(I ' '~ SHORT PULSE LASER SYSTEM

Field of the Invention This invention relates to | aser systens.
Background of the Invention Lasers with short pulse duration with
hi gh beam quality are very useful for many applications that éﬁkg{e hi gh
“brightness (e.g. material renoval for nicro-machining, x-rayqs Wﬁm
efficient non-linear processes, etc:). The npbst conmon nethodmhpr,
generating short pulses in.solid state lasers is a nmethod kno 4

‘Q.swi tching. The pul se duration of a conventional Q swtched | aset®range
from~ 5 ns to ~200 ns. These pul ses can be further shortened using a-high
gain, very short resonator. Using such nmethods can generate sub nanosecond
pul ses at mcro-Joule | evel. Mde |ocking is another known method for
generating short pulse duration. In node | ocked |asers the pul se duration
can

SHORT PULSE LASER SYSTEM.

Field of the Invention

This invention relates to laser systems.

Backgl_'ound of the Inventlon
Lasers thh short pulse duration with hxgh beam quality are very useful for many

a_pplic&i_ons that require high brighmess (e.g. inaterial removal for tmcro-machmmg. X-ray
'geﬁeration, efficient non-linear processes, etc.). The most common method for generating
 short pulses in solid state lasers is a meih_od known as Q-switchiﬁg.- The pulse dﬁration-
 of a conventional Q-switched lasers range from -4-_5 ns to ~200 ns. These pulses7 canbe
further shortened using a high gain; very short resonator. Using such methods can
generate sub nanosecond pulses at micro-Joule level. Mode locking is another known _
method for generating short pulse duration. In mode locked lasers the pulse duration can -
be generated in a variety of ranges, for example ~ 100 fs to '~300 ps. Mdde_l’ocked
lasers generate continuous or semi-contim’mus pulse ‘trains, and the energy per single
plcosecond pulse is on the order of nano-Joule " Many apphcauons requlre energy per
'pulse (not pulse tram) in the range of ~1to ~300 ml;. therefore the above methods |



be generated in a variety of ranges, for exanple =100 fs to ~300 ps. Mbde
| ocked | asers generate continuous or sem -continuous pulse trains, and the
energy per single picosecond pulse is on the order of nano-Joul e. Many
applications require energy per pulse (not pulse train) in the range of ~1

‘to ! 300 mJ;. therefore, the above m@ethods
2 require beamanplification in the range of ~ 10[err] to ~10[err].

. Regener a&é@wﬁeawhmbﬁﬁéam anthk irhngeadt eri0dam plohi Regemerativegbr grilti-stabeit
such anplifiers are very_expensive and/or conpl for practical .commerci al
oystems amplification 67 PVideoBecie gy b SUSILATIPIASES AF-VEY, SPRTHNCARTOF
better | aser,systemf Js ry short pul se duration at a ml/pul se
energy |é:9g||p_l¢xytso_r practfaﬁl Pgﬁrﬂgﬂ;ﬂ%yﬁeifﬁ _ Sunmary of The Invention
‘The present i rpe@ft tHeNativeY iR Sappatent eat theré 4snavived fop anlereer daser alystemviet y

“short duration pulses at sufficient energy levels to satisfy applications
“r equi r i ngrodugingha iveryt shostspyise dugatiopat agnkpwise energx lgvelses have a duration
‘under 5000 picoseconds (ps), and preferably in a range of about 10 to 1500
ps, at energy levels of up to a fewmlli-Joules per pulse (ml/p) with near
diffraction |imted beam qual iduymmary of The Tavémigow’ €f erred enbodi nent, a
| aser crystal is punped (excited) by diode lasers. A resonator having at
| east two nirrBhe presémtcinvention proyvidesba dasen systerpawbichggenerases melatively s5em

oot cal - SHERIOBPUREE 7 RERCIgRL R0 A o st PR g Sk Bpltpes '
except T GhygesSN Hok A E3PuitiChiveds RurfRRMuRIED5000 pRcdsecbndlVTble dalte

first opti¢ er I's opemr a second optical shutter blocks the I'ight in

t he resorgrefetablyx iepiangeof pbouOL) o 1500eps;ak snergy rievsls odiupcrot  favh ailiinlotdes
duration, the interval's being spaced such that at |east one |ight pulse
travel i ngpegtpulsecmjipewith mean actipn fimited Beam @yAlitys apl e to nake a

lurality of t Sit r .1k i J: 24y A

i acti g encle erarreh aibodlinE. F I ol 1L pEARA Mohiida) By O Boertt
l'i ght - pul AereStard?Havingudt 1eddt itwb Giligtdr Vsurfacesafefinesia beatrepath passingdirough the

rel eases the pul se fromresonator. In a é).r ef errecdmarg;’odg;rent .. t.he
crystal ilkaser oeystahG Thedbesampath imythe resenator ds peodigaliy plo & Simst qpticals
conposed qf two reflecting mrror a ' ' | sojghe
Firor opt S Bermiiog Aeoiecsih 38 Byf8 o ta i g et EREL 1o ok ferio
shutter ﬁéh?':Fé d 3t eaew -x@iﬁﬁogfnﬁodmdwhiwqheﬁrstﬂpﬁcamnm it @per acsecond

C

mechani sm 1 ncl udes- a Pocke which rotates the polarization of the
pul se { r ooptidal shuitert bloglesrthe fighttin theiresenater exsept for qpeciodic inseavalsi QOrTesRARGHALor
through t trc])emg %luﬁé Idtzxraattiln?,nthg ?ﬁater?vsa'glt;egr{gegpaced such that at ledst one light pulse traveling

at the speed of light in the resonator is able to make a plurality of transits through the

resonator, increasing in intensity by extracting energy from the excited laser crysﬁl on
each transit. After the light pulse has built ui: in intensity, ax;'optical release mechanism
releases the pulse from resonator. . S IRV
" Ina preferred embodiment, the crystal is a Nd: YAG rod pumped by a laser diode
: arraj/. " The resonator is composed of two reflecting mirrors and a polarization beam
| splitter. The first optical shutter is an acousfo-optic Q-switch. The second optical shutter
includes an acousto-optic mode locker. The optical release mechanism includes a Pockels
cell which rotates the polarization of the pulse _from_.S to P to permit the pulse to be
released from said resonator through the polarization beam splitter. | |
In other preferred embodiments laser amplifiérs are described for amplifying the

pulsed laser beam produced by the above laser system. 'Puls_ec_l laser beams with energy



In other preferred enbodinents |aser anplifiers are described for
anplifying the pulsed |aser beam produced by the above | aser system

Pul sed | aser beams with energy 3
| evel s in excess of 250 mJ per pul se have been achieved. Anplifier designs
are described for -50 and 250 mJ/p 4t 1000 Hz. The |aser syst em oper at es
bel ow.the self focusing linmit (B-integral), and at the saturation fluence
for ef ficleeels ineexcesscafi25A mi perrmilserhave bedn achieved. | Amplifieedesigns hrepdesoribed ng
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_showi ng tthe Idsér médjunanjrhplementing thischigh brightness lﬁéﬁfor&mrmmaxdomman@r@dtm ng a
four passes 250 mJ/p power anplifier configuratio 4is a
_drawi ng sTRRRPTRAGhIRIng 30d TR, BIBKES it A ysry W@F@bﬁ%‘? H&sm F@Hﬂﬁllo%n

FI GS. 5A, 5B and 5C describe light pulses generated in a preferred

enbodi nent of the present invention. FIG 5D illustrates |ight pulse

‘bui | dup in an enbodi ment of Bief Desesiptioni sf\ihiet Deuwings FIG 6is a

configuration for generatl ng fourth harnonic. FIG 7 is a draw ng
showi-ng a pi coEM&ohds p@rg@mgrﬁlpwl%mg majopcemponents of the master oscillator.

Det ai | ed Descr f ' SHORT |
PULS‘E LASERSSY%\/?QSQ‘!A\O%&%W%H% Wé’&a?’f‘%“@?‘&d%%‘of a preferred seed
| aser system FI@®. plis 26tavdhg ShowiBgh Yo' fasses 350 @&/ powedatiblifierconfiguration,

Qswitch control | ed resonator an acousto- optic m)del ocker for generating’
very ‘short pul E¥S. disia draming showing: the 256rml/p ipowar amplifierepumping donfiguration.

G anct orand 2F R SmpotD) SRS it e s grlRued J5 3 dr¥ferred deliimentc

array 2 (%e% ot i §gﬁ15 J5). Diode punp array 2 is quasi-CWand is
preferably run _at 20% duty factor (200 [err]s ON and 800 [err]s OFF) and
FIG. 5D illustrates light pulse buildup in an embodiment of the present invention.

FIG. 6 is a configuration for generating fourth harmonic. _
FIG. 7 is a drawing showing a picosecond pulse train pump an OPO.

'Detailed Descrip. tion of the Inv._ex_ltion

SHORT PULSE LASER. SYSTEM
FIG. 1 is a schematic diagram of a preferred seed laser system. The principal
elements are a diode pumped Nd:YAG rod, a Q-swrtch controlled resonator, an acousto- .

optic modelocker for generan_ng very shprt pulses and. a Pockels cell cont_rolled_ release
mechanism. . . .

- Laser Crystal and Optxcal Pump
A Nd YAG pohshed rod 8 (3 mm diameter and 2.5 cm long) is longitudinally
pumped by a5 bar laser diode array 2 (SDL pa_rt # SDL3245-15). Diode pump array 2
is quasi-CW and is preferably run at 20% duty factor (200 us ON and 800 s OFF) and
50 watt aver_agé power (at 1 kHz). The diode array wavelength is about 808 am which
corresponds to strong absorption in the Nd:Y‘AG.' - The output of the pump di‘dd_es are



50 watt average power (at 1 kHz). The diode array wavel ength i s about 808
nm whi ch corresponds to strong absorption in the Nd: YAG The output of the
punp di odes are 4 collinmated
by an array of micro-lenses 4. A fast focusing lens 6 concentrates the punp
| ight at the back end of Nd: YAG rod 8. The back surface of -the Nd: YAG rod 8
is polished and coated for maxi numreflection (- 99.8% at 1064 nm (the

| asi ng weyRingited By Gin wmmalbwm) ANfist’ ficusing heds' 6 0eibehfrh@d Ui p &Qﬁot i

(the punp, vvavelenth is trapped In the laser rod via

i nt er nal hgbtlaéol’hEdnC rem’-h thgldprgﬁﬁsmﬁdsbafheebac&wﬁa&groﬁ theaNd1 a6 st Bcis)
f hi gh ffi t C YAG. r od
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that any suitable [aser’ crystal ~and opti.cal punp may ed, 1nmadditron
to the prpafnpr kg mu;gjedlmdmdasbradémt@ldnmaltreﬂeaﬁnw&om%e polisired! barredt her
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punps; fIminimakinsertioh dosesay 1064 uned. : Q Swi tch
Control | ed Resonat or Pol ari zation beam splitter 12 refl ect

pol ari zati on ah$heyld e anpreciaed that any; syjabledasericrysalk and eptml p&wp(raay Peose

xdglnl yq%s&ghe en%%@ﬁﬁ?%?%&%tdﬂgﬁdﬁ =rd % es ISSP&)?; ?@I% édloo

resonat orotierfdpti Ws@li@sﬁbﬁ%auﬁz&qﬂs Qﬂclﬁde Nd: YRS, WY&G tNe:vVO,,
er

pol arization beams | i 12 and the nmirror surface 9B of hi gh reflection

5 m conc & Y$GG.oEr: mGSEn&AGt@d@B@IYﬁGGp@UMnMd many ipghegnd Mereower.punp
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punp peria&é-lmﬁbnerg%&&e&@skbmm%n&l%ﬁuma@ﬁ IERSY 8l¥o imay!teeuddd; YAG rod

from periodic y input fromthe punp "di odes 5B shows how t he
Q switch operates at the end of the 200 [err]s punp perlod to permt
extraction of the punp energy om.t For mat i on of
Short Pul ses with Acoust o- QDtpcﬁ &qukesonator An optical shutter,

such.as an acopsiafis A Gedd dp1ittéCIE rreﬂéc? 'S f1afPatton Bhd HafShit P polarization.
Acousto-optic .Q-swi.tch (Brimrose Model FQQ-27'-2-1064) 14  act ‘as an optical shutter

- which opens for.about 100 ns only at the end of the 200 us pump duration to establish a
 folded resonator 9'formed between the back surface 9A of Nd: YAG rod 8, the polarization

‘beam splitter 12 and the mirror surface 9B of high reflection 5 m concave mirror 18.

Since the Q-switch opens only at the end of the pump pulse for 100 ms, it prevents
“stimulated laser amplification in resonance cavity 9 except for periods of ébput 100 ns at . .
the end of each 200 s pump period. FIG. SA shows the 'periddic buildup of energy in:

- the Nd:YAG rod from periodié energy input from the pump diodes. FIG. 5B shows how
the Q-switch operates at the end of the 200 us pump period t0 permit extraction of the

pump energy from the rod.

| Formation of Short Pulses' with Acousto-Optic Mode Locker
An optical shutter, such as an acousto-optic mode locker (for example, Brimrose
Model FSML-70-20-BR-1064) 16 ,is'placed'véry close to mirror 18. In a typical optimal



Model FSM.-70-20-BR-1064) 16 is placed very close to mrror 18. In a .

typi cal optinal .5 setting of a
rmode | ocker, the RF carrier frequency (f) of the nmode | ocker and the
optlcal Iength of the laser resonator (L) relate as foll ows:

f=c/4L where c is the speed of ligM. In this preferred enbodi nent, we
drive node | ocker 16 with 70 Mdz RFE driver. This (%roduces st andi ng waves in

node | ockERIngef amede lockern tthe R eartier, squansy 48, of the maodeploeksroandethe optical
t ranspar 0 | [ nple, this duration is about
150 ps aﬁgég@rgqﬁgﬁ%*ggoﬁéﬁil\(ﬂ;m t? &%&?@ W ce the driver frequency. In

this exanple, we provide a cavity |engtler4gff about 3.5 feet. Thus, node
| ecker 16 acts as a second optical shutteemgermttl ng the passage of a 150

_ps k( mul th i wherde) is the Epeedaoéhghtadprtblls ipreferzed, | odimenti we drivesmode konlgertiénutht
“t rom t ho. TN REGRes, ot roies wabdheaid nhodidekd (B Wil 8¢ Sapip

swi tch 1%&:%@&&0&%&3 lodk¥? @&a&?aﬁ:ﬁ@fo?'w &iodeaphmzoorn[aferdm@mnm

period, a single 2-inch long pulse of Iight i5s flying back and f
't hr ough t duration is2abbutol 5Q psng a &sqnennp of 440 IMHz vhich is-twicerthe drives fréquency. 9A

and 9B ang increasing in energy each ti | t ou AG. rod 8.
The pul segl h%@cﬁ' &%ﬁ%?mgf@%agi (,L;lgg.)(s &?FE@O%@EM&FBW
Model 1044 l\#g!ah kebapl b qftkée I in
its OFF con |t|on a ?h‘k:‘g"rﬁ @éﬁ%‘?ﬁg‘ﬁ%ﬁgﬁ esg grg*ngkﬁl)giot%o E%lgggbéygo
degr ee r oapproximatély thas.| m7mﬂli$meaimeaahketahblléo-grss(aboﬂt Z-mehemllong) lightough -
t he resonance cavity. FIG_  5C gem)nst rg&ﬁefos he bUI I dthp ﬁ ‘}Rﬁ 150 ;)L{(I se
duri ng thB“i%t%MﬁtaeFQP&p Fipatromyhe ker; dir e Nd:

opt 1 cal ?é#? Q19460 Y2 e oE M 10T e e R el veﬁ‘-"‘f’lﬁ“ﬁ“’”d

exanpl e, - m ztrheh thryt pulseeoDlighittie fiyigehackcindrfoith thraughtthe 3r1¢2 foed

t he resonat or, the shorter the pulse duratlon Li kewi se, the greater the
anpl i t udelosg respuange cavity Orbepveep mirror urfanes PAcand: 9R apd |inereasing i energy each

Fhoul 9 beHac SR b IR 58 0T bRl SO o PhoBEY
optical shoiFsat Pifke TthddfogyModel molwqoe% *Rile St Btusred OPB! hpockaselenqocan
be set to produce 1500 ps. e. 1.5 ns) se | engt hs, or 5000 ps (5.0 ns)

pul se | engtnmmﬂlvwnuBrOFFlmnﬂmhandedcana psless)ttmobnpm causEa D

i1 lustrat sthe bui |l d 150 ps ur|n t.he 100.ns pul.se is ON in

t he ex'arrp(fl BFB’S qq %r‘&'@g gthet Feeﬂ}tg“@ Hhe JESO8ARSE i on

between t Eﬁ‘vxﬁr‘? ”Fﬁ'f. S@kl@ﬁtﬁnﬁfat@?‘ﬁﬁ HRAHUES of the .150 ps pulse during the 100 ns interval a
that the Q-switch is ON.

.In another example, other durations are selected by varying the location of the..

- second opttcal shutter 16, or by adjustmg the arnphtude of the RF driver. For exarnple

~ the greater the distance of the mode locker 16 from the rear of the resonator, the shorter

- the pulse duration. Likewise, the greater the amplitude of the RF driver output ‘the

shorter the pulse duration. It should be understood that any pulse duration achieving

sufficient energy levels may be selected using this optical shutter 16. For example the
optical shutter 16 may be set to produce a 10 ps pulse length. It also can be set to

produce 1500 ps (ie. 1.5 m) pulse Iengths, or 5000 ps (5.0 ns) pulse lengths. However,

the preferred range is 60 ps to 1506 ps ' FIG. 5D illustrates the buildup of 1500 ps pulses

- during the 100 ns pulse is ON in the example drscussed above As 1llustrated there, there

isa7ns duranon between the center poxnts of each pulse _



6 Rel easi ng the Pul se with Pockels Cell

Mrror 18 pernmits a very small portion of the light in the pulse to |eak
t hrough. The light |eaking through is detected by photo-detector 20. Wen
t he out put of photo- detector 20 exceeds a trigger threshold of a delay
generator (not shown), the delay generator triggers the [err]/4 Pockels
cell 10, which rotates the intra-cavity beamby 90[err] (2 passes). (In
Applicant's preferred errboci@ﬁ?ﬁ‘@lgéhqﬁués with Bgc ells provided to allow

pkenty of ti £ [ LAl t t n
Pockel s cel | | 318, 1€ Petihic? 8 on2 A polddiCbOE Rl h 566 Bluse b i lfdhaRy
Pockel s crid light &Hﬁhg\htﬁfbugﬁ i§ ueuacueetb?dpﬂotd-aabc:befzo_r eWHed tBelloagut 0pph6S- i t S
maxi num i ntensity.) en Pockels cell 10 turns on it changes the
pol ari zatdetectarf 20 hexcpedssa tfiggen thresiold iof at delay tgeneragan ¢(ndtshowa), the délay

ul se makes two passes thyoygh jt sufferi.ng two [erc]/4 retgrdatjops, ,This
B et retegale efgeess e R4CHOkelsLost 19, B soriRs it ey el Y S0°
pol ari zi %;c‘ F‘cgﬂ ’ nBedigh r v ReR; h |
FIG 1A rﬁ%ﬁ?&e@é% outt%giaﬁ?matngi S |o'rgfg e1r0r géc;hfsgger sf’sz? 2%13%% g\é\?bdﬁ |y
"denonst r gilentybof thmel for dre trigger signaly fromsphatedeteston 20t to @rmdnPockels cell 10.

PONER AMPLI FI ) MVa appl i cati.ans ma equi r.e. hi ner r

Dl so. LS. e signallampotoraBierion 20 b proued e pockals el £0 2605 falfitn o,
er puls ' ' headifad s LGk - Bled [ aser
Eeamp(vaﬁogﬁshggrégﬁgjég@ %)gr? exarrpF%s, an n@gerngfy'f) mg‘??gﬁkﬁ#?ﬂ gg eam . -
A beam exqmitdehanges thegiotarizatipn wfable tpalse from &5 polatizaticrs & Pbpalarizatioasassthet | on
to match the larger aperture of the power anplifier. Nune

Brous
conf i gur dAUlseriBakes twe Rassewsough; ibpufferng tho Mdtstardationss; llgws the,greatly wo

types of a1 1 Ldt . y = ml/ p
ot 1 ouPiRiied BRISHRS cipe e Sidonts dolfh pofiiztly Bnf 3Rl 18 o8 sitge
mi/ p the ¢hoffpulietRim?2 &bvamiin FIGCGIAS Tie tiéstred output from this preferred laser
Amplification for 50 mlJ/p Laser System The anplifier configuration
in FI G 2system ayactuallyodemenstmated by Appiisant 8 Pre1otype Sy stgmeis upeiet 3 &Pt o t he |
‘one described in the seed | aser system The beam di aneter of the P
pol ari zed beam out of the seed systemis less than 1 nm For efficient
operation, a beam expander 60 isSpgWERIAMPISFEERE the beam di aneter to fill
the anplifier's aperture. Thin

Many applications may require higher energy per pulse. Laser amplifiers are

_[.1

described below which can increase the energy per pulse while preserving .the beam

. properties of the above described laser beam (varibus pulse duration examples, and near
diffracticjn limited beam). A beam expander i§ preferably used to increase the laser beam |
cross section to match the larger apertufe of the power amplifier. ~Numerous
configurations of power amplifiers can be usei_l._ We designed and built two 'types of -
amplifier modules des_éribed below. For pﬁlse energy up tq-'~50 ml/p a configuration
éhown inFIG. 2 is used-, and for pulse etie_rgy up to ~250 ml/p ‘the configufation shown

 inFIG. 3isused. - | |

Amplification for 50 mJ/p Laser System _

The amplifier configuration in FIG. 2 utilizes diode pumped Nd:YAG modules that
are idenfical to the one described in the seed laser system. The beam-diametef of the P
poiarized beam out of the seed system is less tha_tn 1 mm. For efficient operation, a beam

~ expander 60 is used to increase the béam'diamete_r to fill. the amplifier’s aperture. Thin



7 filmpolarizer 62 transmts the P polarized beam Faraday rotator 64
rotates the beam by 45[err], and [err]/2 wavepl ate 66 rotates the beam back
by 45. The P pol arized beamis transmtted through thin film polarizer 68
and through [err]/4 waveplate 70 4oward anplifier nodule 72. The anplifier
modul e consist of a 2D diode array with microlenses for the fast axis, a
focusing lens for |ongitudinal punping of the Nd: YAG rod which is coated on
t he back filmrpolarizer 62 fransmitsahe #t pol@rézed roeamn dFiradéy totatos 64smitates dte Bhfh byn

rrouoh SEy Bl N ebemi 38 Bl e Bt by 91 i edlhebCRoR ot
ﬁgl Ea”vcz)er or - a&g%{:ondﬁgﬁggmassa&ﬁ?g&?ﬁn&% hro{’@ﬁ{e fafv\%afr@'r rﬁf)%iefne 76

whi ch i devadutea721 dTheoatnpitfiet’moditie csmsteofcamfdxe&@ trhi oeith micnotbensds)fd?I the pass
“through anplifier nDduIes 72, 76,. 82, and 86, and_reflection back b
“hi ghly r &F a%isi 4 Scusing os dor lopgitudingl pumpingRfvthe N XAGIod yich iproatetes g6,
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‘ei'ther t paikestwo Passésethiod ahipﬁﬁbxemaemrtﬂmms&s BdeR :nfdughlmtwmplaeé ver
t he beam has conpl eted the four passes with anplification in all of

nodul es, fehe mqédmtmeqf lbearnﬂegcﬂ fygam oft Y (twptpasaesaerfgbesemmadobm d)Sl in

[err]/2 6 di na 0 Far a Y rotator, 64
for a to\lﬁgrﬁ%?;ﬁfg%tso qﬁ’g ké 58 ?‘Z‘f %‘?q:‘,‘d c?quﬁehpﬁssf RS | ough 6o
to exit tahfpliee!hédulé %ywaﬁmxdéﬁhcapio ﬁﬁﬁﬁlefn dEted Sefuefiee bf aﬂa@lulrﬁ:a:%n godul e
can add about 10 to 15 mJ/p for a total of about 50 mJ/p Therral anal yses

usi ng Nddewlie passstheaugh amplifier dnodaies(725 76m82 pand 86 aand reflectionibacki by dlighiynped
end, shows,that this lifie n run at - 000 5] 49 Ioss :
ue to ¢ RERGRRRE pirtar B M tasond dGible pasd difougs ampiitlers'86,82, 76. 4adk Ton

250 mi/ p a%gm KedoaP BY | [ I ghe r
anplifi ergg r %%ﬁﬁ%gﬁheo«*l gurati g @%&/439%\?8% 10937331:@2m5?£g£e Thm

f our - pas filmpbidrizerst 62,168 pandi 7§ eicher traxisimin oe fréfledtetheybeam dbpemding) ot e 3.
Thi s confpiomlgn EFrow des ~250 m]/e&‘lat ~1000 Hz. FI G 3 shows the

princi pal degmyhas cp@pl w&fosxﬁaassm&lww 1Gatiog jpllef the

equi pnen ° &g‘ga
| aser system shown Pblglq'wp@n@ t%pi E;Hﬁggég‘%% ze elgﬁr#)&% | tt%ﬂ&go
and underggoand 4 additiohdl @5 °i rotdtion inFaratiay roeitert 64 fG2a 2ol fotatidy 6f 90°.r Qhat i on
int he [err]/2 waveplate 34. The'P polarized beam passes through
beam 90 reflects off thin film polarizer 62 to exit the amph er system In« our specxﬁc
desxgn, each amplifier module can add about 10 to 15 mle for a total of about 50 m.I/p
Thermal analyses using Nd:YAG rods- with undoped YAG (~5 mm long) at the
longitudinal pumped end, shows that this amphﬁers can run at ~ 1000 Hz with less than

4% loss due to thermal b1refrmgence

Amplification for 250 ml/p Laser Systeni
- Some applications require higher power amplifiers. Our preferred cohﬁguration _

for a 250 mJ/p system-is a four-pass amplification for high extraction efﬁcxeucy as shown
~ in FIG. 3. This configuration provides ~250 mJ/p at ~1000 Hz. FIG. 3 shows the
' principal features of the amplifier other than the amplifier pumping equ‘ipment-. As shown
in FIG. 3, the P polarized input beam from the seed laser system shown in FIG. 1 passes

- through a polarizer beam splitter 30 and undergoes 45° rotation in the Faraday rotator 32
and a -45° rotation in the N/2- waveplate 34. The P polanzed beam passes through’



8 polarizing beamsplitter 36 for a first pass through the Nd: YAG rods 38
and 42. The 90[err] rotator 40 cancels thermally induced birefringence, and
corrector |l ens 46 conpensates for thermal |ensing of the Nd: YAG rods.

Mrror 48 folds the beamfor a second. pass and [err]/4 waveplate 44 rotate
the polarization to S. The S pol & ized beamreflects off polarizing beam

[itt 3 d fold i b ] 50 f third th h
The N VRSB begim PHREnR o2t esS bunneth e o vRG.ods 381 anchin ¢ 71hg 908
e : J N
an [e”]rblﬁtdﬁ’aﬂoed&hﬁéliol find { flsRd iR e?ﬁ:é.zé’tgd& G 03[3 lend ¥ 2&\%@%1%{@0‘?3 4

beam passes throug i ng beam splTtter err|
and Far adbgrmabiensing o8 thepNd-YAI8 rods. r Mirror 48 folt drecfeamefor tahsecSnd passrande)d4beam

reflects off polarizing beamspljtter_3Q to provide the anplifier's output.
The descrw@apa&ﬁ% qomg theopolagzation; t9S.n ddheS splagized baam sghleets witipelarigiagn

(small si bd) 201, 7 Ve S ' ' , alhe
.gainis rl%gﬁicg%m#n:iﬁpag?@amﬁg asgag?o olﬁ;mﬁgpggngiﬁgés?gér?gn&l? ﬁ:ﬂ%gnpqﬁf@%gr%s
abl e to Nd:Y\G radso uMiai048'{0lds the beamaigainfforma fiab foutthpass, and A4 Wageplate
anplifier, punping arrangement for the anplifier nmodules 38 and 42 in FIG 3

s shown 44nTqthtes the poRrigation tnBydhelR pelagzed beam; passesIhrough polarising Seamt wo

ods 35 APUEE A% S} MandbidsE IR pnd bl {itPr 35:aREDap S0° SRR, Bt
‘apart) unhés$ pdlagizéd Gear cefledt$ ofihfolafizing RAmiiplitRr 30" @YSrobiiethe ahgﬁifﬁ?’@ by
cylindrical |lenses 56 onto the Nd: YAG rods 38 & 42. Water jacket 58

provi des qUPUtheat renoval fromthe rods. The output of the FIG 3 anplifier

is 250 Watts (ver,age.power)... This_power i.s in the formof 1000 pul ses per
second at aboufhﬁgﬁ %ﬂﬁég'tffrﬁ?flﬁ OR 35 2 ﬁ&gﬁ Bﬁsst%amt@fgég% mall, o
punped Wi sighab @ainy Bf\d8ak? D % Jepd ; ' g e (1300
[err]s O\Iéahr?g%%g [e'rrs]s G%F:Yevfg'essdl 0 e“ﬁ??%g@@%%rhé%gﬁgﬁg‘g |nl:§'0 ars
per ar r ayApplicantts prototypediemonsraion thegmplifier wascablel exidéliver abote 250 MAD wirdl.

The Nd: YAG r?ds e.1/4 inch in diameter and 8 cm|long. The rods are cut

with a sI9%Hh e"&r‘i@’% ®Rthr event parasitic anplification. The peak power out

of the anplififga i . gﬂ.agée ' 0 r t ses.
Wth sinple foﬁfsﬁ I&%e} é:ﬁinr#%écee df%{tg?rr P{emg*iﬁﬁer#%]rzﬁg ?ﬁ %ﬁé@h@rﬁé'
exanpl e, 3 isshpwakn FiGe4. (FIGU4 siidws theeeadipde drrays 545 bdbtheralare TwoGegsof three
- producing 1.7x]10[err] watt pul ses.

9

arrays for grtpfabofnsix nisfde AR MrprapingchatheNdi YAG rods 38nandsrd2put

of 11 ot en pplc ebidBed SRCOUR SRR DUra R (126l it OThY o8, s ot M
crystal s 2iptiser divdeitfayb Sanars focuse® by dyfinidritd19ehses 56 oMty TheNat VA radis ke

punped solid state |asers _ . : _ . _
- _ 42. Water- Jacket 58 provides for heat removal from the rods. The output of the FIG.

3 amplifier is 250 Watts '(average power). This power is in th¢ form of 1000 puls_es-per -
second at about 250 ml/p (~250 mifp @ 1 kHz). Each of the Nd:YAG rods are pumped
 with 60 (50 Wpeak/bar) diode bars operating at 20% duty cycle (200 ps ON and 800 us
OFF). The diode arrays 54 "are arfangé& in 20 bars per array: In this embodiment 3
arrays are provided for each Nd:YAG rod. The Nd:YAG rods are 1/4 inch in diameter
and 8 cm long. The.rods are cut with a slight angl‘é to prevent parasitic amplification.
The peak power out of the amp_liﬁer is 250 mJ / 150 ps which produces 1.7x10° wau
pulses. With simple focusing we can exceeds 10 want/cr?. In another example, the.peak _
power output of the amplifier is 250 mJ / 1500 ps, producing 1.7x10° want pulses. |



into the visible and the ultra violet (UV). The conversion efficiency
depends on the laser and the non linear crystal paranmeters. Lasers wth
hi'gh peak power and good beam quality are.the choice for efficient harnonic
generation and. sum frequency generation. By applying our picosecond pul se
technol ogy we can generate very high peak intensity |aser pulses at
relatively | ow energy per pulse. Since the conversion efficiency is

proportional to the EFAICIEDENONSLINEBAR OPTICAL DOUNVERSEONY and t is pul se
dyration) and_the danage threshold is progortlonal to t[err], we can apply

very hi gh i nt &k Qytput 9 theolasen systems dospubed abavsy iseatt j064cam iche dnfrared.

bul se.duriyt actiapte tinonic generd SHEESRR Reolrlel YeiBtacion 8 o Chear F50%als ™ °
GW cnf er m] fﬁéaniﬁaﬁﬁeenﬂable tocexedtidethe Qaset Wavélensth- olffhx&z@ puthgéd bolfd starkQQsers
[ (10 ns / 100 ps }err = 10]. For- very high peak TIntensities short

non- | i nedfto ghe,sible anddhe nltmacvielet W¥. JFei conversionagfficiency deprndsonche daser sum

e 1 of | ATEARE i Bk Syt betemofect o FeRly ik HiE el s S b

off - |ag am?aaeetaé NA6Re F68 bﬁﬁaexﬁqiahﬁa evgeﬁ&aﬁim%hgﬁxﬂ?rreh nzfgege erafibf e’

accept ance of spectral bandw dth - | arger acceptanc vi-ation -
hi gher oByi applyingramgepicosegond pnlsetechmiogpweom geneeate avery h@n peEpk- mramlty er
birefrin gp i cant's pi cos con | aser syst pl.i cant

has de_rm?l"‘:,s?f a‘{“&fs rﬂtgwlitlyﬁbeag IR iPCT ‘i €aRYer§ion; %g]f:@n%
10 (N VRSOl e PR boite, B0 (Jfkee E grraﬂa%%&g%d s puise dyrption) and .o

266 nm geheedarnagmthneshoﬂbmepﬂmpoﬁioﬁabto 855wemmabp1ﬁ)@éry1mgtsimu§xtie@ tbloon- 6) .
Only LBO,cr stal S re _used. LBO crystals are superior in their ruggedness
for comme stalg Tor efficient %Bﬁ?rﬁ’@&t‘f’mt damaginghed. f or converting the

.1:8?4&2‘”3?25“ apréﬁﬁfépg?ﬁ%‘?’% RRSRORAT 1 S oHABR o 10, Rt

Spri nger litear erystabihiatnaar widisthy) ~BeIGWrenideatd 80 herwill b abRNY, withxsdes 1@
good dlscu55|on of sone of these technl ues.

Wicm? at ~100 ps [(10 ns / 100 ps)'? 0].

For very high peak intensities short non-linear crystal are preferred for efﬁcient

~~

harmomc generation and sum frequency generation (HG & SFG) A shorter crystal is -
very advantageous for the followmg reasons:
- effective cooling of the crystal
- srnalier walk off
- larger acceptance .angle
- better match of coherent Iength )
- larger acceptance of spectral bandwidth
- larger acceptance of thermal deviation ~
- higher optical homogeneity '
- lower absorption
- smaller lensing |

- smaller birefringence

' Using Applicant‘s p_icosecond laser _;system, Applicant has demonstrated high

conver'sion_ efficiency in extra cavity single pass operation: 60% @ _532 nm from 1064-hm



The | aser systemdescribed in this disclosure with the HG & SFGis a
powerful tool for many applications: UV and x-ray (laser plasma generation)
| i't hography, UV short range conmunication, dentistry and mcro-machining to
mention few. M CRO- MACHI NI NG

Cantinuing mniaturization in electronics, mcro-optics and

m cr o- el ectronmechani cal systens i ncr é8ses the demand for nore efficient,
preci se andNd: ead)| &% @ A FRJ06H fn? and BC ! R tin Hdin 1864 %h. | The 266
material renoval sSuch asS cutting, drilling, etchrng and striping.

M cr o- mac hi mmrggneratomwabdomdeSHGtdf 356mm and dG64 nim (shewhdni FIG. &avOnigticBO.
The ability to@ﬁﬁocus a |laser beamto a very small  spot ém’crometer si ze),

enabl es ApptySi Wew pied: oL-BO REYSals. 38 NPSHIQTgIn hel lIfl')llgge nese forscommersial and
d I bed |.an. : R
‘aser par aniitay appiafioft! tdcfiouiEten, Chfletling” e ROGETAH Dedehioft fd Wogkt®”

mat eri al r ewavelengths <are eweldbrknownoim die taser arthcFopi &AmMpe,c Chaper 10t 6f Wislter

pul se duratjon, efficient conversion to shorter wavel engths, and its near
~di f fracti onKPeehnesd Solidratate Laser Engineering, Springer Series,” Springeh¥etlaguBestin

absor bed byFsideieB Grisd pRAERCL Ehod ERSn orsoRl o Bhae BrE L oo o
The abl ation thr Thé ke systefy dusexritieddii ahis dRdclbsire Withhae G & SFGii§ atpgikverfilt $6b1

duration) for pulses |longer than a few tens of picoseconds (dependi ng on

the target faft@anyapplicasions:cHY snd xcray (lases plasma geperation): Lithaggaphy, tUR¢ short

abl ation th ald ¢ _ Weard v. pul se: dur at i on-i. nd ndent behavi or.
By shorteniﬁéﬁgr‘f:'"ﬁ %Zsi%g%ﬁ’r g&f{g’ fW’Wﬁ/é’nﬁeﬁmﬂ ?%svm tch | aser)
to 100 -ps (1/100 the duration) the ablation threshold (energy per unit

area) would go down by a factor of 10 (100[err] = 10). The short
pul se duration makes it possible t MICRGMAGHINING faster than the energy

in the materi al n.thermal.ly .conduct . out .of the naterial ,bei i

11 um nat ed. - Vat CPPSARRE PRI 7RO T s, RierorpRics 8o BHSHorF ecrampsprnieal
"cool cutti getensd Hefea3e HetBhald Yortord Eﬁ}c‘i’@iﬁ.eEt}e@kevﬂdcﬁekiﬁlehgﬁ&‘aﬁgchming
significantl'y I's renoved. For nmany .materials su as copper and gold,

reduci ng t hoojsul Fleese edalsvarehnesded or mate?iaD removdd sucnas cutdingcdrilling, piching and

energy. required f r.ablatjon. For other nmaterials such as fused sili ca, t he
][er {] r el at FERES; (p);”l %?rmasbménﬂm t Be gane with soayensionak toglso(drilh gaps etepnThe

eature, negls: _ . OFK | r .
cutting, i sgid&%lo@tfg%u%%%%ﬁf%% ?o s%t%ﬁgﬁ&@%‘e{s{%t I@gj\x/aé)?ééoA ofen tg

li ke resi st perfornt apiteo-ntichindyl witslthé daser UsyeRmisndescribed | 2bove.oniPalsei duraiiérs,
cutting . :

'wavel'ength, and beam qualiiy'are the key laser parameters. Utilization of Applicar_xt_’i_ :
'picose_cond laser system for material removal is su;ﬁérior to other micromachining lasers
for its short pulse duratidn, efficient conversion to shorter wavelengthé,_ and its near
diffraction limited beam. | |

Shqrt Pulse Duration

Laser ablation occurs when sufficient optical energy is absorbed by a material to
bring its temperature to its ablation threshold. - The ablation threshold is proportional to .
7' (where 7 is the pulse duration) for pulses lpnger than a few tens of 'pic05eé6nds .
(depending on the térget material).. For very short pulses, the 7'2 scaling of the ablation _
threshold changes to a nearly pulsé_-duration-indépendexit behavior. - By'shoftenihg the _'

~ pulse duration from 10 ns (convenﬁonal Q-switéh laser) to 100 ps (1/ 1100 the duration) the
ablation threshold (energy per unit area) would go down by a_faétor of 10 (1002 = 10).



and drilling ceram cs and many ot her applications.

Wavel engt h In general, short absorption |ength w 11 enabl e nore
efficient material removal. In nost cases, short absorption |length occurs
at shorter wavel engths. The effi ci gri generation of shorter wavel engths
wi.th the above descri bed picosecond™ aser systemis ideal for renoving
material in mcro-machining applications. Appl i cant has used the
above deskhe shott pmﬂr&;ostmakes & passible sorsernovel matecial faster shanethg energy in the

erer ay. parattiet edb Pepl sSunih ST Of Bk milkRChdi iiinipala”, SRR il "
clean cutiy Eﬁﬁé Wﬁdthofmﬁrddrhéxﬁ% Vihﬁéi‘é’dtié/ agvbl sduﬁihg" since substantially all the
PRECI SE AND SAFE TARCGET RANG of exanple,.a 100 ‘ps |1 ght

_pulse is maﬂemallwmchtm:lmtedlsugmhagﬂms nenmm:d aEdr manyaﬁalepslslsugthas peppee and
only 12 isnghes in.lo ti of suc ul,ses .are onl a
.fra%:ltlon 5)92 H@& gl%dﬂﬂ%ﬁb g‘?ﬂé‘?éﬁg P$dpen aetsreduce H}Ft%l‘fﬁ"gﬁ%'g)'nch
t ar get n e et 15\@5@; S
tha%J are ig geeéf‘ot%%gn QR pf%rglﬁn are reqw raseglsg%fle&gp%l}%?r: retatd esggieﬁ

convert tdewh as arpulsetduratidooof abome 10vpsy Ehisnfgatase, \negligitle teakpepaumﬁseein the
oscillator,, (OPO. VW envision twg approaches:

12 adjgcent mpterial, dwgng |CULtRG oS uaeg'mt 1on apRleations likestrimming,sensitive

fglrglrjgh a&n%%&%%?%‘r’%&smgmgve en ﬁ&s and I}?@? tb%éégi?églﬁs %put

at great eandhﬁn \mnglomg-tip lications. 2) Operatl ng the above
descri bed Iaser n a Q swi t ched node Iocked node to provide synchronous

punping to an OPO crystal, and cavity dunped the signal when it reaches its

peak. : FIG7 is a schematic drwxgﬂp t he second approach. For
exanpl e, a node | ocked Q switched Nd: er system 60 (such as is
described in.F , shopdbsdptibs leng@willodnablébrOeffidieaPMaredial fétRowll! Mut of

the punp laser 60 is a train of ps pul ses 62 under the Q switch envel op.
The separ mosrcmsseshareabsptmxopslqum oIy 3 shomerrwtengimp ’Ehernéﬁcitntt generation

resonat or Qur case - IS focu d by a | ong.
engtn | et SBOREL HAFEERaEs Rt i Vol scRp PRSP Joser S S Poae | n
this case)emdvif ?&ﬁﬂq#%Ew_ﬁmgS@illat{dﬁrs 66 & 74 which are separated
to give the sarr% optica
~ Applicant has used the above described laser system for mlcromachlmng ceramics
- (e.g. AL, , AIN, metals, and more). By selectmg the proper wavelength, energy per
2 pulse focusing geometry, and atmosphenc gas, we can obtain clean cuts, scnbmg, or

| '_ : drlllmg without any slag.’

PRECISE AND SAFE TARGET RANGING o
- . By way of example, a 100 ps light pulse is only 1.2 inches in length in air and a
1000 ps light pulse is only 12 inches in Iohg in air The rise times of such pulses are only
a fraction of the pulse duration, therefore, such pulses can obtain sub-inch target range
~ resolution if desued

For eye safety, wavelengths that are longer than 1.5 um are required. One option.

would be to convert the laser output to longer wavelengths via optical parameter oscillator

(OPO). We -'envision.two approaches: - | |



| ength as the punp | aser resonator (synchronous punping). Mrror 66 is
highly reflective to 1.5 [err]mand highly transm ssive to 1064 nm (Nd: YAG
punp), and mrror 74 is highly reflective to 1.5 [err]m Polarizer 72 form
a fold in the resonator. It is highly transm ssive to polarization in the
‘pl ane of the paper (P polarizationl2 and highly reflective in the plane

| di cul th S | ari zat,i . Pockel Il 68 be t d
o Very fast (13 nd RS b bkt e IR a5 g aimals 2atkroNEn BPO GRsebL o1
76 (~1 ] d&tes | ] : k ) 74.

5 (=1 Nns(¢.8SMRTPE KTAR)et€§todGHsmt uﬁ”ﬁ%ga.l wﬁdxéxeaS_BgﬁTp; p;%agxpgén@g@gr .

The KTP crystal is cut for phase natchi ~1.5 and
It is al swavelengthedambutilizet the lsignal butper at| greater thapol .&rim avhvelagthpi cosecond

ORO pul se insi the respnator_ builds up in synchronous wth the punp beam
every round tr&i. T@Wﬁlﬁé?‘é‘(&%s%@de’éﬁefﬂﬁé Quivgtched smode loekedympde 20

propor “dePrsids syrordus ifipind R el T eryst tacd Gt Susbbla. 86 el el '
i ts maxi noeachdshits peak.passes t hrough the Pockels cell rotates the

pol ari zati on bi:lao (to P) and_the entire pulse exit the resonator (cavity.
dunpi ng) as a syl B Bchematic.drawing of the secppd approach. For example, a mode locked

13 Qﬁ\%),;, S Ldal } ' . fi,Citj &5, L he
reader sho dit%)e{dh?%ﬁﬁ.?ﬁﬁlggﬁhsgéfgﬂfagd’ Mﬂ'{%ﬁ (H)%SSC E@Egt"ﬁgﬁg od_e 3(_)?“ Hets used

i nvent i on forbpumpirg ah DRG 70X eThe! dutput of thepundy laser S0Es Aachift HTPEi pibies $2tdieeOf -
For exanple, persons skilled in the |aser art will recognize that short
duration B Qswitsh eavelopaiThemseparation betaeen ¢he/ps pylsesnis themound giptimatofthe

ul o5 o fEmBO IR ol 805 715, Toe peip it oo $os fonfoeiiensit Tesa 88
and ot her (el RREBAG the' MnSlifdr TR erysidl 70°(155Mh rdagmw#qﬁ%ﬁ-dasé)mvﬁé opbre

beam can be used for 3-D target ranging for very accurate range
measur enmefiesonator comprises suirrors £6 & @4 wiich are separanéd to giveahe samg ipricalt pash

t he di ode,pu | asers can be replaced with suitable arc | .and f]ash
|, TSt s B8 B dAGe denpaitn (Y hobious bRkl s YT SR4E Bigkorefsnre i
as specifigal ' i e : in
Bl oA v ] i BRI Sanistve L 1064 nEPNG XA Dl ahd iRtk TR; Y
pr ef er r ed refleotivié toehS yins duoldrizdr B3 fomi arfoid-m the résoBator. Wi Highly wankmiisioe :
pul ses per secqnd, each pul se  spaced about, 1/1000 second apart. By maki ng
the cavi tPP@ﬁ'@m"? W@&,&P%?@Zﬂ PBP‘?’C{.% tion)e apg Mighly sefiective in the plane "t o
build up | : ' t _ 1) .
pul ses. cobFPeRgicait folind'paptf (f Bifirintly, TREAS NS o PR otRBLbp HE PG,
- woul d "be §~Sents) es imfodpted ASwave vitir@iridno Photosdetectdr 76 (1S 1id3trepombe vy lcan be |
rel eased at the rate of 1 KHz. . Thus, it is seen that..a short pulse .
| engt h | adetectsymalldight deakage threugh wimos (4 | e KEPtarpstak is autifor phase andtching

that. the preseify 33 g i’r&rﬁ. FG8Y B8, PIaS s SlieRted Yo Bt L s'A18 is S polarized.

The picosecond OPO pulse inside the resonator builds up in synchronous with the pump

‘beam every round trip. | .The photo detector detect the pulse train, triggers a delay
generator that triggers the Pockels cell fo turn ON. By .adjusting the proper delay, the
Pockels cell will turn ON when the ps OPO pulse is at its maximum. The two passes
through the Pockels cell rotates the 'poiz;:ization by 90° (to P) and -the'gntife pulse exit the

resonator (éaflity dumping) as a single ps pulse at 1.5 um.



enbodi nents which are presented in this description for purposes of

illustration and not of |imtation, and the present inventionis limted

only by the clains which follow. It is noted that equivalents for the

particul ar enmbodi ments di scussed in this description may practice the

invention as well. Accordingly, the § $ope of the invention is determ ned by
a

the clains that follow and their |eg

whi ch have bedéWhile \the) above descrxpubﬂ contains many specificities, the reader should not

CLAIMS  Wat |s cl ai,ned i s: A_short pul se | aser system conprising:

a |l aser GP‘}SE“SI ese as lipu 'GB‘P‘FSC%B ‘hﬁLﬁ‘FBP'-‘an Q?g'@éiﬂ@“pl.hﬁ'ﬁ) mesely dsexemplifipasions

] t d hi
2ol &V aa SR el ARbdBRAR BRI RG] CRimAR! oeRbn? hied!in AR AL Wil "
for defi mesbgnias ki short diration paRRésatia great xﬁm | Gifferemb Wab@ﬁn%m it B geferateld

_period and, an OFF period; a second tical shutter I nst a
-1 esonat o/USBE YaRPRSL Fg

ed wit h| n said
and ORO optical ¢lemants: aThesecpscpiisesican

per i odi ¢ befuﬁﬁit@fa%ﬁfpiso@?%&ﬁ%%%%ﬂqﬁ%” 85 8 ot eeahEls. Erifsugn

light pul’se

sai d

IpR Stiants’ &4t Bé udkE £ Broduk B-Deimhads C PRE B8R AR uded! @ VAD target

determ nes a pulse length under 5000 pi coseconds and said |ight pufse
i ncr easedanging mreverytapcmteemetmmuements creating an intensified pul se;

?ggoﬁgt 8|rot [ caIP rel ea ﬁ}ﬂl sm r aS| n Sa@g@ﬁﬁnﬁlegf'gaﬁgn&h@% :?55 sai d
second oRpbpiaced @hﬁtshﬁéblg%rh rl&zhgé 'aﬁ&' ﬂ’ﬂsﬁ*i §a"Fher ﬁﬁgﬁ@k%ﬁ@é@&&ﬂwget he

passage of” | ight In sai

resonat or except OI’ peri1 o

i nt er val sontinwanss(@W} dnsteadhof periodicias specifically @éspribeédoabavel | phthemohtinuous

travelin
pluralit

at . the, speed of |n5|dresor1ator|sablet make a .
%a%r the pylsey &Wﬁ]&ﬁ %awe‘ﬂﬂ 'EM'SI ¢ ﬁeﬁhemgsm%mtém fimes

each trangjet prEfErﬂ:af éfifodithehi HEdeTibEd %9 reference to FIG. 1 would provide 1000 puises

per second, each pulse spaced about 1/1000 second apart. By making the cavity length
7 feet instead of 3.5 feet, we would permit two puises to build up in the cavity at the same
time, spaced about 7 ns apart. These pulses could be released together so that the output
of the laser system would be a series of pulses in which two pulses at 7 ns intervals would
be released at the rate of 1 KHz.

Thus, 1t is seen ‘that a short pulse length laser system is provided. One skilled in

the art will appreciate that the present mventxon can be practiced by other than the

embodiments which are presented in this descnptlon for purposes of illustration and not

of lumtatxon, and the present invention is Iumted only by the claims wh1ch follow. Iti is

‘noted that equlvalents for the partmular embodu‘nents discussed in thls description may -

practice the invention as well. Accordmgly, the scope of the invention is determined by

" the claims that follow and their legal eqmvalents and not by the examples which have :

been ngen -

equi val ents, and not by the exanpl es



pul 3. A short pul se |laser systemas in Claim1l wherein said '
second optica Is installed within sai.d resonator for blocking the

ﬁiﬁgﬂmmml"",’rﬂm’r Bai d resonator. except for periodic interval slgnder fizo

A shoft i)ullse M aser=Systemas in Cliam1l wherein said second optical
shutter is installed within said resonator for bl ocki ng the passage of
light in said resonator except for pe€laigisc i ntervals in the range of 10
pi_.coseconds to five nanoseconds. 5. A short pulse |laser systemas in
Claim1l wherein said second optical shutter is installed within said
resonator for ¢:passage of light in sat t for
periodi c |nter‘€i§1 (S}‘E:c%%%% range of 10 pi cosecond THES §§5E)T HASoBEEAD s .

.6. A short pulse laser systemas in Caim1l wherg¢in saREPL&AeEDnd op i cal
_shutter is i nstal led withip said resonat:or, for blIGCKI ng-the pass of
light in said resorﬁﬁ@“@%@édﬁqé}’“ﬁ@r@mf@mgnterval s in the range of 60

pi coseconds tq\150 %ﬁ -7. A short pulse |aser systemas in
Claim1l wherel sa| Seco éptlcal shutter is a node | ocker. 8. A
‘short pul se | 8er &n&iptknlapump aﬁaﬁgmﬂopdnﬂﬁemﬁ laserredl; cal punp i ncludes a
- continuous wave optlcal pun ort pulse laser systemas in
Qaim1 wher el saidk legs tHO-MIrFRrFHrfaces d &afmmtqraﬁvd resonator defining a

beam path which transits said laser crystal

D)  a first optical shutter installed within said beam path for blocking passage
of light in said beam path except for short periods of time, said first optical shutter
defining an ON period and an OFF period;

E) a second optical shutter installed within said resonator for blocking the

O

passage of light in said resonator except for periodic predetermined intervais; _
P an optical release mechanism for periodically releasing intensified pulses
from said resonator.

_ o 2. A short pulse laser system as in Claim ‘1 whcrem said second optical shutter

- is installed within said resonator for blocking the passage of light i in said resonator except
for periodic mtervals. said intervals being spaced such that during each ON period a light
-pulse traveling' at the spéed of light in said resonator is able to make a plurality of transits R

throu'gh said resonator, increasing in intensity on each transit to define an intensified pulse.

3. A short pulse laser system as in Claim 1 wherein said second optical shutter
is installed within said resonator for blockmg the passage of hght in said resonator except_

for perlodlc mtervals under five nanoseconds

4. A short pulse laser system as. in Claim 2 wherein. sald second optical shutter -
- is installed wnhm saxd resonator for blocking the passage of light in said resonator except

for perxodxc intervals in the range of 10 plcoseconds to five nanoseconds
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10. short pulse laser systemas in Claim1l wherein said optical punp

I ncl ud |m u 11. A short pul se | asef=s aim1l
vvherel ﬁ@lmwm)m‘ u np includes at | east one |la ' :

. A short ptls® [fasér systemas in Caim1 wherefn salﬁfmncED:al pu
[ ncI udes at | east one |aser diode ar¥Say controll ed to pertrodrcat-y

said | aser crystal to define punping periods. 13. A short
pul se | aser syt emmshompﬂbalaaerlsystbmrmm@amdlmlteralmlsardlseq:ondr@tmdleshu&&r

crystal s iae d'tﬁmeeﬁé{e?ty ¢dor Placking. e ramage of et i T4 rssapitaG Frcept
COMPL i1 B et @walg&f:ﬁg chille G ploYdeRlndPlol 08 AESERA, DUl ses.

15. A sh aser Sys whéerein sal aser anplifier
.conprises a pI ur aI ity of di ode punped | aser crystal rods. 16. A short
_puI se | aser system corrprl sin a l aser crystal; an optical punp

“arranged to ptftp sah4hom sulse [aserystem as m (Jaim & svherein said seeondcopsicabshuttent h,

hut by o R Oald tEihe ol AR SANBR L e in d KibhrBP R

defined [for perediefintetvis inothe rangecofS60 pitdscebhds @) 1500UpitesecomBns for bl ocki ng
t he passage of light in said resonator except for periodic predeterm ned

intervals, such that during |east one of said defined periods of tine, a
l'ight pulse inysaid,r e 1. e.at. | edast..one transi thr'ough
said | aser cr;7§t al Aﬁﬁ@‘?@ﬂfﬁgiﬁﬁﬁg‘%ﬂ %’dﬁc%&é’f@%ﬁ%‘g ﬁ?‘&%}“{j&“&ﬁﬁj nes

a pul se ligadhbde locker.

8. A short pulse laser system as in Claim 1, wherein said optical pump

includes a continuous wave optical pump.

9. A short pulse laser system as in Claim 1, wherein said optical pump
includes a flash lamp. ' |

10. A short pulse laser system as in Clalm 1, wherein said optical pump

includes an arc lamp

.11; A short pulse laser system as in Clarm 1, wherein said optical pump

mcludes at least one laser chode array.

12. A shont pulse laser system 'as in Claim 1, wherein said optical pump _
includes at least one laser diode array controlled to periodically pump said laser crystal to
define pumping periods. B | |

13. A short pulse laser system as in Claim 1, wherem said opucal pump
mcludes at least one laser diode array controlled to contmuously pump sard laser crystal
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under 5000 picoseconds and said |ight pulse increases in |nten5|ty on each

- transi ’“mﬁ IM(““" enS| fied pul se; and means said
i nten sai d resonator. 11.THIS SHEET HAS

ser system
as in & aim X6 Whetei’n said second optical shdtter REPIACEDnc| udés a neans

for bl ocking the passage of light in said resomator—except for periodic
intervals, said intervals being sp d such that at |east one |ight pulse
travel ing at tlde sphebomipulsedaser systegasdn (daion & funther comprising @ lasek amplifier
pluralltﬁ of 1{%P5|tsdthrou h sa d resonator, increasing in intensity on
each tran®j gmpilying said intensi ®$hort pul se |aser systemas in O aim 16
wherein said second opti cal shutter means includes neans for bl ocking the
passage of light in said resonator except for periodic intervals under five
_hanoseconds. 15. T shomtipuise lasérssystensas i Cldinn8ashéreinGaid tast6 amipdifier n
-said second optical shutt i.ncl udes neans for blocking the passage of
light i n°§§¥ F%é(ﬂ'\‘ﬁ?ﬁ %EQ’@S?P’P@P Bseroeryetal fdse val s in the range of 10

pi coseconds to five nanoseconds. -20. A short pulse laser systemas in
Cl aim 16 wherein said second optical shutter includes neans for bl ocking
‘the passage ofl6.i ghA shortspilsk Iasercsysteny comprisirig:f or periodic intervals in the
range of 10 picoseconds to 1500 picoseconds. 21. A short pulse |aser
systemas in G$h|n1&55ﬁhﬁﬂ@?h sai d second optical shutter includes neans

for blocking t glggﬁap t for periodic
intervals int e rang %Wﬁ%?oﬁ%?ﬁgsﬁ%iﬁérc&g%nds 22. A
short pul se Ias)er Sy pésenares indudih: m&ﬁtwbanmm- Ssutfaden)pt i cal punp neans

i ncl udes a continuous wave optica np means.
a first optical shutter or blocking passage of light in said beam path

except for short time periods;

E) a second optical shutter means for blocking the passage of light in said
resonator except for periodic predetermined intervals; _

F)  an optical release means for periodically releasing a pulse from said
resonator. ' o

17. A short pulse laser system as in Claim 1 wherem said second optical, shutter - -
means mcludes a means for blockmg the passage of light i in said resonator except for . |
penodlc intervals, said intervals being spaced such that at least one hght pulse traveling

R at the speed of light in said resonator is able to make a plurality of transns through sdid

'resonator, mc_reaslng in mtensuy on each.transxt.

18. A short pulse laser system as in Claim 1 wherein saici second optical shutter
means mcludes means for blocking the: passage of light in said resonator except for

-periodic intervals under ﬁve nanoseconds

19.' A short pulse laser system' as in Claim 18 wherem sald second opucal '
' shutter includes means for blockmg the passage of light in said resonator except for

penod_1,c intervals in the range of 10 pxcosec_onds to ﬁve_ nanoseconds.
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.23. A di ode purrped solid state short pul se | aser system corrprl si ng: a

oot NI U Ao o Soror oot ngs ™ TR SHER TS BN 3

least two feftectirg surfaces definjng said reshnat orREPLACED sai d
Q.switch defining an ON period and an OFF period -and a pol arization
beam splitter; an acousto-optic wndow installed within said resonator

for bl olckl ng tZQef paA sbere pulse [lasgh system @ﬁamd:laméwdlmmmorid)nptmt slumec -

t b h that
) Sol o RS b o e BB e
18 Speelﬂﬁﬁfali Hﬂfﬁergﬂgééf fo g‘l‘tﬁﬁt 5 Bctns td fSlegﬁoie‘éoﬁ@é‘e a plurality of

transits through sai reson Increasing In intensity on each transit;
and a polarlzatlon r ot at or perlodlcally rotatlng the polarization of

said at |east ep e to r m ul ses rel ease said. resonat or

Th & pul seq bebim ¢ X aBere pBisE Taseh st 3B C18i N et eid pea optical Ster
includes means for blocking the passage of light in saxd resonator except for periodic
intervals in the range of 60 picoseconds to 1500 picoseconds. '

22. A short pulse laser system as in Claim 1, wherein said opncal pump means

includes a continuous wave optical pump means.

23. A diode pumped solid state shert puise laser system comprising:
A)  aNd:YAG rod; | |
B) a diode array arranged to pump said Nd:YAG rod;
C) a Q-switch controlled resonator comprising:
1)  a Q-switch,
2) . at least two reflecting surfaces defining a resonator, said Q-switch
deﬁmnganON period and an OFF period, = e '
3) a polanzauon beam splmer
D) an acousto-optlc window installed within said resonator for- blockmg the
passage of light in saxd resonator except for penodlc intervals under five nanoseconds, said
intervals being spaced such that at least one hght pulse defining a polanzauon and
| travelmg at the speed of hght in said resonator is able to make a plurahty of transits
- through said resonator mcreasmg in xntensuy on each transit; '
E) a polarization rotator for penodlcally rotating the polarization of said at least
- one pulse to permit pulses to be released from sald resonator in a pulsed beam to define

an intensified pulse laser beam.
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