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Background I nformation [0002] Fi ber and sem conduct or
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m cromachining in the field of electronic device

manuf acturi ng. M cromachi ning applications require a
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to |l aser pul se durations ranging from nanoseconds to

pi coseconds, and even fentoseconds. Typical |aser

out put wavel engths range frominfrared to ultraviolet.
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crystal in response to non-uniform pump power. Peng, Xu, and Asundi, “Power
Scaling of Diode-Pumped Nd:YVO, Lasers,” IEEE-Quantum Electronics, Vol. 38,
No. 9, 2002, demonstrate that maximum pump power varies inversely with doping
concentration, and that the pump power increases to only 40 W for a 0.3% doped
vanadate crystal using an 808 nm pump wavelength and a 0.8 mm diameter pump
spot size. Fig. 1is a graph showing maximum pump power as a function of doping
concentration for an 808 nm-pumped laser. In addition to thermal lens formation, the

maximum incident pump power is restricted by thermal fracture of the laser crystal.



[0004] One way to neet the demand for a high power

| aser source is to use a | aser power anplifier. An
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power output may be easily scaled to neet a specific

requirenent for each different application. Laser
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green and UV tallored pulse), laser micromachining (picosecond pulse amplification),
and via drilling (high-power IR, green, and UV laser). U.S. Patent No. 5,546,222, of
Plaessmann et al. describes several embodiments of a multi-pass light amplifier, four
of which embodiments are presented in Fig. 3. The Plaessmann et al. patent
demonstrates, using a Nd:YLF twelve-pass amplifier at 10 kHz, that 2.5 pJ of energy
was amplified to 45 uJ with 1.6 W of pump energy focused in the amplifier gain
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t he problem of [ aser beam di spl acenment within the gain

medi um whi ch di spl acenent has two i nherent, serious
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thBBSh laser beam depolarization caused by thermal birefringence. Q. Lu et al.
report that a carefully designed compensation method reduced the power loss to just
5%. Thus, it would seem that controlling and compensating for thermal birefringence
in laser amplifiers is necessary and important.

[0009] U.S. Patent No. 6,384,966 of Dymott addresses this power loss problem
by rearranging optical components of a previous laser amplifier design to
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t hrough the gain nedium For exanple, in the Dynott
patent, a quarter-wave plate is placed between the
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Dymott patent points out that gain materials may include Nd:YAG, Nd:YVOs,
Nd:YLF, or Ti:sapphire to compensate for thermally induced birefringence, by
design.

Summary of the Disclosure

[0012] The Dymott patent fails to recognize that anisotropic gain materials,
including Nd:YVO4 and Nd:YLF, exhibit an intrinsic benefit in that they themselves
are naturally birefringent, so adding a component to compensate for thermal
birefringence is unnecessary in preferred embodiments disclosed. For example, if a

seed laser beam polarized along the c-axis of a Nd:YVO, crystal passes through an
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birefringence is unnecessary in preferred enbodi nents
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[0015] When constructing a laser amplifier including Nd:YVOys, or other
anisotropic gain material, neither compensating for thermal birefringence nor
undesired lasing is a main concern, as indicated by the placement and configuration
of optical components in multiple pass amplifiers. Data from amplifier experiments

involving anisotropic laser gain media further support this conclusion. Data for
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ani sotropic gain material, neither conpensating for

thermal birefringence nor undesired lasing is a main
wW@eeas3971 as i ndi cated by the placenent and  PCT/US2009/037719
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[0023] Fig. 7 is a plot of simulated output power (increase) as a function of pump
power for a single-pass amplifier and a quadruple-pass amplifier with parameters
equal to those used in Fig. 6.

[0024] Figs. 8A, 8B, 8C, and 8D are plots of simulated power output as a function
of time after each successive pass of a seed laser beam through a quadruple-pass
power amplifier configuration, with seed laser parameters set at 20 W power, a 40 ns

pulse width, and 50 W measured total absorbed pump power.



[0024] Figs. 8A, 8B, 8C, and 8D are plots of sinulated
power output as a function of tinme after each

W@ meRs®rve pass of a seed | aser beam t hr ough BCT/US2009/037719
quadr upl e- pass power anplifier configuration, with
seed | aser paraneters set at 20 Wpower, a 40 ns pul se
wi dth, and 50 Wneasured total absorbed punp

[QG’%]V [E82pis £} blgt oﬂnéésu@ed)b&heroémﬂﬁééwrﬁ& POYEKHz seed laser,
ification seed |l aser, as indicated by

@uﬂ@ae@tes&wt@é pawpm%@.fwgﬂ ofserf powRalenmihg o pRd @-axes of
a@a@&ﬁs@f pLﬂ’n SRR f@v%yéwvewgme& goBtim 30 Wat a
wavel en

of 80 nm [0026] Fi is a diagramof a
[6026ler rfig. Hhiscidiagram ofra et Smbodioan! lé%o%@écﬁcﬂﬁélble pass

r?dﬂrafrr\pﬁle %fgbg}églgﬁl on. [0027] Fig. 11 is a diagram

erre nbodi nent in a-a-c-c or c-c-a-a
[Q02Zjr up‘FI_g phissa diegram afppieféread erobedigentiniaoa-c-4 @U28R-a
@a%mco}%plggs go\gé%&mep °’ﬁ'§ﬁe pﬁ”ed enbodi ment in

a-a-c ass power anplifier
[00R8] guFigt 1Dis.a {1.@@@9} ofa greferged embodimegt iam-ot-aeor a-a-a-C
referre enbod -c-c-Cc-a-a and a-a-a-ac- C
”b%%?af)%%\?'era%'?lff\‘ef 8?”%9 At éur ation. Detail ed
[0o28) i prigots &fa Eilagifaem ofal peidrest] erabodineB0B0}-c-bi-2+i aaldsa-a-a-a-
sui table for ani sotropic gain nmedia in

‘Pfﬁlstxfp%‘ﬁé%owceé g réiongglléra ¥t solid state media such
as, butpgeiled Debérgflioh@f PrefeeedBnibodingsntsioped

[&} allt_al 1 h&e@?\)&tgb%f&%i@?%ﬂsé% a{dj?s%g#%@edla in’'multi-pass

é‘(’ihf@maW@are"EbhEr&é@W@d‘ﬂa sﬁﬂh a4 but Yot to, Yair<cedMh n-doped
Cr Li SAF; CnLi CAF; Ti: re: alexandrite

swistalipe golicistatg @??"‘%‘ﬁ@l‘”é'ﬂﬁ(ﬂd WQMN%YEFCNW\&“HEm YLF,
bV Y Eb: ﬁ%d{L@V@TrﬁTMﬁHohﬂﬁ@dvd}eVbaﬂLrF Yb: YVO4 Yb:GdVOy,

sem conduct of s may al so be used gai n medi a,

optiSAdl, CoLiGARCh ﬁa@ghqu;@.lﬁjqangntﬁagthg[ Ne- qgge@mﬁt%ry%g and other
Fatdiaf ¢ ({TKF%ESITPQID [t ahio! é § edvaeuR 1 A8 st e i ddnficbductors

support eam arrp I cation at one or nore
way elseriy heed abgdio mediy rapdloageal ofg\estrisabpUEPiAg ynayealso be

Cho%&ﬁqd ab B fﬂ\éqpétgﬁﬂg ﬂ%\/@)f%b%] h&< THeCARRE Yo prp%rtgghf‘beam

or exa wavel engt'h
Bmﬁllfltraltloﬁiagommr B8k wayel§gghs n’\/arm Mmmap Bsemvavelengths may be

I
AEn Cfeiafe I B eEiiih SHERAL Ofa fuill AUy plorhfe”
Ndbero] atsmp waseengthe deg0& i 81%0% 880 aseB88 nodent @3dR.5 nm.

B Fiser Bty o8 SRt pe By SER e Byatjg for

30If- Gt eshraplifierd) editiras agibef lagenidser dipds ssalipiistatallaser, mode lock

%&ngé%lﬁbgée%ﬁé@ Mﬁé{ﬁrﬁgg blsafaé(%ggela]bfgHﬁ%—gé&agr%pliﬁer.

[0031] Figs. 4A, 4B, and 4C show embodiments of a multi-pass optical amplifier

in, respectively, double-pass, triple-pass, and quadruple-pass configurations. Each
of these embodiments allows for multiple passes of a seed laser beam 100 along a
common beam path 101 through an anisotropic gain medium 102 with substantially
zero angular beam displacement 104 (Fig. 4A-1) from beam path 101 during each
pass. In contrast to the prior art configurations that are shown in Fig. 3 and entail
non-specular reflection, in each of the multi-pass configurations of Figs. 4A, 4B, and

4C, seed laser beam 100, when incident on a curvilinear HR mirror 106, is



of these enbodi nents allows for nultiple passes of a
seed | aser beam 100 al ong a common beam path 101

wa booonge7an ani sotropi c gain medi um 102 with PCT/US2009/037719
substantially zero angul ar beam di spl acenent 104 (Fig.
4A-1 ) from beam path 101 during each pass. In
contrast to the prior art configurations that are

eéﬁwlddbr'%b 3 co%cé\ﬂeds&fbfc@'1|o7rb@ihérﬁﬁl?dﬂ| Yt r%?éreﬁéé m.%um 1,

he nmul ti-pass configurations of
agaerding, toée@taw akreflegdioaninigsmeralHbn anglei C&mdemeé 08'of an

ir‘?&l&é’ﬁtlﬂe@ﬁ?‘f fgg&%\?lﬁp%spéétﬁg%%ﬁ%f ﬂbr t1QZa\e%uals the angle

concave SUT ace mrror. erenc

dfirgflectipn 114 oha ceftagiangpeam 1 4@ Thevaoglebetweait iedacted heam 116
%\%ﬂﬁé@éﬂ} be%?n Wh n%fs.ta:qﬂﬁl'apgggr? d*% c%fme?\ 1in‘.C Fgrer%rfnal

nmeasu a sur ace norna
iddi@encegiralviich laeglam;g lircidence dﬂB éx01, oefletiet fana 11€fé-tracasdbeam

TRETRGA A B 09 TeRE B LS BaN AR s e B
dlﬁﬂacdﬁwnt nounai eqm\mleki)ﬁllycr&sluitgn’g m,fatllgr;mmamtgie&weén g}{cﬁﬂedem

R FE PaamE DA ETDN AL LRF O g0 OB ANEI S Ry v fear
ropagaAion e gamthelimcizedmd ekddresar gastlinvdé erdtttybetween the
resulting in ali &&n{gn bet ween i ncident and refl ected

IpeiagEodeRNALNE fH - beans 110 and 116 facilitates

[0082) ol TS dbaAen, RIphP SR bitiriple PRLE cOMRuraTIohS 2f arg@ 4A, 4B,
ensures a good node natch bet ween t he | asi ng;
AR pURBPERINEY. rbePPloYiNg ANRQHPRIC 98l MEAM %ﬁ@usﬂatea

Q}b%fynlﬁﬁilyﬁzé?é%ﬁgﬁl‘ém)é%rd?ép'léb@:ﬁléﬁf 164 Gﬁbea‘%paﬂﬁ 0136fcéeé@laser
respecti'vely, and enpl oyi ng ani sotropi c gain

besom 109 wathregrechtosaibapticial 18 Thatds srgdiase rB@%mﬂOO travels
%osl%ltr%‘éﬁ ObathQd O?Bost?t%%%r{% g"é?\%ré?l% a?&f?ﬂodt%%&\'s @@é’ﬁd exits

respect 0 an OptIC axl s I S seed
thastical @amlilio0system 65 @anautput &ses beam 19ap k9. on119¢ in a

&Pe%%h%aﬁrg@nﬁ[%ﬁh’r 9@8 %eélﬁg M4 yln%a%ﬂ%oﬁﬁédrﬁtlcﬁ?“sée& fRepPEbm

| er systen1as an output | aser
petfinsilifsses 111:9bgh erFaIa_@cy nscnafar 420 evt isoncigentyunalpelariaing beam

SRUBP 48 S 2X ARG LorRRTEERE) il BhadkIoRB Sed RSE beam
#0Wta sassnisiodghipolanziag mmlaar sahttag1 Zﬂamﬂ mlw deflects 52ed laser beam
10087 paf Aeiitiniont o6F poraizdieh Rre Bl o1 aER G g Bh¥Ration of
gigl dptite Wlt&_’m‘IZhetbeért&h%pmterF afdrieas Sptuma doinpseentd easmdlw &rpund

), acgordi 0 e Ol a 1 on | t t . .
G i 02 e R MG Pt B R 2 ordFe equiste
BnbéL STconY@dtioE passts AbreauiiA MRt Seposi10aphtab, ar omw exits

ain medi um 102 direct |aser beam 100 through gain
RiicRlADPIISF SYS®RMr equi sit e number of consecuti ve

3¢S pefdbr- Qégsﬂiﬁnfl%)@%ﬁén bﬁﬁ@hdvﬂ-ﬁ?m Fid 1&0inchided BQuarter-wave
exits the optical ifier 3/
plate 126 placed between gam medium 1 and curvnlmear HR mirror 106. Seed
laser beam 100 emerging from Faraday isolator 120 first passes through polarizing
beam splitter 122, through gain medium 102, and then through quarter-wave plate
126. Reflecting from curvilinear HR mirror 106, now-amplified laser beam 100
passes back through quarter-wave plate 126. Quarter-wave plate 126 has an optical
axis oriented at an angle of 45° relative to the polarization direction of linearly

polarized light emerging from gain medium 102. The purpose of quarter-wave plate

8



[ 0033] A doubl e-pass configuration 124 shown in Fig.

4A includes a quarter-wave plate 126 pl aced between
w@2000/1900di um 102 and curvilinear HR m rror 106PCBESH09/037719

| aser beam 100 energi ng from Faraday i sol ator 120

first passes through polarizing beamsplitter 122,

t hrough gai n nmedi um 102, and then through quarter-wave

12634 & rbifte trEéeBJ)lsﬁiat.Ba dﬁrb@t‘iBrPéfrtNé binpAfdd éé%dﬂhéérweaw@y a total
now anplifi | aser beam 100 passes back through

o 9ar fOérthQ/\H\(ﬁep%ﬁsﬁﬁe The gotateddineaty mieezqﬂ 'iﬂhéthfﬁ@éﬁ'%s frough
g{%ﬁ{ h%@iu nfX62a %Bb@rg)lt ifle 8hd @séﬁ%ﬂ%t@d %E/ pﬁ%n"zﬁgq}daﬁwesﬁliﬂgr ‘t|22

arizatio rection of |linea ri zed
@fme@xﬁlggﬂm@npfg@i ﬁysﬁema?fmum lasenbe@nﬂﬂ@ge Dewble-pass

cg f@fr?{lon o s} Al rﬁéﬂé eb tr{é’%@ a%agh&gfb‘?laﬁ %@Féf&‘é F|ffers

seed eam
fm‘m poorf art dem@w& thet msetesdedrt@ecqmansetﬁ for ttea'nauly lnduced

:ng%‘?g mé %@&Eg%ggg e&n&eg,y pohlng@ddﬁlﬁgésuégnﬁ%raﬁon 124

arizing
mambusé iis itiplerbeited evithranisolrgpiclyairopedicel 183/st em as

UL A 2E0 o RO bR 7 P M M hopi

132e44 elisstitule ffcﬁremrtfef -aaveplats 126 useﬂeualo@nsletm canfiguration

t ended. t th
{74 EoTaTgi AR Lok S h et pomtctedbr prlandS hpgmspiter 122
Sy @ddé@%nﬁpﬁhfehﬁktﬁ 8ddont chAdinear ARSAirior 188, a second polarlzmg

9D P390 Gkt BB BHII0S 08 SRRY [450FPgEM 480 Smierbing from
F&Qbé@%&a%rh@bfﬂry@é@%%%%ﬁ o@&nz&g%&éﬁﬁ ebllﬂeem@lénd gain

quarter-wave plate 126 used in doubl e-
medimylR2at iaser boam 1903benpasses ghrse%fefﬂd?vf%tﬁtOIéé%'&a'fawave

gxgsfgzt Uh& sEBnaRIaHZirdd Bhnk 88iMe? BB treREctd Bdim @ldllidsar HR

conponents a second curvilinear HR mirror 134, a
miseos 186 polchpassen faple Hyipugh eachaapticagompedent #dhagygiem until

l%Qérar}e%r 4@8” | r?erhﬁlss? o@ﬁ% :bggweér;%iftgl‘{@ fvsfh%ﬂ ddtfcltéadser

I 'sol at or St passes throlg anmggﬂ beam
lsgrh 110@ |byE®3 satitht daefeateoif guviiogar HBgJeirropd3dn hawergam 100

s Tety 15163 H%agl%?&ﬁ%%ah?%@%@ﬁésg%fmaﬁ ke gé‘se?g%@gtog back

eco rrzing béams
forgain meld\um 102 and HiRnpasses tHtO@h Emdd@;ae:é@ter 3@ knd half-wave

th I ' -
DAL SAEGHRLL 68 B ATORBER Y 5 5 SPUBLA piarang
Bédmtsbﬁtterih?le anvlﬁ’exﬂ‘fél?sleﬁlpattase#m;abéb.m 100 by 90 so
It ects of f curvi mi r
to0351 106 ErofAiSpdrs o BU DL TH shETY g geliudede!
Shthpdriedits dAplevitise ftohﬁjdr@ﬁdrm 3 searrdngen) WD tHesadditiom of quarter-
gai n nedi um %02 and thenéggsses th

Vavapiie 126 Seer Rapr b 460 pRiioing 0519&1?{?5\ FP%&O”ZO first

bASRE theagh pERrikingteam #ﬂﬂftéreﬁzeq?a%alyyot%&ﬁdnd and half-wave
pol anzm{g;er eamsplitter 136 and XItS p t I ser 100
[

plakend 32 oy Rﬁ@@@at'ﬂg dquaesh B?'@”%i%% e%farﬁp
FEONO bhék EhProrthGetisdHélailinear HR mirrors 106 and 134 and thereby

passes four times through gain medium 102 and quarter-wave plate 126. After the
fourth pass through gain medium 102, laser beam 100 passes in reverse direction
through polarizing beam splitter 133, through half-wave plate 132 and Faraday
rotator 138, and toward polarizing beam splitter 122, and exits as output laser beam
119¢.



conmponents of triple-pass configuration 130,

rearranged, with the addition of quarterwave plate
wa22®9/18oed | aser beam 100 energi ng from Far adapCT/US2009/037719

i solator 120 first passes through polarizing beam

splitter 122, Faraday rotator 138, and hal f-wave pl ate

132. After propagating through pol arizing beam

[ﬁ@ié tteq geo qudd@?ﬁétclb gefetAQekl El’é‘s%k §n@ ﬁGK\pq{é‘énfsocFéHéﬂmally

etmeen inear HR mrrors 134 and t hereby
qf@s@etﬁemmlbt“twm‘éachW@Qg’hh'glama'ﬁ%QEWMM@WM efficient extraction.

Iﬂ%ﬂﬁﬂlgﬁﬁ@ﬁﬁfgw ?ozl%én eam %L%Q(? J&Péﬁ&ﬁ%éﬁgt& P4 Re-

| aser asses |
munnmng Bmhltecttumjgh thotass qfusnmlea@aﬁﬁ wpie (3ldW) apgation, curvilinear

RIS I L5 06 oGkt Shy S0 o s BiEl g e

“ﬂwﬁ““ 'ehm beb@ﬂiﬂ mse]comugam eﬁmdeamtdmorbemmehe swgtifier.
p %F’IBSFGEF%K%F %CHn es*i)rgg?am %(thé |f|teP8|scIPﬁed. Instead,

durglnear &R mh’rcﬁ'ﬂﬂ 06and AGH i a0e destlgnexﬂtdx aormve apadrmaodsdinatohing

1%(?8can be con ag)red inl.tan end- punping or in a
dmﬁfﬂvﬁé‘”éQE'ﬁ EBHE"YI n the case of single |aser

13%?1 ( Sklg}efér@@clﬂ @h‘lbgﬂlgnemtl bmhblmnﬁaxpat—chmfrgumt@nleﬁerauds a
can be repl ace ase co cel |

dipdarpuaped vARAGRe VY- 3/ Tk gﬂ%%r a%@@% g't 3“‘5 V0, has

SREUtHPRA AR, I?&ér{%tmfﬁea%e@f&tﬁfstr’nﬂlﬂg)alsﬁ sbﬁ@n@bpbadgeeﬂd YVO,

Furthernmore, there is no undesire

| t
eetalmse crpahle af Beingahen thﬁ@f)l@ﬂaa“%uﬁ%cﬂg% egﬁlsgi ¢am 100 i
g 'héﬁ Wh%eﬁfﬁ@ al%s 8F ﬁeQLfé)hQn%ethéébﬂaﬂiﬁlﬁQﬁchmﬁj@f laser

mat ¢ and to inprove anplified beam quality.
tregmm éﬂ@nsr digned vl the ataxiss thergainds ahoupHyee Hogs .gg%ﬂt%ﬁthaﬂ the

%ﬁﬁ Wﬁ?mﬁe B%ghg%n%%gﬁ& Uﬁﬁﬁ&%@n{ b i¥\iyAed WQM/ﬁ{e & -axis.

as ani sotropic qaln
G'aws istthé reasen mam prionatt grimaiily uspathe Gexie fas 1adedl g@e laser-

it ?ar%n%té’r%t reCf\/ Qﬁﬁs%eeaoé d@éké@aﬁé‘ﬁ%ﬁoﬁm for 1% Nd

pol-arization l'aser eam 100 i's aligned
dwmhlg eordeptratitte a-axis or the c-axis. Wien the

pol ari zation direction of |aser beam 100 is ali gned
with the :

tha.n the crat—1 H [
be&i*T00 i's ali gned ] :
reasad‘f?v\hythe prior art primarily uses the c-axis for

Q%S Eg émnﬁer&%é@%&%lﬁ%s ? e#egg%f@d%sg\o(aladte %lmcbqﬂcatlon

RONREMV @Y Er9stal &0hG BS aNamd @%Seﬁ eS“trthon)«é&JIﬂ.-ﬁ:otmmnng
Fl uorescence |jfeti

25
PDUAPUA AIAREIDE &1 SRS A SRR E5% A SRS sfRectgely. or
aisiRglapSsLambliffer CBbiHRe simulations and an experiment (presented below)

include the following common parameter settings: 100 kHz PRF, 20 ns PW, and

3 W absorbed pump power. Peak power levels are in the kW range while average
power values are on the order of 1 W - 10 W. Fig. 5A shows a curve 150c that
represents the time evolution of single-pass c-axis power output and a curve 152
that represents seed laser power over a 50 ns time interval 154. Comparison of
curves 150c and 152 reveals a single-pass c-axis peak power output 156 of 1.4 kW

corresponding to a peak seed laser power 158 of 1.1 kW. The average power over a
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in a Nd: YVC4 crystal along its a- and c-axes.

Sinmulation results conparing anplification along the
w@200anes9atr axes are shown in Figs. 5A and 5B, PCT/US2009/037719

respectively, for a single-pass anplifier. Both the

simul ati ons and an experinent (presented bel ow)

i nclude the foll ow ng conmon paraneter settings: 100

flﬁ!‘l'qoﬁ’ﬁﬁz c?ﬁerééqLPWo #d s %r Y6 ab6 %Pl@q:a%m@ed)%\@r% Wem

power |levéls 'are int kW'range i | e average power
r@are@éatsar]@ smllermssm-@é$ e@@rgxwmttqcbwwm theyvery AhgH GRgrsdime

it 1%5 Ogi 5gt BRLHOGR LM ?5651%tp?é%tlﬁd meutt,dr@%gerﬁmﬁ%tlme

Sl ng e pas C-axXl s povver out and a curve 1
e\@pﬂosezﬁsmgtem@sl @BYs ppwaeeutputeandamsm h82 pverdhe AP ews\ime

|flléAr‘veil %H’p %ronio |s8|f\ oF&U &1 éosaoa‘ﬂmoﬂ%b %g@g %%'fﬁ fﬁm pass a-

power
@S pew«mmdpmtgi 62cha ?pke\éllerdeaa@ramnglpma% ai® pdwer .output of

£8 o CRuEro R8T B R P el itnonp i i A BroitEa Gy e

¢c-dipectivardxsesdwethat mghea{cﬁmstlcm laxatsowe acfachpr ehmteteed

he very short 50 ti i N va . Fi
B8 " T p st i PBSrdssg R o ¥Rt BB 1o Ry R pass
MlSZ rLthpﬂmeﬁ?f er%%ﬂ"sgéequéﬁﬁéﬂ_ymghelr Sxtpambh etﬁfld‘lepid:iesamﬁi (mfnrespondlng

over the ns tine interv ri son o

s QU P DAERIO Bocs AR AN O YR PN ST AT S5 PO
PRYE ol AirgFtdm #He1 Zoi%lsu?glé‘-wéﬁléxtﬁﬁéﬂb@@ﬁlc%nﬁg bRNBASES c-axis
a-axi s power output of respondi ng extrac

@?foS@P@WBQ&S@E@W%SﬁﬁnF&'Hﬁ'I 'ieFP'ESdf‘leQw 9% thg@imulation Predlls an

ScHduBRLhRR a??&ﬂﬁ@ﬁ‘f’zd ﬁﬁﬂav’erﬂ 55% e&trﬂd:tfofhcéfﬁ@&d%/%r@k@()w average
factor of three. [0039] The g(essnon rom

@wtﬁgt rowridEig. 66) a@.mﬁp@nélagéo 1415 W ped adiPipPRyeatéd, and a c-a-
adAIPR-bE&LERp T dub %o ﬁ%ﬁ‘b%aéﬂtﬂécmrggﬁﬁlency and 3.2 W

ext action e%f enC| es and correspondl ng c-
avarpge Opmwxapcgwermomeheoryhm@tw‘aﬁ ¥ peak ?Mﬁkbt Wﬂ 65%619 5D).

@%@ﬁgpogﬁﬁmaﬁﬁ f200d Rt a‘@e b0 8mbRidt%4 gé@%mass

ctiron e cencyao ecaX|scrrespon|ng
emalmmgntm rpsuits dAspigief-pass are@lﬁllcatspn alomy the Gaxis shewn in Fig. 6A

éh %ﬂ' 91td56 HIS@ gglfeo&ptlzgmg%$§ &)%g}.%hbwg@%?%ggnment

rac i Cl éncy an
oonmmteqammag a QFB W aECigepowersyeed dhsey at 064 A% kNyadleaik 00 kHz

BRERHn 8RU5 P 0 a}eB 4e BlineicdltfitatP 16 PRBPbeam spat size
wag Eﬁl)qmermgeth@ pt:m%bqaw@pot Gizerat Spopebim gvaish m?asezalo\mn The
out ower at
BEG i aLrR sofiRe Was i fhe isdaled Mser HIoGE Aty 08l dHpter,anc a
AuMeritaTRpealrd @BYlof 6. zzf m@berumaﬁ&eammd .ﬁuababnponn of 3W of
al ong the c- XIS sho 6A an

BUR R AP e nE Y NSt ReiEeial USRS acirtieBrss fapitier

§6Wu'réf%tba(‘s@8 %th@@)o%k Qﬂmpﬁﬁé\i exp¥Haust; Q%NWgesaﬁﬁJt power
| aser at 1064 nm pul sed at 100 kHz PRF w

ngs pEedusedvaththe Imﬁepl@e@t'on&drépﬂonrﬁ'@nﬁggf\eﬁh tﬁsgrﬁ%aﬁgv 2.6 W

8léBge output power was produced with the laser polarization direction aligned with
the a-axis. A 3 W average output power can be expected from a double-pass
configuration, based on the disclosed power amplifier model.

[0041] Using a 0.7 W seed laser pulsed at 100 kHz, with a 20 ns PW, a laser
beam spot diameter of 350 ym and a pump beam spot diameter of 380 ym, a

simulation was run for both a single-pass amplifier and a quadruple-pass amplifier,
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was 250 nm and the punp beam spot size at the beam
wai st was 280 mm The 808 nm punp source was a
wo piwen4soupl ed | aser diode with 100 nm di anet ePCHO2089/037719
nunerical aperture (NA) of 0.22. The experi nment
resulted in absorption of 3 Wof punp power at 808 nm
by a Nd) YVO crystal. Using a single-pass anplifier

SHOMInPSitBh Mé?%?\@‘baﬂﬂaé Rirghchenef plﬂﬂ'ﬁ'pbﬁ/b?rrespectlvely Results
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ed
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e laser polarization direction aligned with t
ressp@nplifier. 3 W aver age out put power can be expect ed
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20 W aver age power at 10 kHz PRF and a 40 ns

pawarampliienaighios A §& ACrae QI%PFW’HQ?H sk gpBe" FVEBgPa, 176b,
ﬁﬁé%nWﬁ%d@%r@@}ﬁﬁfox%ata tnﬂ@k g%ﬁ’?ﬂyﬂr@@eﬂ lagét§eak

| aser beam spot size iIs t he Eurrp beam spot

Bower 178 BBouikWS; %KVé{tW@fiﬂqeééiﬂr@ gbautd KRt he
Lvogagp%w@ebvbpaé b #hcRbs og’sé/&f‘pdvvbr':é gﬁow% Fi§Bo, i®hich a

xtraction effici ency o a sin e- pass
distviidtignbetwenn aksisgriificationxis? dang czaxng%npbt? Iaanﬁg igapparent.

71&? ée(% PRSI Sgﬁerpﬂ%’f Flcr%%@éjg)om)epgﬁt%ﬁf’l 6tPinbRatds ﬁrﬁ?-natlcally

Il ENcy" USi ng e- pass anpl i
bs;t&clailqrmi tr@maa;ema qué0Bruple- pmmflg@f@t@thteSp@%Hy when seed

r B, 8C,
(e om0 LEBRLRon 8, &Sy e Fstatg iyt
F00A4] 7 64V Hdmeit isateeesszpy wmdmweisytezoetrtarm&y |gderadeblr6tflhrmence
the seed | aser peak o 178 _(a t
SRR BT amerbet: & Tnpss BB celfshirtonRuie an even
flulﬁhbbt offpaRkes, e.eol/hnmwae pblrigdtmarstates bf the |ght be\amﬁnnauhllr@ back
i on between a-axis i

a3 ol ipianine denanedias mus BsneRehang b iy en the frst

gaw ﬁfttﬂégle?rﬁh% paBASed BMIOWE theOtibib] it A6t berpolaAs®balong the a-axis
ramati ca

on the second p%ss Only a-c or c-a configurations would be allowed for a double-
pass amplifier, and only a-c-c-a or c-a-a-c configurations would be allowed for a
quadruple-pass amplifier. However, with an anisotropic medium such as vanadate,
ancillary compensation for thermally induced birefringence is not needed, allowing
for more freedom in the amplifier design.
[0045] Figs. 10, 11, 12, and 13 are diagrams of alternative embodiments of multi-

pass amplifiers shown in Figs. 4A, 4B, and 4C and implemented with anisotropic

12



especially in the case of a quadrupl e-pass

configuration, and especially when seed | aser beam 100
w0 200di14ct ed al ong the c-axis of the vanadate BPCHESENI/037719

[0044] When it is necessary to conpensate for

thernal 'y induced birefringence, such as in prior art

systens, a nulti-pass anplifier configuration is

ddlmﬁeﬁ% ttrQJsaéllo@./Yr?gnfoWMbn% trféabcra@rsof JaRsddhieRg ttec- a>l<(|s and

pol ari zation states of the |ight beamtraveling b
ZAYSf Srtipaltdemneganisti these ermRaginentmase amangad %@%‘i@éﬁke
SRBREHEIH %roggrtﬂeg%f fHera?ﬁsd?r%?ﬁ: rﬁjdut nte'a fic§| n the first

pol ari'zed al on he c-axis arlze "al ong
qawpleofpasseniihe h@eds,l@e@rhﬁqyaa@,lan@ﬂoy %re@ @y is@ligned to the crystal

59@{)1’ tﬁg %é@eﬂé g\éﬂurlngtehgl ﬁélhﬂéﬁﬁe Br%rate%t gﬁﬁ&#(ﬁp%sc‘s section

C configurations
(wemd&j th&foml it us\mgnéobto tae @tm(lifr um@nm gouabteipiab$ epnfigurations such

%%%Erq(?;grg,w%éo%a” SRR Cal Rl HILBHE R SHARWRAR Fations
iuch@‘sra -agenoec-ta-a(fig n191€)d§¢g 181 shows ragd dubie-passecanfigardtion

LB B TR0 N L B e A P

;ﬁléﬁaﬂ IDWikhif adirst dasbed linabdi t84a Heve BBhasudied Gpatebm of gain

ed wth anisotropjcgai n, medi t [ | o .
PERUTR TN durer Nevop B 1 Rl (B Bhesr TR mime 188 Fio. 4
ﬁébjb@erﬁﬁéhﬁ)ve@ﬁhé%bn@mm@tlbﬁs iversmaesotheiaidauple-pass
are arranged so as tQ t? dvan e. of ‘{n properties
eAntigneatigRSeEeYVP dpie- 4&ith IorEding co ?tl'qnb'ﬁl g ™in the

foous] CoHPLBadlpRASESTontidiRatkAEshdwASIAIFid eI based on the
pol ari zation direction is aligned to the crystal axis

doubierpassaerdigueatignimh Figal @rwit] a%eéh Rigg! JaRPGeBtE EGWn in
?éEo%ﬁ'o%@h@& Pﬁéb@)@%tﬁﬂ) na @Ecéﬁﬂ %Qm meRAPh 485 is ihSerfdd BEIREen

€ a-axl s. di tional pass confl gur ations
peletiziag baam aphtter ﬂzbaf@oa@ec;@@wumﬂ@eeprl& mirtey 134s2laeg with a

Qec‘co%m% k‘\E @a{i’%‘ﬁat& 'ﬁlTé 8@?} @ﬁergﬁbg@ pﬁs’%e% “tRice throRbh each of

pass
gamfmegijturaﬂloaransil gaiin medtum 1 8atforshinial of fouFipgssess, except

[ & ERf YR8t 3'sohriduBlich 3R oheitTife Bkl Liépass

amtmiefawhmh |s;memarmjammm@drumiuipa§§a¢qr¢gunggv@ opFigt &2 that
t t .

L

thaponeEs sh)dnen passsaxbinfd third abstoed Igtedvex 188. Filg. adtiGianal optical

GmaptaTe Motk Etond pelaizoh Setisp R 142, 2 5ong Fspday rotator

200 t iR 4l esddna-Hassavegibteg92ahsevtediin tHe igeard Pathjusthafter Faraday

added o tlc conponents sho [ a second dashed I|ine
IsQlatarg §geg%q S WRYEi 1%@”?@0\’ erted between

gfd@! i Zig Bew/@pb td theke hadingRKillan BecoNthatmany lchdimgﬁs may be
mrror 134, along with a cond quarter

e ke SN oTiop BPer L pRabeY SOHOCH A BUGHC HEA g Tom the

underlying principles of the invention. The scope of the present invention should,

therefore, be determined only by the following claims.

13



gai n nmedi um 102 and gai n nedium 185, for a total of

four passes. [0047] Fig. 13 represents a configuration
wo evovassdeven nore efficient, six-pass anplifi ePCTNK20091037719

is the sane as the quadrupl e-pass configuration of

Fig. 12 that includes second gain nmedi um 185, except

for an additional block of three optical conponents

shown enclosed in a third daghgg |ine box 188. The

addi t| onal optical conponents 1 nclude a second

pol arli. A mgthaskehocopfiguringra mpli-passoptienl domer amplfigrde Rederm

RizaflBE. 8 émgn@ﬂhéa‘tl\ﬁfﬁ ?Ia@[a?ér?er%?% brﬂﬁﬁéé edef &tb&l@mth

eam pat h ust a Far a ay I sol a 0, wth second
rqdamdebeamd@tqﬂlm eomgbisingnoved. [ 0048] It will be

obvi QUs,id |R%%E%?sog%¥i'cgﬁtrﬁ#ﬂegiurﬂ HT\L&%?@{ %}n& 5&lond®ihogonally

changes na et al
reldetgaiosxes bbaractehized heinherasit diffsrentiabpralidaimgand assoctaéed

tion. Th f
AR B oReL DRl BReBhab G Therti o, The Secee el
only gnudnmghe pbErizedseed alsar eanCiaxinmgtidle pAss&stthdegbfthe

f Tul t,i - tcal
SRR ot araciib b RAE IR hES (B 4Eh B IRl Ple deses
;g@pté@rtltnbcal@ig)d Uﬁmdoaxstﬁanopéthtﬂgd\mﬁbrgomym&ﬂt tdmialiy no
istortio sin rovidin a otropic

Asap et ians T Saeman ge B R DR RO SEALERY fetdind a
SethizaAisA Yire naedrivesedo e tammbe Bbam gatieramat i al  axi al
gai n and assom ated i nherent differ eggl al th

bi r efGoRHYeEW: the alignmegntof 1 Rrlarzatos dugctons tft?e%ﬂWffZ&P seed

BEEL btlng WA SSE first Bﬁ@%nﬂ@%urﬁé&e‘é@fﬁlﬁwgﬁn GﬁédTurﬁ&’@bbltﬁbllsh a
the seed | aser beam for each of the mutlip gg%asses

pupbergthe gulinkneassee dirruah Mo rba\eﬁluaman%ﬁ g&Prigser output
Iantl ally no displacenent fromthe comobn beam

pat and the seed | aser beam havin pol ari zati on

di r ecvheraby H‘mﬁﬁﬁérlé%ertb@aw@&ﬁms‘%éé@ﬁtﬁ& Re digptpcement from

&%Orfe%'npg:%]tgr}g?ﬁ&ﬁ Ié‘éér%ﬂfﬂ%‘ﬂbe% cﬁé(]@rtleﬁlaﬁa kR ihherent dlffﬁrentlal

directi e polarized seed |l aser beamwth
friermal Eredringenoe énbyanaesaasss ogtput Reergyientragtipniaiiciency.

estab) | e%&Hgg’gf clgfm y hl 'ﬂ'i'éﬁ B! Fﬁls%ﬂ%ﬁgzga‘irhh% @ %&ﬁpnses a

gai n nedi Um an aser “out put
tdre-eaeth don- ds;md mstmlluadelucgstatajnalﬂ:bat anti al | y no

oo B RE NP A5 257 MRl ERED ATl o
biatefatatigencrides hmmam,lmsvw aNd: _fSUVOen‘_émg\y.Fg%m H¥Oion
o T BB T B LB o VO bP Yol

4. The method of claim 1, in which the anisotropic gain medium comprises
Cr:LiSAF, Cr:LiCAF, Ti:Sapphire, or alexandrite.

5. The method of claim 1, in which the anisotropic gain medium is a
crystalline solid state material in the shape of a cylindrical rod of circular cross
section.

6. The method of claim 1, in which the anisotropic gain medium is a
crystalline solid state material in the shape of a cylindrical rod of polygonal cross
section.

7. The method of claim 6, in which the polygonal cross section of the

cylindrical rod is square.
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rare-earth ion-doped crystalline solid state materi al.
3 . The nethod of claim2, in which the rare-earth
wo orvodesed crystalline solid state material i neCTYUSR09/037719
Nd: YVO4 > Nd: YLF, Nd: GdVO»4, Tm YLF, Tm YVO 4,
Ho: Tm YLF, Ho: Tm YVO4, Ho: Tm GdVOQ4, Yb: YLF, Yb: YVO4,
or Yb: &GdVO4. 4 . The nethod of claiml1, in which the
anl s@t ﬁ% Be®Rdk of efaﬁlh BMInG/TEN th%eﬁolﬁolﬁbﬁﬁ*gss §8UtoRAN the
. Sapphire, or alexandrite. The net hod of claim1,
QYhnWﬁaédet'ﬁ@e&N% ropi c gain rredl umis a crystalline
SOl 1 & SHA BefBH Y CRim MMin \Dﬁcﬁﬂ%o&oﬁ’élnﬁorfgyth?%ﬂ{;ﬁrﬁ@ﬁt drak

of cifcular cross section aim1
palanidation direetions iof ter ppérizegdsierd haser bﬁamsn@iumsamuth%
%cﬁ&ﬂb%d}gegﬁ gggpgé@qlg%@@e%s?n@gh ot %&llt@?&f&@éu%ﬁgﬂexn of
tha ladeir ohtpuhbegolfpgotiel beanosplitteect i on of t he

cylindrical rod is square.8. The nmethod of claim®6, in

whi ch the pol ygonal cross section of the cylindrical

rod i s hexagonal. 9. The nethod of claim1, in which

the coordinating the alignnent of the polarization
directions of the polarized seed | aser beam i ncl udes
passing the polarized seed | aser beamnultiple tines
through a beamsplitter and causing exit of the | aser

out put beam fromthe beam splitter.
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