip of a mode in an unsbble
resonator is given by 1- l7j2 where .t is the eigenvalue of
the node [18]. The eigenvalues of t]re modes in the geometric
opdcal Iimit for resonators which have rectangular, cylindrical.
ald stip (unsable in one dimension) architectures are given
by [16], t20l

1
?an'rect. = 

lIZFfiTi, 
rn,n = 0,1,2, " (l)

1

resonabr is greater than those of recuagular and cylindrical
resonators, and thus he lowest loss mode in a srip unstable
resonator will suffer less diffnctive loss. Altemadvely, since
*re me3n reffecrivity of the output coupler is given by E =
i?o'y' I l8], whe:e Ra is rhe pea-k reflectivity of the VRM,
the mean reflectivity for the lowest order mode in a one-
dimensional (1-D) strip architecrure is a factor of M latger
rhan for the lowest order mode in a wo-dimensic;al (2-D)
architecture. A strip unsnble resonator is, therefore, more
appropriate for low-gain lasers. It should be noted that the rado
of the eigenvalues for a particular mode and the nexr higher
order mode is equal ro M for all architectures, and thus tiere
is no mode discrimination pena.lry in using t}le lower loss suip
resonator.

Other factors to consider in the choice of laser architecture
are the effects of Oermal gradienG and stresses, the potentia.l
to scale the laser ro high power, and limits imposed by
the thermal-stress-fracture limit of the mareriai. It is well
known that the performance of side-pumped rod or cylindrical
architecrurcs is limiled by thermal lensing, stess-induced
biaxial focusing, and birefringence [i], [37]. These effects
are much less significant when using a side-pumped slab
architecnre in which the mode zigzags in the plane of the
therma.l gradient t3S1, J39r.

The slab architecrurc is also superior because it is simplet
to scale to high powers. Since the width of the pumped gain
medium (ald thus the width of the mode) in the pump direction
is detern'ined by the absorpdon length for the purnp light, the
output power can only be incrcased by increasing the heiglrt
of the mode, or by incrcasing the length of the gain medium
as discussed earlier. Thus, side-pumped slab or tubular gain
media are &e preferred archilectures for high-power lasers.

Eggleston et al. [39] have also sho\rn that tbc ratio of
themal power per unit lengrh which can be absorbed without
fracture by a side-pumped, side-cooled slab to tltat which can
be absorbed by a side-pumpcd, side-cooled rod is given by

(P"/ t ) . r . r  3  /h \
;;--rii- = -r - | \"
\ ro /L) ,oa z i r  \u , l

where P" is the thermal power absorbed by the gain mediuo,
I is the length of rhe gain medium, and u and h are the width
(in the pump direction) and height of the slab, resp€4tively.
They conclude that the power-handling capability of a slab is
superior to that of a rod if 6e aspect ra'jo (h/w) is $eater
than two,

Thus, tie preferred architecture for a scalable high-power
CW solid-state laser is a side-pump€d side-coolcd slab incor-
porated in a strip unsBble *sonator. The mode should zigzag
in the plane defrned by the pump- and laser-mode propagation
directions (we will refer to rlds as the horizontal plane). This
will generally rcsult in a laser mode that has a horizonul width
comparable to a mode which might be produced in a stable
resonator. Thus the resonaror could be designed to be s@ble in
the horizontal direcdon ard unsbble in the yenical direction.
Such an architecrure would allow the mode cross sectioo to
be scaled in the venical direction. Since therc will only be
minimal thermal lensing in this direction, te height of the
mode need not vary significandy as it propagates througl the

'tct,clrina. = 
@,

Ta,strip = 
WFn,

wherc M is the geometric magnifrcadon of the unsable
resonator, 1n a\d n te Cartesian-mode indexes, and p and I
are the radial and azimuthal mode indexes, rcspectively. Nore
tiat for a given magnification M, the eigenvalue of a striD

p = 0 , r , 2 , . . .  ( 2 )

n  =  0 , 1 , 2 , . . '  ( 3 )
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gain medium and should thus have good spadal overlap wirh
a pumped gain region of consant heighr. Funher increasing
the mode height should not increase l}Ie refractive oower of
eidrer the horizontal or venical thermal lenses. These feanrres
should result in a laser wbich produces high beam qualiry and
is relatively insensirive to thennal lens variadons.

The ourput of an unstable resonaror is affected by the
reflectance profile of rhe VRM output couDler. Two rcflectance
profiles have been widely used: thi super-Caussiar VRM and
the parabolic VRM- The super-Gaussian t3ll, [40]-[a2] has
a reflectiviry profile

_  |  /  r  \ " 1
.R(r)., = .Ra exp | -21 -- l | (5)

L  \ u - ' i  )
where R6 is the peak (intensity) reflectivicy and n is rhe order
of the super-Gaussian (for n = 2 the suoer-Gaussiar becomes
a Caussian, while as n r cc ir becomes a top-hat profile).
The variable r denores &e radial disunce from the center
of the VRM and ra- is the characteristic half-widrh of rhe
reflectivity profiie.

The parabolic VR_lvl [43] has a reflectivity profile
( ^  l .  /  -  \ n \

R( r ) ' .  =  { 3 ( t  
-  ( ; l  ) ,  

- " ^  s ' s  o -  ( 6 )
(u, elsewhere.

wherc n is the order of the parabolic distribution and can be
eifier two or four. As before, Eo is the peak reflecdvity of
the mirror, r denotes the radial distance from the cenrer of the
VR.M, and a- is the characterisdc half-widrh.

The peak reflectivity of a saip unsable resonator should be
chosen so that it satisfies the ,.maximally flat,' condition [ig]

- ltrr�= 
M;i, 0)

so as to produce the ;nost uniform near-field amplitude and
the besr far-field beam qualiry while reflecting erough light
back into the resonator to sustain efficient oscillation.

For the lowest order mode in an unstable strio resonator.
whici has an order n super-Caussian oi parabolic VRM that
sadsfies the maximally flar condition

E=3=-+--. (8)
M  M ' r . i )

Equadon (8) implies that for a given M, the gain-length
product required to suppon lasing in an unstable strip rcsonaaor
incr€ases as the order of the VRM increases. That is. ? should
be small when using a low gain system, as fiis enables M to
be maximized for rhe opdmum E.

Itr. PROPOSED DESICN
The gain medium is a side-pumped zigzag Nd:yAG slab in

whicb the laser mode enters and exi6 at Brewster's angle (see
Fig. 1) through the same end of the crystal, resulting in a com-
pact laser [44]. This slab architec&rc has tle advantase that it
rcsults in a mode rhat is narrower in the horizonral &rection
thaa that produced by convenrional zigzag Nd:yAG slab lasers
and, thus, has better dynamic subiliry while maintaining good
slopc efficiency. The laser in [44] used conductive cooling

Right-angled
Prism

Optjcal fibr€ pump sources

Optical lib.o pump sources Su.facs
Water-cqoling

O{ing seals

Fig. I- Schcmaric diagram of lhe fibcr-couptcd laser-diode pumping sch.me
(0p view) showing rhc zigzag pad of rhe las€r modc. 1,, is rhc width of rhc
crystal and ,: ii rhc TIR bouncc arlgl€.

on the top and bortom of tre slab and produced 6.4 W of
CW power using 18.3 W of pump power in a standing-wave
configuration with a beam qualiry paramerer M2 = I.2. We
have verified efncienr operation of ftat laser in a stable ring
resonator and observed that rhe muhimode nature and inrensity
noise of the free-running laser arc suppressed by injection
locking [45]. We believe thar the eficiency of that laser was
limited by nonideal spadal overlap of the TEM66 mode and
the pumped gain region in ihe venical direcdon. The side-
pumped, side-cooled suble-unstable resonator presented here
should improve tie overlap ud thus improve rhe efnciency.

The slab has a width rrp of 3.0 mm, parallel-side length of
32.2 mm, and a total lengrh of 34.7 mm. The bounce algle is
dr =50o, giving 19 total inrernal reflections (TIR) as shown in
Fig. l� The pumped lengd lp and height lrp are delermined by
tbe rcquired pump demiry. The parallel sides of the crystal will
be coated wih a fluoropolymer, Teflon AF 1600, to prevcnt
wavefront distonion by the cooling water and O-ring water
seals J4l.

The slab will be pumped from both sides using nber-coupled
laser diodes. Each diode bar is coupled to 24 multimode
(275-pm ourer diameter) srepindex 0.l-NA fiben. Each fiber
can supply 625 mW of pump power, giving a to&l of 15
W per bar. Ttris pumping scheme allows us tO arrange the
pumping sources to produce a high pump density over an
extended gain rcgion without the need for cornpleX focusing
optics. In addition, it removes rhe laser diodes and rheir
rcmpeftrture conrol systems from the vicinity of the gain
medium, and thus reduces rhe complexiry of he laser head
[30]. Scalability of ttris design can be achieved by simply
stackjng the layers of fibers as shown in Fig. 2. The scalability
is predominantly limited by mechanical propenies of the
cryshl ard the maximum size of rhe large aspect ratio Nd:YAG
slabs which can be grown and polished by conventional
techniques [a6] while maintaining low losses and wavefrom
distonion.

The combination of a small diameter corc, low NA. and
refraction as the pump light is transmined through a protective
window into the cooling water and then into the Nd:YAG
crysral, results in a thin, almost collimated, slice of pumped
gain medium being produced by each layer of fibers. If the
pump bearn passes 6rough a l-mm sapphirc window and then
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Fig. 2. End view of thc pumped slab. hp is $e heighr of lhc pumped rcgion
in the slab.

;
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Fi8.3. __Resoraror con6$ratioo. MI and M2 arE scF alcd by llj crn ad
bavc radii of curva.turc of -76.9 and 100 cm, Esp.ctively.

2 nn of wa|,eL it will have a full q/id& of 0.8 mm ar the neat
face of t}le slab and 1.1 mm at *le far face. The pump densiry
can be adjusted by yarying the packing densiry of rhe fibers.

To show that the proposed design can support 8n unsable
strip resonaaor, we will consider a system which has 12 layen
of fiben, each layer providing 45 W of pump power (3 ban
per layer). If the fibers in each layer arc laid side,by-side then
lp = 20 mm.

Assuming M = 1.3, then for an n = 2 surer-Gaussian
srip VRM_ output coupler thar satisfies the maximally flar
criaerion, .& = 0.59, For this ouFut coupler to be marched
to the rcsonator, we require that [47]

T;r" = (1strL)t/2 - L = | - R (e)

where ?io1 is tbe optimum total out-coupling, .yolo is the
gain-length producq and, is the btal resonator lo;ses ex-
cluding output coupling. Assuming tJrat L = 5.6% (due ro rhe
long pad length in the gain mediuru and the l9 TIR's), the
rcquired gain-length product can bc produced by sucking rhe
layers of 6bers so as to produce a pumped region of heighr
hp = 3.3 mm. This height is significandy larger than that
produced if the Fbers are hexagonally close packed ard, as
we will sbow below, la.rger than the minimum hcighr ar which
the crysta.l would fracture.

2 3 4

,ro ma, lens tocal ,er4th {m)

Fig. 4. Plor of dcpendence of beam half-width at tbc aDuancc and exit facca
of $e slab as a fuoclion of thc focal lcngt! of l-hc hodzonlal lhetmal lcns for
vaJious focel lcngths of t}tc rnode conool lens Ll (modc conEol lcns focaj
leneds of 0.8 m (+), ?.6 m (*),  and 15 m (tr)).

The pump-power per unit length Prflr, whiclt qould frac-
ture the crysnl is given by [39]

9!9 =12n,rb.) (ro)
tp \up /

where i, = qna:<,Ms is the thermal shock resistance param-
eter, omax is the maximum surface stress at fracture, and Mr
is a material constant composed of various thermal and elastic
constanB. Assuming .r?, = 790 W.m-l tbea h" = 2.0 .mm
at the stress fracturc limit.l Thus, the sudace stress in &is
examgle is 60% of the stress-fracture limit.

The gain medium describcd above could be incorporated in
eirher a starding-wave or haveling-wave unsuble r€sonator.
We will present herc a design for a ritrg resonator as sho,fil
in Fig. 3. The besrn leaving the gain medium is reflect d by a
prism toward the VRM output-coupler Ml. Thc ouqrut coupler
is a cylindrical convex mirror that has curvature in the venical
plare. lts reflecdvity also varies in the venica.l plane. The
beam reflected from Ml passes througlr the cylindrical lens Ll,
which provides mode conEol in the horizonul (sable) plane.
The beam is then recollimated in the venical platre by minor
M2, a max-R cylindrical concave mirror. Mirors Ml and M2
form a telescope which provides the rcquired magnification in
the venical plure.

fv. RrsoN,cf,oR MoDFs

A. Hoizontal Plane

We have analyzed the proposed resonator to demonstraB
$at it can produce a stable mode in the horizontal plane which
adequately fills the entrance and exit apemrrcs of the Nd:YAG
slab and, thus, effciently couples to the gain medium. ln
addition to lens Ll therc will bc a residual horizontal thermal
lens in the gain medium, which we model as a thin lens located
a( the end of the crysEl opposite to the enrance and exit
faces, Fig.4 shows how the beam radius at the slab apenures
depend on the focal lengths of the thermal lens and Ll. As
a g€nerr I rule [48], rhe beam should fill 60% of $e aperturc

lliuon Airuon SYNOPTICS, Synthctic Crysuli and Opt R9ducts Ca|a-
loBuc, chlrloc., NC; NdiYAC spccificarions.

Lens,
L1
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TABLE I
Ltsr of PAR^MErER5 USED 0{ UN5TAELE R-EloN^ToR CALcuL-ATIoNs

n

E U. rU

U.U5

0.00 l-
-0.26

to ensure sufficient disffimination against higher order modes,
yet not limit the power in t}le lowest order mode. Thus. we
require a horizontal bearn half-width tu : 0.3g mrn, which
can be achieved for a range of realistic thermal lenses, as
demonstrated in Fig. 4.

B. Venical Plane

We modeled rhe resonator using a Fox- and Li-rype algo-
rithm using a commercially available computer code which
used physical optics wirhin ttre paraxia.l approximarion.z We
cOnsidered at n = 2, u- = 1.12-mm suoer-Gaussian strio
unstable resonaror wirh M = 1.3, which is pumped usini
12 layers of fibers as diseussed in Section IIL The venical
magnification of the mode is provided by Ml ard M2, which
are afianged to prcduce a near-coUimaled mode within rhe eain
medium. The magnificadon facror is t.3. The characterilsdc
haif-width of the VRM was iteratively chosen to ensure rhe
ratio of the charactedsdc widths of the inFa-cavirv mode iust
before the yRM ro just after the VRM *us equa to i.:.
The pcrk reflectiviry of the VRlvt was chosen to.satisfy the
maximally iat conditiou. The mul crystal h€ight was 3.2 mm.
The gain region was simulated using a n = L2, w^ = 1.65-
mm super-Gaussian mask. Our model did not include saitr
saruradotr. For he readers convenience, we have summarized
the salient parameters involved in these calculadom h Tbble I.
From this modeling example, we expect that an ouqut power
of about 100 W should be achieyable.

Figs. 5 and 6 show the calculated near- and far-field inten-
siry and phase profiles. The peak of rhe near_field intensity
disribution is flaner rhar a Gaussian distribution due ro rhe
opdmized choice of VRV! peak reflectivity. The phase front
near the cenler of *le bear:.: is reasonably consunr, but slafts to
vary as the intensity decre.rses due to higher order modes. The
faf-field intensi.v disu-iburion has a sinlle peal as expeccd,
demonstradng the advantage of de VRM compared wirh
a hard-edged output coupler which would usually produce
side lobes. Comparing the result in Fig. 6 to rhe distriburion
for a Gaussiaa TEM66 nrode using an overlap integral, we

_1?114:K^ R.sonaror and Oprics hograms vcnion 1.0. disniburei by
SCIOPr Enkryrisa, SaIl ,osc, CA,

Fi8. 5. Plots of ncar-fr€ld inrensiry eld phasc prodlcs (rcre rhar th. f,ucoa-
dons in phasc rcar thc edge of the Fofilcs ir a ourncricsl a:.Jaar).
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FiB. 6. Plo6 of far-fi.]d iatcnsiry arld phat profiles,

determined rhat 98.7Vo of the power could be coupled into a
sable resonator, as used in long-baseline laser interferomeric
gravitadonal wave detectors.

The shape of the mode in rhe gain medium is similar ro
the reflectivity profile of the VRM. Ir has a characteristic half-
widrh of0.96 mm, approximately 60% of Ore height ofthe gain
region. It is commonly believed that low-order VRM'S result
in poor exraction efficiency because the mode illtensiry is not
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Ouiput couola effecliv. r€8ecliviry, E

Output coupLr charaatsisric hllf lridtb, u- (Eo)
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