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[ 0001] The present invention relates generally to an

appar atus and net hod of non-destructive eval uati on of
woriosnishs, and nore particularly, to a detectPONUBASB088564

within an ultrasonic | aser 1 nspection systemused to

perform non-destructive eval uati ons of

mat eri al s. BACKGROUND O F THE I N ZENTI ON [ 0002] In

recent years, the use of advanced conposite structures

ool S el IRRRER O Ofmer ci ol i ndust 11 e,

Wil e conposite materials offer significant

[0001] iy ARSENTSSTH JErrEathBRcEe LR RS JERATe sty @» apparatus

and GiédhiobY FOMINHeRE OGEEHN £Set AN Rt R Midragt il i REd more
processes and after the materials are in service in

partichlafédr prodict Set Bpeldr | L2195, vhbhlRedpr peitirggonic laser
inspevah ¥at 5Bt éNDER et diads, fist ndssassttier Sid UstdinBltions of
integrity of conposite materials. This assessnent
mategdfd€ts inclusions, del aminations and porosities.
Conventional NDE net hods are slow, |abor-intensive,
and costly. As aresult, testing procedures adversely
i ncrease the manufacturing costs associated with
conposite structures. [0003] Various nethods and
appar at uses have been proposed to assess the
structural integrity of conposite structures. One
sol ution uses an ultrasonic source to generate
ul trasoni c surface displacenents in a work piece which
are then neasured and anal yzed. Oten, the externa
source of ultrasound is a pul sed generation |aser beam
directed at the target. Laser light froma separate
detection laser is scattered by the




surface the work piece. The detection |laser light is
phase nodul ated by the ultrasonic displacenents.
woedosaessvhat a nodul ati on of phase as a functipem/v§2007/088564
time corresponds also to a ¥requency nodul ati on and
either type of nodul ation can b e used to describe the
process depicted here. Collection optics then coll ect
the scattered | aser energy. The collection optics are
coupled to an_interferometer or other device. The
WBACK WEHN ates the ul trasonic di spl acenment
[ODOZ]' nf ormpant - and dat geARQut dhe stgaict UEal abuRbhegedt Y cBmbosite
the conposite structure can b_e obtained through
strughargsi 528 PxPRE1PRSH t FRPIGRTR . IEUEET ulR ré%uﬁ&fﬁéga%
autoREENvSNOWING O Ra @ Vesdha! f edrinea-Jian t heql,Bepess on ofmiile
parts dur i ng the manufacturing process . [0004J .
comppikeyer , MeherkapA pnetitfadsed Figmifdsentyl t Aa®saHEMPRES  in
perfGHRA QLR de%hg{?egeaﬂgré sspresentliyiaci ebhipg f gebOtSures in
regardi ng i nspection speed. Previous solid-state
bothd&hecmaon fRgser s serPasiseRsr apPastiteamyhpumségriags are in
serv@[:gh' J%I?thli{n%%h% di Qflgideunped @&klfﬁ%ﬁfl'lgur q{drp-rﬂﬁesttcfuctlve
ow power naster oscillator |aSer. These
evalcehioguﬁ&DEbnseﬁr@ngéfﬂl gabe§sreher $Eﬁu<¥@r@§ ragegrity of
comp?gg:y a}n%:e??é{\fé arrpl 'ﬁ?}fxi§r %é@?ﬂmérﬁ?eréete[cQ:Q:OS]lnclu51ons,
nspection speed is current Imted by the pul se
delamahetbbéns hend ag@rcssltfileashflpawpn’pumld 11“%?—’5 gretheogls @ley slow,
p e | aqpst ly a
labog EP@LS??\SonSQgEf %2% g Ther e?o%%lst%%letse tlcgag?éps ?rreojcgdures
advesbawandnexpeml Viehe o r@pﬂ@llfap@urai@decml’rmeda%ﬁl%@t@ﬂe with
composgtge ?g_,%g%t r400I—Iz is current limt and | Khz may be
poSsiblre Pisney use very expensive

[0003F uSt ova e anétiiedbs diotleagpdsyisudes podse- paap bhleposed to

S . . :
asseslsabgheandstructural integrity of composite structures. One

B,

solution wuses an ultrasonic source to generate ultrasonic
surface displacements in a work piece which are then measured
and analyzed. Often, the external source of ultrasound is a
pulsed generation laser beam directed at the target. Laser
light from a separate detection laser 1is scattered by the
surface the work piece. The detection 1laser light is phase
modulated by the ultrasonic displacements. Notice that a
modulation of phase as a function of time corresponds also to a
frequency modulation and either type of modulation can be used
to describe the process depicted here. Collection optics then
collect the scattered laser energy. The collection optics are
coupled to an interferometer or other device. The interferometer
demodulates the ultrasonic displacement informant and data about
the structural integrity of the composite structure can be

obtained through analysis of the resulting signal. Laser



create a great anount of heat which can induce thernal

distortion. Although diode array lifetinmes are getting
whedasar330sone have | asted 10B shots, they havePCT/US2007/088564

historically been a concernt due to both high-cost,

reliability and thermal distortion. Hi gh-power

pul sed-di ode punping of a crystal slab will introduce

thernal distortions into the slab that ultinmately
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 Thes@F THRfLHVENTIGN [ GRER6] gEnbodiaEnt s refrelritedpreses master
invention are directed to s%stems and net hods t hat

0scidBIPENPPYFT P HidresS tHBFAboV®S S fent i fi ed needs and
[000sPt her TREsds: ah Welddea TRe cembadt BNt smofed N8, PRSENI1se rate

invention are further described in the follow ng
of §BScrizRgsn aRtRL1dicHD. PRt aéé§eé$1d CR@at®tes eperate at

100HATbodh MRRLS ﬁm§$edﬁ5féﬁqt v | GNPt QR MYy REeCOFB 111 0ns of
apparent from the description, acconpanyi ng draw ngs

shotgnd cl APAESTPHO0TNERDOARABAES FC t AP egBft expensive to

oper‘a‘%\éent]blocﬂi —?JLﬁF 8dt Q18R rglreovﬁgclll a%@étéf?r QIB@Hthl' Caéurrent
detection o trasound. A pul se detecti on  aser 1s

Llimigy oghdedkby embodPeemesséblehe pitesdmy use very expensive
custom-manufactured diode arrays to pulse-pump the slabs and

create a great amount of heat which «can induce thermal
distortion. Although diode array lifetimes are getting better,
some have lasted 10B shots, they have historically been a
concern due to both high~cost, reliability and thermal
distortion. High-power pulsed-diode pumping of a crystal slab
will introduce thermal distortions into the slab that ultimately
limits the waveform quality of the lasér beam. Wavefront
distortion can limit the useful power of a laser and prevent
efficient fiber optic delivery of the beam to the target. Each
diode bar in the array may have a peak power of 40W to 100W and
they must be physically close to each other in order to
efficiently pump the side of the laser slab. The total number of
diode bars in an array may be 50 - 100 (an array will pump each

side of the slab, so possibly 200 diode bars may be used). Heat



i nvention. The pul se detection |aser includes a single
frequency oscillator, a continuous pre-anplif ier f
war@saipes sed anplifier. The single frequency PCT/US2007/088564

oscillator generates a seeds | aser beamand is
optically coupled to the continuous preanplifier. The
continuous pre-anplif ier anplifies the seed laser to
produce an internedi ate power |aser beam pul sed
anplifier optically coupled to the continuous

remoppé- AApki Fienifiewdivelesiny iiftseenédratethoktF Fig8F arrays

and PRAMN ~anmplifies the internedi ate power |aser beam
to produce a pul se detection |aser beam One task of
this pul se detection laser is to illumnate ultrasonic

di spl acenents. Light fromthe |aser is scattered,

coll ected, and analyzed with an interferoneter to
denodul ate the ultrasoni c di spl acenents caused by the
return echoes of the ultrasound at the surface o f the
part. [0008] In another enbodi nent, a nethod for
generating the detection | aser beamis provided. This
nmet hod i nvol ves generating a seed | aser beamw th a
master oscillator. The seed | aser beam can then b e
anplified with a continuous preanplifierand a di ode
punped pul se | aser anplifier to produce a pul sed
detection | aser beam [0009] Another enbodi nent

provi des an ultrasonic surface inspection system
operable to detect ultrasonic surface displacenents on
a renote target. This systemincludes an ultrasound
generation system a detection |aser such as the one
descri bed above, collection optics, and a processor.
The ul trasound generation system produces ultrasonic
surface



di spl acements at the renote target. This may b e done

mechanically or using a |aser ultrasound generation
waey@sam3oshe di ode punped detection | aser genep@r/&s2087/088564

detection | aser beamthat substantially illum nates

the ultrasonic surface di splacenents at the renote

target. Collection optics collect phase nodul at ed

light fromthe di ode punped detection fiber |aser

her, reflected or scattered by the renote target.
M&&Mi%tl cally process the phase

dul at ed |ight to produce an output signal containing
(0005t 5 BPPELRTRR | 98 et HeredantasoRVeNSiarf agee directed to

sys@n@' Wnﬁéﬁ:%ﬁst hech%@“’%%b‘é@éﬂ@ialﬂpena Y OGBRSOl 1 ove
may process the output signal to assess the structural

ldefrtrﬁfégfﬂu tRPESE t3ne reliite Begdfet2as[ 801D} | Mheeternbvstiemts of
the epbadieNt Nt BB PresSent | AVANd Onyprovides a.l arge A Fwing

conposi te iInspection systemto measure ul trasonic
desqjprtdes dinshl deeiient SSBRtRgesurdrac ef efturesempt eembodiments

of target i-Bsorder 15933‘2?&?‘3 Rgg LLughural, g%g'i:ggr:l tyfrom the
t he rermte t ar get | argé area conpo
desg¢Hgdeni oAcsyBr AN itey dravinde and wtlaiasound generati on
ste e ection Iaser collection o
[ODD'§¥ optg%ngg?%rgccsgsg% g&nd BEET ghal l&&@%§§8r %%te to an
imprgvedasiased derertéhtel @rptsy:sttemepeodime%ﬂlm*asaﬁuqu A pulse

i.spl ac s at the.r. tetar tect on ] aser
det%%%nlal ?‘g}gng%at e‘lé the rasgxl cgr&ﬁq‘ &l sBFacEH“ént%’:esent
invempttilpna det eiite orpullaser deeantidnscans:ng asceMdy a2 stlngle
te lLative notiagn between the M nation spo
fre%fer}\ e %Ssﬁlé@tai%or'l dserPand e rpe’:r‘?btag‘phé?@%f' Fhs Wlse‘j
amploef izghi ev@thebysiamyl «cofbeadrian OfcBraiiMggéNrates a seed
det egééngn Lg er ikSJeam Q}_[Lcaﬂl recting the beam_ noving

las Efrfl coupled to the continuous
preamplifier. The continuous pre-amplifier amplifies the seed
laser to produce an intermediate power laser beam. A pulsed

amplifier optically coupled to the continuous pre-amplifier
receives the intermediate power laser beam and amplifies the
intermediate power laser beam to produce a pulse detection laser
beam. One task of this pulse detection laser is to illuminate
ultrasonic displacements. Light from the laser is scattered,
collected, and analyzed with an interferometer to demodulate the
ultrasonic displacements caused by the return echoes of the

ultrasound at the surface of the part.

[0008] In another embodiment, a method for generating the
detection laser beam is provided. This method involves
generating a seed laser beam with a master oscillator. The seed

laser beam can then be amplified with a continuous preamplifier



detection | aser beam or noving the renote target. The
coll ection optics collect phase nodulated Iight from

wo b@sdetsexti on | aser beamrefl ected or scatterdI/bg20011@88564
ultrasoni ¢ surface displacenents at the renote target.
The optical processor then processes the phase
nmodul ated |ight collected by the collection optics to
produce an output signal. The signal processor then

progesses the Et si_gnal Irlg%Lhe oPtlcaI rocessor
and o, SE0dF notEt s 1 BB B8 rRaEryTBE LEABE UITE: e o pulsed
detesbidAcEasgispleagenents. This data may then be used to
assess the integrity of the renote target. For exanple
[0009} he iAtQEhRAl n%?éﬂa\neétof PAO¥SRADOSi BB MALETREPNBRI EFurface

1nspPESERN PTISON: O F T L2RAW NG_% [0Qdddcfor y@+PRESnic  surface

conpl ete understandi ng o the present invention and
displpecngReht &fes?a t HEMSGR, F@#@ﬁ‘rfence Thimowvehee tndlugdes an

ultrhObLoM §endescidPtd it haken dadt CORLHNELLOR WLER LBethe one
acconpanyi ng drawi ngs in which l'ike reference nunerals

descrialp@at @9%ke FCealgrescandritiersei nanfl0042]PRragsspr. The
ultr'agbﬂﬁératgee%etrgglUﬁe ostt%%perﬁq:&%E Se[xl@?é?&x@{]&l A surface

detecti on l'aser beamto generate and detect [aser
displhecensons ¢ df spfheceneansteén berartdance Weih amay be done

mech@ﬂ?ggiff?n&r %icrf(dq plraes%%mullt@ﬁggﬁﬁcﬁng &%]t%]onlzls st%{né The

provi des a lagramto show t Pasic conponen
dlod@ fPumpser Qﬁttef@&é@mdlaaﬁsx eggnqIG0E4] | Gte&cepi cissar beam

thatpU| %b@%‘é?‘e&é?fyl anil&Ma‘&é%ege} &ent IJW:%% surface

pre-anplifier to produce a pul tection IAser b&AH
displpcaventeante thiet reswiediteeges. o fCaliecpiesemptics collect

phasenvﬁgﬁdﬂ%ed light from the diode pumped detection fiber
laser either reflected or scattered by the remote target. The
processor may optically process the phase modulated light to
produce an output signal containing data representative of the
ultrasonic surface displacements at the remote target. Then the
processor may process the output signal to assess the structural

integrity of the remote target.

[0010] In yet another embodiment the present invention provides
a large area composite inspection system to measure ultrasonic
surface displacements on the surface of a remote target in order
to assess the structural integrity of the remote target. This
large area composite inspection system may include an ultrasound
generation system, a pulsed detection laser, collection optics,
an optical processor, and a signal processor. The ultrasound
generation system produces ultrasonic displacements at the
remote target. A detection laser then illuminates the
ultrasonic surface displacements with a detection laser beam. A

scanning assembly generates relative motion between  the



[0015] FIG 4 depicts a fiber pulse detection |aser
that uses a continuous fiber |aser pre-anplifier t o
w@e@ducsoa pul sed detection | aser beam i n accoPOBNSE07/088564
wi th enbodinents o f the prsgesent invention; [0016]
FIG 5 depicts a pulse detection |aser that uses a
conti nuous pre-anplifier to produce a pul sed detection
| aser beamin accordance with enbodi ments o f the
present invention, [0017] FIG 6 depicts a
{11ugbpektqBrEReictt t s IRERS T PorEPRIORESSIS |f§§18i“~e target.
ThisP! 8a@MPbif i SEnid o Odtce aayPuLsmeisleteat | O | asehnh8dM the
i n accordance with enbodinments o f the present
detephient | brse] OB FIRY  7edépretsnd pilse Rfdact fofing the
detek®$6h tDAleMSasA, CORM nH\@’ﬁ@n%' bewe | asdiotyy e‘t@'ﬂ%'e*tf' er The
and parall el di ode nped anplifiers to produce
collser@@ depetes onc%ﬁ%?t bRl Shat™oriy ab *dus ed 9bb détf@f@t the
detec?%gﬁ lilats'éQ'SQﬂa'a‘fn displ AN S Lha ACoUda etW'et hi1@*asonic
odi nent o the present invention; [001 FIG 8
surfdepi cﬂssaha%merfﬁsoeratpulté’@ dEEBRET ont3 EaR - thatThPse§Pélcal
proc%%egkw%ﬁ %lrggésé@ée{h@rﬁq%@lﬂﬁdﬁrat%@d ?’h@l l&11ected by
e punped anplifiers to produce a pul sed detection
the |eldreciéam chatcaafob peodsed e quteet Sagepl. The signal
|.traso di nt n aegqrda t h,an ;
prOéég% ngggnoéﬁgLeggggseE?élnventfgnggan§h£o%gO]t$%(aoaglcal
proqmﬁ@@mde$oa PofeEnf | datai agpramsientateve dapke Wie h Wwherasonic

cor QGBS 00 LR PLESEThe T p SETAED

integniicdi neft sthef trikmopresemgsthvent Fon @x@nplleusthat ehternal
strq ri@e glgscoeéégg% yeral s, being used to refer to

€ and corr spon I ng parts of the various draw ngs.



[0022] Enbodi ments of the present invention provide a
detection laser for use wwthin a laser ultrasound
wWGey®Ban30A pul se detection laser is provided bRCT/US2007/088564
enbodi nents of the present ¢ nvention. The pul se
detection laser includes a single frequency
oscillator, a continuous pre-a piplifier, and a pul sed
anpllfler The single frequency oscillator generates a
nd ntjcally coupled to the
H¥e conti nuous pre- anpllf ier
anpllfles the seed Iaser to produce an interned
00115 Frasér BRAR ACPRIEER aﬁﬁ???ﬁﬁﬂnq&ﬁﬁlc&ﬁlytéﬁupPéasent

inveh@idhEaf@NthBUGUS 2Rt Bg@ePthé &St f eELfat@mddNels now made to
i nternmedi ate power |aser beam and anplifies the
the |ﬁPéﬁﬁ¥aP§tedﬁ6ﬁéFPFh%%r be%s#R t ol pr odGBeUACHtPse With the
accofBLEFinPNt AsRighenn e, taske OfefdlehRUIRMdet 8Ctiin@Acate
laser is to illumnate ultrasonic displacenents. Light
Likef Famte¥RS |3k ie§edBat tered, collected, and anal yzed
[ooxzt N A%k I Nt eNfieiORBLEL R dggndut a e d hs 1 133801 fean and
di spl acement's caused by the return echoes of
a daflectagpundsar tieams thof aa:eeﬁe@fattah@nearqete[cmozaserhnsltrasonlc
disp%%kéﬁegﬁgeghl%%éo@%gﬁcga%iQﬁ ?Pséﬁegéfﬂéﬂﬂ“ n¥h@a¥§esent
e approach is to use single-frequency non-planar
invepthgnbscillator (NPRO as a naster oscillator and then
ubs nt ,a Lifi atlon two or nore la .
[0013T o7 T s 2 BESH APt et oLl FA2EE AT e ot eBPTonthe Pasic
compbasst s @Serhﬁﬂﬁlumtrhbaehdamysqnmnped rod architectures

r di ode- d sl ab configurations to anplif | ow
0014000, PHE P P, 6 Ry e Rl Bt niPang lses 2

contdh@ogengyiecakpy ireter red pBo@Scdragt epulsed detection laser

beam in accordance with embodiments of the present invention;

[0015] FIG. 4 depicts a fiber pulse detection laser that uses a
continucus fiber laser pre-amplifier to produce a pulsed
detection laser beam in accordance with embodiments of the
present invention;

[0016] FIG. 5 depicts a pulse detection laser that uses a
continuous pre-amplifier to produce a pulsed detection laser
beam in accordance with embodiments of the present invention:;
[0017] FIG. 6 depicts a pulse detection laser that uses a
continuous slab laser pre-~amplifier to produce a pulsed
detection laser beam 1in accordance with embodiments of the
present invention;

j0018] FIG. 7 depicts a pulse detection 1laser that uses a
continuous fiber laser pre-amplifier and parallel diode pumped

amplifiers to produce a pulsed detecticon laser beam that may be



oscillator power anplifier (MOPA) |asers. Flash-I|anp
punped | aser can operate at approximately 100Hz and
walkedaipusped sl abdesi gns operate easily at 40B¢®USI01/088564

could b e extended to 1 kHao A typical pulse profile

would b e to reach a peak power o f 1000OWfor o f 50us

- | OQQus. The pulse rate of the laser is one o f the

factors that limt the inspection throughput o f the

Laser UT system [0025] Interf eronetric detection of .
usedyterdebere s addTeneairedUFPRRCA S0 ® FCEqEEARGS With
an <f8L&GhdAN JAsek Beamndhevasubhed frequency stability

can e achieved with relatively | ow power |aser (i.e.
[0019h fewIRW tt depA)ctsHawe\edd, fidser pwleecasisiiectinspéasepnthat
uses! Yap'&o%!éi%#%%gu'{i%%raﬁ%‘é%? %Q%—tafhﬁiﬁ?@i)eé’\ﬁ%é peakilel diode

powers. ose peak powers are achieved by anplifying
pumptte ampivi powes 6 ngteddee uancisddasatectiiogh 1pegk beam that
may p%\éersﬁs%%je %%hl %.\é%g Py HEEQQ pHii?’?éjs@}rﬁﬁcl | fdie.srpgiatc!%ﬁtants in

producé tThe reqU|re8 peak powers for short durations
accofdasce nwCtlo-secohdsifas) ) of A idfiesantohnveftids 20w

ower_singl e-frequency .l aser .t o produce the .
Hnnﬂﬁetec¥¥§ﬂ1 é@%?”gﬁﬁuﬁréggéfgﬁ??Vc%ﬁ?gf%%égqd%#%ﬁg%gce with
one SeVRbak PaAsSSESndivsodgh the mddrfd enveediom Hi gh

| aser gain and repeated passes through the anplifier

medi um can distort the | aser beam The |level o f

pul sed punpi ng power and the nunber of passes in the

anmplifying nmediumis reduced within enbodi nents o f

the present invention by applying a continuous

pre-anplifier to anplify the stable | ow power

singl e-frequency laser to an internedi ate power |evel

| aser beam This internedi ate power |evel |aser beam

may b e on the order o f 5 to 10 Watts.



[ 0026] Enbodinments o f the present invention provide
for faster inspection rates, inproved system

WO edosaiisbg ty, | ower operation costs and enabl ePeDDB1087/088564
and portable systens. Inspaction speed is currently
limted by the pulse rate of the |asers. Flash-Ilanp
punped | asers can only operate at 100Hz and the | anps
typically only last 10's o f mllions of shots.

Therefore these | asers are sl ow and expensive to
DETAYd} HESCREPEERN i dtE JNYBNTION mychfaster (4 00Hz is

[0021]Curr%5}%fgi:%c§ anghchikiEataBycb erpossiklehtbut ntBgYi is€ are
ver

y expensive custom nmanufactured di ode arr%)f/s to

illu%”@ecbdrm e ElGhs. Jakehdugie fdil6d@eanGay s &t nefer to
1ike NAYE d&mfe%}ssﬁgiﬁsnﬁai@’ e asteda LB shotsSsiddiey have

hi'st ori cal een ‘a concern due to both high-cost and
[0022) el | @bbit yenThecUisEhen Hresenti huoest dirpdeeviiidehandghection

rezamplif ier reduces un@% iLages 1
lasetoqtitre svﬁtﬁ‘lrlr?ht%g’e gn’pﬁ:‘gglegr. %agsofut e iygtorti ons, %
detestibdn asldske t her nabodidadr ivonsmpadinehiced 4y the present

, hj gh- power,.pul sed- di od i_ng af cr ab nal
invephien |t nhtel ypﬁglusn%‘t RAEHEE o?ﬁfgﬁm ?i?’;%%gd?‘lst he SMN9E
freqghasey beam hayod ear edutichiovsavef e-omtpldifsieart i canpulsed

[imt the useful po o f a laser-.an rey
amplififLi ent THS bé?ngg?}/\%&&gﬁa\r}%}fy 6 l? go e eg’t%%afcﬁg a seed
lasekar getam [ Q7] fachogtbael har ¢ouglesd di bde &heay apmyinuous

have_a peak power f 40Wtao I(I)/\{a d the t b
preaﬁ‘ﬁ%ﬂ%’% y gﬁ&sec?‘%lgﬁé?ﬁsotpﬁgr_ar‘ﬁ %)]?l et ?Pépg%%sl eﬁ??yseed
lasePUrd theodide onf ihherhasestes| pdweThtatetrakbeamrberAopllsed

di ode bars, in.an arra y. b 50 - 100 (an_array W Il ..
amplﬂ)éﬁﬁrea%tjscfagelyof CPH8¥§$ZbT,‘° sgthﬁoss?f) Ig‘%/n‘écdlf)sdi% e Phrefier
receiB¥shb @hdisefermddBaft of epdvead aadet hermal st empibdhies the

becaones a -
intermediate power laser beam to produce a pulse detection laser

beam. One task of this pulse detection laser is to illuminate
ultrasonic displacements. Light from the laser is scattered,
collected, and analyzed with an interferometer to demodulate the
ultrasonic displacements caused by the return echoes of the
ultrasound at the surface of the part.

[0023] This pulse detection laser can be constructed in many
ways. One approach is to use single-frequency non-planar ring
oscillator (NPRO) as a master oscillator and then subsequent
amplification by two or more laser amplifiers.

[0024] Previous solid-state detection lasers used either flash-
lamp pumped rod architectures or diode-pumped slab
configurations to amplify a low power master oscillator laser.
These configurations are generically referred to as master
oscillator power amplifier (MOPA) lasers. Flash-lamp pumped

laser can operate at approximately 100Hz and diode-pumped slab



significant design issue for both the diode arrays and
the slab. [0028] The use of snmall continuous wave (cw)

walcedasssvo anplify the seed | aser within the pPerarmoT/688564
i er has several advantages.a2First, the use o f
conti nuous di odes allows the nunber o f punp diodes to
b e reduced. Continuous diodes are | ess expensive and
nore reliable. Additionally, because the gain
requi renent associated with t i odes is

desiqnfe JRYTAILS 561 Bl 4P %% éﬂfﬂ |°P|u&5t Psneﬁsenﬁiﬁfbrme]d kEz.

A ty?f@épﬁ%ﬁlém aRakt WesiaHeat toereyah sefubkepends df 0N0oow
odes within the anplifier are also

for @’édégéﬂ —[69@99? ViReR PREST asde fhadde (F2ser sitiging of the

factbFEAYEREY OSEid | @her, i feRRt bAUOKS AULRRP bf1 @he aDfseruT
a pulsed anplifier) areinplenented at |east partially
system- a fiber |aser, thermal managenent of a fiber

[ODZSft aser:[/ lf%f:%ﬁﬁ:(ﬁﬁc m& %eg‘@:ﬁ.‘&!‘xy J?”Qh@?aé&?ﬂ: W'dE@bﬁ] a@ements

r adi tlona crystal garn nmedium The ratio of
requiiderasatélabe éu@ﬂu%MMEﬁeﬁﬁeanonsleﬂﬁrae?e@) t@h?heequlred

freqxglllc'f'gggs{: b oggler %eOfafém%QJeEu%tlhar rattihi%ri#] gﬁw power

Une ratio lab amplifier.
lasefi bet. d.aser ann b7 ofser ated?i-n a Hpwgier nodesEFEMDOy asonic
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powecw nodlﬁno@re I}_Eﬂa%( nooitd et etk { patisieri)jechoele, anhbl Speed the low

ser t
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G di et s esent ‘I MVent i
the Tiww power single-frequency laser to produce the pulsed

detection laser requires significant laser gain and several
passes through the amplifier medium. High 1laser gain and
repeated passes through the amplifier medium can distort the
laser beam. The level of pulsed pumping power and the number of
passes in the amplifying medium is reduced within embodiments of
the present invention by applying a continuous pre-amplifier to
amplify the stable low power single-frequency laser to an
intermediate power level laser beam. This intermediate power
level laser beam may be on the order of 5 to 10 Watts.

[0026] Embodiments of the present invention provide for faster
inspection rates, improved system reliability, lower operation
costs and enable mobile and portable systems. Inspection speed
is currently limited by the pulse rate of the lasers. Flash-lamp
pumped lasers can only operate at 100Hz and the lamps typically
only last 10’s of millions of shots. Therefore these lasers are

slow and expensive to operate. Diode-pumped slabs are much



incom ng | aser beans that generate and detect | aser

ul trasoni c displacenents are directed to the surface
w@booani1shg ect. Laser beam 102 generates ul traspomus2007/088564

whi | e detection Laser beamii04 detects the ultrasound

at a renote target 106, such as, but not limted to, a

conposite material under test. A s shown, these |asers

may be coaxially applied to renote target 106.

Ceneration, | aser beam 102 cause erno-elastic .
fasth pEHATh 13 20PRETRN QR T06ethal NECUIGY (4F (Repsible) but

they f Qis@at veBRy0 dxpdrdsiasontest@vemnl@8ctlipea diifdder eaktrays to
enbodi nent, generation_ ] aser beam causes abl ation in

pulsehygm 166, THisoni CLWRRE 168°0Fopahat e ilr‘rftegﬁaéf have

imprdf& andopedwate daiwet i pis | asetspeamel04nive PhOgUELically
phase- nodul at ed Iight 110 that is scattered and/or

beeny &f FEEFBEN bFUSuF PabBBf PR GRS 0RIC The! ¥ttlidred The use

of chbh8tudss WldRet edtand pPrOCEsSadndIa fakiraifealLBEST HBE | Alinber
of the internal structure of renote target 106. It is
of Py SipGSr sreeRLFRAt e "phhEe ndBRtHtin i s Thus, the

distOBMdNedshef €asi EhEOERESROINAS: 3L SPtidnA fHEMMENBA by the
nodul ation, The reason is that the tinme derivative o f

highzpeiise RebtfdndicCor M3EPdRds oF t e fFEYEiehcy slab, that

ultifRde At oh + SERCed-nerd ol Mmumduhatdonid 1he Preseitnay be
cont ext neans varl at | o_n as a functl on of tine any
reduppdseVABHGF 2R Ofil 8BY FleToneRY al §81 F o thef HEGGEHCPOWer of a

lasegngJjaEirQ@en{ 0084{.ifdne fApRrovhdes aechkoekydbAGERR beam to
Wi th the basic conponents for performng uYtrasonlc
the fasg?ttesting. Generation |aser 210 produces | aser

oomPEN SR WIS SR S AESETLY S sl SR poer
of 46 arhar0W leednBdieanimsisitt lret Pimyeasalldgerclpeanto2¢achndther
in order to efficiently pump the side of the laser slab. The
total number of diode bars in an array may be 50 - 100 (an array
will pump each side of the slab, so possibly 200 diode bars may
be used). Heat removal and thermal distortion becomes a
significant design issue for both the diode arrays and the slab.
[0028] The use of small continuous wave (cw) diodes to amplify
the seed laser within the pre-amplifier has several advantages.
First, the use of continuous diodes allows the number of pump
diodes to be reduced. Continuous diodes are less expensive and
more reliable. Additionally, because the gain requirement
associated with the pump diodes is less, the final laser beam
after amplification has improved propagation properties. Heat
removal requirements from the pumped diodes within the amplifier
are also reduced.

[0029] When the laser stages (i.e. single frequency oscillator,

a continuous pre-amplifier, and a pulsed amplifier) are



224 along a scan or test plan 218. Scan or test plan
218 can al so be created by the novenent of target 216
w@eooBg 1oL onbi nati on of novenent of target 216PeEmnuS2007/088564
novenent of |aser beans 2134and 224 through assenbly
214. Optical assenbly 214 may include visual caneras,
dept h caneras, range detectors, narrowband cameras or
other like optical sensors known to those having skill
_ in the art. These optical_ sensors each may require
implementrdit i hs 1HFSr PETpEREOY nidRy &h i-?fsb&e%t ilgff €T Thi Shermal
mana§&héRf abifons Vehbbkes alsbe/aRblifyeof ihansyst €10y handled
integrate informati on gathered by various sensors. ,
thancahbhhe | dntTadigricored pHOJUEBESEH W dBiiicmar8e168tic of
the WibRin takget 216. [(RA324 Abgtubbrasenket¥a@yerd08nkSvolume
~ the result of therno-elastic expansion 112 of_the
is nryposSFEBr AP ETTAENIdsehel TRl | BPaRbIGrpsS g ce-to-volume
ratigenerati QRaLbaser1 beadm . Refmd er iy 9ata 216 sHCRea%pellted in
not limted to, a conposite naterial readily absorbs
a sigepermefen(THEER) pedh YEZYWlikbye WRYRETIRf oH ProeakPrhg (M"2
< 1.99wn. i ghgr rpovered gengrahi eAnl ASH SpF LN Q@ither in a ow
necessarily preferred to overconme SNR issues as these ,
modec @t riwubt MoAuAbFedi 6RulFer bt Hede enbbli FRRES, limitation is
not dgRendinng qplhepmt gbtahebetng LeslethuROB-ARALEBA time
may be acceptable in order to increase the SNR of the
and gepapied skppallitGeser atiféfcriger spran P45 mpld be 10 kHz
or hqgg%gpriate pul se duration to induce ultrasonic
surface deformations. Forexanple , a
[0030f r ansVEEG se-excldmdtat mibphepse (FEA) a CRetegsiorcadaser  in

roduce a,l10.6_mcron wavelength b .
o T e S i
incosiffyi Cizesetr theeastel ibhert, dorerestanpirgl EtEA5 jamdre pulsesonic

dis;}l%cterr]rgntcgr%%te’ :Lrle%ril_egaytoret uelrseuf?face of an object. Laser

beam 102 generates ultrasound while detection Laser beam 104
detects the ultrasound at a remote target 106, such as, but not
limited to, a composite material under test. As shown, these
lasers may be coaxially applied to remote target 106. Generation
laser beam 102 causes thermo-elastic expansion 112 in target 106
that results in the formation of ultrasonic waves 108. In a
different embodiment, generation laser beam causes ablation in
target 106. Ultrasonic waves 108 propagate in target 106 and
modulate detection laser beam 104 to produce phase-modulated
light 110 that is scattered and/or reflected by surface of
target 106. The scattered light is collected and processed to
obtain information of the internal structure of remote target
106. It is to be wunderstood that when phase modulation is
mentioned here, it corresponds also to a frequency modulation.

The reason is that the time derivative of a phase modulation



100 watt | aser operating at a 400 Hz pul se repetition

rate. Generation | aser beam 212 is absorbed and
wee@atiesoheat into the target surface thereby PELEs10g7/088564

t her no- el asti ¢ expansi on wishout significant ablation

i n one enbodi nent of the present invention. In a

di fferent enbodi nent of the present invention,

generation |aser beam 212 is absorbed and creates

enough heat in the target surface. to cause_abl ation

correfaPideconts RE n’élrﬁqHEE‘ﬁ%nl opedta i as otttV  term

modul8PEEALt LANthE 0P38dend | sbAtEAld Ok a0l delreation kaser f2aBtion
operating in pulsed node or conti nuous wave node does

of Hateri nifEePlit? aBBRMt2 i Wpl GREMFRE IS & afpl 8, TafFIuency

modulNdt 1 YAG | aser can be used. The power of this |aser
must b e sufficient to deliver, for exanple, a 100 m |
[0031] | - jBife, 2000¥icidessecondynikse diigiraR niytheqlilfe Rasic

compgﬂgnlégl %owagerkéglggr}g D?i@ﬁé&ﬁé—@%%rerz&sg@ﬂ rat Qﬂfeneratlon

etection ser . Detection |aser 220 may be
lasepul 20 dpredtéeon Laser §’§ar9ro3\ﬂ12de‘dh3£ﬁb e%@ﬁ@%n%%@bly 214

dlrecqs ere%%q kh%g tloﬁs gﬁF% usoﬁ@@%ﬁHr%%géhéﬁ téﬂ$51ncludes

det eéction aser W e discussed wt
a scraeuﬁﬁerrem:eotbefl G k8 rauhandismowhag. m@é@%clﬁl%ﬁr lkesars 24@ and

224 f%%h#%%? gémgpéfpéé$€roPM@|§f8to EE%BegkngeggcgﬁngQHB can

_ I enrove noi se m detecti on [ aser beam
alsc@hecalcraSSedbllyy.Zl”thjl meotemeDst eefi ohatagler PamoZ24by a

combln %nsuorg aﬁ\gvgmé o%osdﬁt é@t Eiéalanél%m&}lt of laser

scat ers and ects ection | aser beam 22
beanResallzt amtd R4S ehnodyit aisesdamhlgzht-?—ll'ls Eptlieeat edssembly 214 may

inc %%?lolr%r(‘:gf? ect §t8"“32? gg?l on ggg\r@ﬁ %? tr av%l%%r eddeticmrs'
narddwktaumgh «epteireal or other like optlcal sensors known to those
having skill in the art. These optical sensors each may require
calibrations prior to performing an inspection. This
calibration verifies the ability of the system to integrate
information gathered by various sensors. Generation laser 210
produces an ultrasonic wave 108 within target 216.

[0032] The ultrasonic wave 108 is the result of thermo-elastic
expansion 112 of the composite material as the material absorbs
the generation laser beam. Remote target 216 such as, but not
limited to, a composite material readily absorbs generation
laser beam 212 without ablating or breaking down. Higher
powered generation lasers are not necessarily preferred to
overcome SNR issues as these can result in ablation. In other
embodiments, depending on the material being tested, some
ablation may be acceptable in order to increase the SNR of the
detected signal. Generation laser beam 212 has appropriate

pulse duration to induce ultrasonic surface deformations. For



assenbly 214. Optional optical processor 228 and
interferoneter 230 process the phase nodul ated |ight

wo eoopnesdoce a signal containing i nformation PCT/US2007/088564
representative of the ultrasonic displacenents at the
surface of conposite material 216. Data processing and
control system 232 coordi nate operation of the | aser
ul trasound system conponents. [0034] Data processing

and contyrol system 232 may be a_single essi n
examag‘\e/f c€ or A piUa ief(ﬁlgggpra%éné’és ﬁﬁﬁgﬁe\}?gg. Stgdcgh’laaSer can
prodptecessilog cdevi aenmayabel englitcr bpencelSsor g 100 nanosecond

m cr.o-controller,, digital signal precessqr, .
pulshr CFB% oRBUTErCT Gt Paioehr BRSSsr Rg Ut To. Flpltg deliver, for
exampllegr amtabbe jgatte aulay, tpr ageanmambke, | egichdryycegquire a

st ate chine, logic circuitr alog. circuit .

100 d’i’%ﬁtt aﬁé?’fcﬁ?ﬁwglﬂ%d/ﬁgr adnﬁgae\?{]zcep?%%? ﬁﬁﬁ?éﬁ?“&?@srate'
Gene$kghahs 1baanl vgamnel oridi gpddtpedased arraaper aeb@nahto the
instructions stored in penory. The nemary may be a |
tardst, G EABRDAP R0Y cE20F - 38 pFUP BT T3 T ARer O deg e ad thout
sign®#¢Baft MBBDE i dlevirc @@ enrbedamegade ONt ye Ner@dant riavdomion.

acce menory, volatile ry, non-vo]atile nmenory, ,
In &y 81T Ee Titfor VOISR Grenoly, PTTSRIF nERGrF L Bacieteration
lascFemREY, 2andior apsyryiey it tiabtskoefsugh hdal in the target

i nformati on. The_nenory stores,. and data processin

SUTE3RE ot POV Sy SOLAT 292 ERECUTESOTBRerdls ofat” mechanisn of

ultdalRshh HClih pasg-egpandi ng to at | east sone of the
steps_and/or functions as will_be illustrated. [0035]
[0033}) G Bluapircttdoa pal setagetéeri bastaserO VT NAIlEW fay pulsed

nodP€ H4sed-As 148LaEt | QRvLasREa2048fs Fl ot 2 {u@cLordantonic
wi th enbodi nents of the present invention. Pulse

dispdecesendn- | &49&r BUOELRe| RiesNE: $hhglesPreqdendys used. The
powedS Q4 [l 1302, ueeNbeNUOY¥S:iPI&T: to deliver, for example,

a 100 milli-joule, 100 micro-second pulse, which may require a
one kilo-watt laser. Detection Laser 220 generates detection
laser beam 222. Detection laser 220 may be a pulse detection
laser as provided by embodiments of the present invention.
Various embodiments of this pulse detection 1laser will be
discussed with reference to FIG. 3 and following. Detection
Laser 220 includes or optically couples‘to filtering mechanism
224 to remove noise from detection laser Dbeam 224. Optical
assembly 214 directs Detection Laser beam 224 to the surface of
composite material 216 which scatters and/or reflects detection
laser beam 224. Resultant phase modulated light is collected by
collection optics 226. As shown here, scattered and/or
reflected detection laser 1light travels back through optical
assembly 214. Optional optical processor 228 and interferometer

230 process the phase modulated 1light to preoduce a signal



anplifier 304, and a pul sed anplifier 306. Single

frequency oscillator 302 generates a seed | aser beam

wao@sanmios s optically coupled to the conti NUOUBCT/US2007/088564
preanplifier 304. For illugtrative purposes the power

of seed | aser beam 308 may be approximately 2mANto |W

Conti nuous pre-anplifier 304 anplifies seed | aser beam

308 to produce an internedi ate power |aser beam 310.

In this embodinent and in the follow n ewg dinenis, ,
cont&ghitihuodSpPENAMPT f iﬁﬁPr§6&nﬁ?bﬁYebe‘%Bnp g@d ofthrasonic
dispBiddhehtapdd f teat kQPrst@gerorco@beitbama@Bgial 216.  Data

anplification stage. Pul sed _anplifier 306 optically
ProcesRifl%es?td CBREFMtioG¥SHPB- #npl i F°9 6 "369, PELaFyey” of the

lasel NtBrPRILALCs POVEY dapeheheam 310, and anplifies the
i ntermedi ate power |aser beam 310 to produce a pul se
[0034et ediaiten Hrasersbeana3d 2conrathi sysiffodidfemayariP i 1 single

proc&ggirﬁé)léé)\w.d’ég_mqh%tlﬁtyt he %‘floéggsg | §&4€5e306 such a

can be a continuous anplifier that has its output

proceppid atdedics aexonmpedat e MR REGFESFRT on Hatre-ePntReller,
digit@persylirasonigsustem and Denge.dd 1t dhe Lota i
o etec?#%n]lagg#aﬁbmer absor bed by the targef. In5§835851ng
uniteagésldt heogbrablsovest ofattey c ACITaBRSOpe elagpri Aevice,
stath®r m%gﬁing,r Pe, %i@f &Ircxﬁ%ﬁe Va@fél%%- @1':%119_9 r digital
varil ation can necessary to protect t he detection
circelecyr onndéonhemyt tetiaregethat r agiyulafdeecsiondkes (analog

tectian4las am_ T ar; 1. t :
enct/ L PEER oL D80y TREREER060 Spaere o) Shoatd in
memocynt | ibeuser(@W mavFdre ial lsisulat nvropyIrgosies tlve apoverality

of seed,| aser_ bea 8 m p j y tq.l
of T?ﬁ?r(mﬁﬁéa)e%htegﬁégi51e%%§§%$ ﬁ%gé%ggggkl§%gm%a%eggtonly
memoappr oxamitre| yact@skOOWnory and/dlizg ipewemendrpul s@n-volatile

memo%\()e(t, ecycg{]iclz asfneermot%%?m g%r%arﬁgaé/ Qneem%gefr, oxlf@&?l yme@n%%yl;oogache
memory, and/or any device that stores digital information. The
memory stores, and data processing and control system 232
executes, operational instructions corresponding to at least
some of the steps and/or functions as will be i1llustrated.

[0035] FIG. 3 depicts a pulse detection laser 300 which may be
used as detection laser 220 of FIG. 2 1in accordance with
embodiments of the present invention. Pulse detection laser 300
includes a single frequency oscillator 302, a continuous pre-
amplifier 304, and a pulsed amplifier 306. Single frequency
oscillator 302 generates a seed laser beam 308 and is optically
coupled to the continuocus preamplifier 304. For illustrative
purposes the power of seed laser beam 308 may be approximately
2mW to 1W. Continuous pre-amplifier 304 amplifies seed laser
beam 308 to produce an intermediate power laser beam 310. In

this embodiment and in the following embodiments, continuous



pul sed. [0036] The enbodi nent of the detection |aser
300 depicted in FIG 3 may use a master oscillator 302

wo bas/1nssys be fiber coupled to a di ode punped fPOPBUS2007/088564
continuous pre-anplif ier 386 that operates
continuously with optical fibers 314. Simlarly, the
anplified | aser beam 310 produced by pre-anplifier 306
may be delivered to pul sed anplifier 306 via opticm
fiber as well, pulse detectlon | aser beam 3

pre-applifdent &Q%emh%l?"er%l §ompopedi Répett éﬂn%? haBBHEJa?atlon
stagd | eSS . tMRsek @ FME@&Q&&OZBW .bevasdiodeppunped 306

non-pl anar ring oscillator (NPRO havin
opti¢abef cpPddsout put CAUHAN UM SonB T ERgH Eﬁ%ﬁi@ﬁie&oéeedrecelves

1nte?x§% Capﬂé)n F@§§£ beam308 teahe P1eVi deghyi a Ap1eptieeal the
o preanplifier 304. Anot her approach may
lntec@maﬁﬁ:tp@fﬁrallasrqﬂoéﬁ%ﬁ neft @- £? eBERFESE | AsBFLBR| Hﬁtﬁctlon

1aseli D& ) asen as the mmster.QSEdidaior 2382 and ¥Re @bllowing
more fiber Iasers such as di ode gunped fiber anplifier

embo@smenries anpiihief | Br1Sed awePldfert | 8P63082%s Riel 2 FOpEFpucus
ampl_lLEJ.épl Stfh%beogégenfts PLExRATP! 'rﬁéﬁ[la&@sﬂi My bedniiced®e the

r continuous pre-anplifier having a
achﬁEbEIO@ouwt%db%ut@@t1Q$ﬁﬁ wiiresenife sYAteRmBBf apgnce limit

the Eg\égﬁ. d@@gétf&? Oé&:wtée: parb%\élrg)%g E&‘atﬁ@ QQH;S@' In some

to a The pre- anplifier can also be
casea,drtbaeogtpu’awpoxp@np@ﬂ Fod OPREARURUSF OIS gt AR 304, or

partﬁé?iY%gﬂr a]tl hige l'\%flf qr I %IOWg?yVQElMO%%EHYQGY%%CGSSary

o nane a Is material nmay be configured
to mitzed nighe- pa’ssc@rorrmtleﬁcmsummmem ekhe Aprofferstrongly

reflsogsn%}(lebg eg.kﬂgr? é‘%&e%éérper Mese;d:xs%gpla'rfe' erery limited
I'bér -coupl ed out put t at allows the pul se
and d&meeﬁpma lthseprbeamplid fiem 3Pt i bl considered as continuous

(CW). For illustrative purposes the power of seed laser beam 308
may be approximately 2mW to 1W; the power of intermediate power
laser beam 310 may be approximately 10-100W cw; and the power of
pulse detection laser beam 312 may be approximately 500-1000 W
pulsed. v

[0036] The embodiment of the detection laser 300 depicted in
FIG. 3 may use a master oscillator 302 that may be fiber coupled
to a diode pumped fiber continuous pre-amplifier 306 that
operates continuously with optical fibers 314. Similarly, the
amplified laser beam 310 produced by pre-amplifier 306 may be
delivered to pulsed amplifier 306 via optical fiber as well.
pulse detection laser beam 312 is applied to the materials to be
ingpected with éptical fiber 316. Master oscillator 302 may be
a diode pumped non-planar ring oscillator (NPRO) having a fiber-
coupled output that allows the generated seed detection laser

beam 308 to be provided via an optical fiber 314 to pre-



fiber. [0038] FIG 4 depicts a second enbodi nent of
detection | aser 400 that uses fiber |asers exclusively

WO pooaacsnglance with an enbodi nent of the presePtT/US2007/088564
invention. In this case, master oscillator 302 is
coupled to two or nore diode punped fiber anplifiers
304 and 306. As before, master oscillator 302 has a
fi ber coupled output to optical fiber 314 Mast er

oo fFEAE gL, SO%oMBLLe 80005 el PRI, | LAY e

singDsefté@uanbyBOZagemeraBESgseed fzﬁam' 3&&ewh|ab i $he master

.del j ver to |ode re a lifier 304 v
osc1 bt 54 taK STF BoPBid: boSEE M BMIT, Fnaleagepumped
fibebeamp BOZi 4 eduped-hyp MBS er mcuahaahﬂplsﬂﬂer s ke aell.
2-25 MmN | aser. Diode punped conti nuous gre anplifier
[0037Bo4 ey F%b?e§§€°?h%e$%mePr%TaWH&%§%%h| e Paverrs adeficde
pumpB@ant - t @cA01 ARG prArBhbl i efe 806 aRYighea UsEithdrG coupled
further increase the power of the detection |aser_to
outpgho P 2 pHiF s EfS ?ﬁéeaa?%mt%fpffwﬂ%%err p%%%df"lo to be
provafBki thear 306 isptien debbyeread ta %bﬁﬁ@ﬁ ersgal.s tore pre-
t est ed u5|ng optical fiber 316. [0039] FIG 5 depicts
amplafparseafefét?i bA Pagépdsoermﬁa@ﬁ REYPPHE bR@doRsslab. For
111u8€LEeiLoN Lhastsdd) ageer dqaggn%g\n thaesbodi mnts e t R vag,
present invention. Pulse detection |aser 500 i ncludes
Yb:YAGg| Ngl €VPf efmenzye odcf BV at of NBD2Make gt iMYole configured
as é“é%%?ﬂ@ bgbgrogoﬁuléﬂdp§%§”%£5¥iﬁ¥§y'f'AﬁbIQQQerT@b% may be
I ment operates simlarly to that described wt
a dieder phvectdo Fber Pulsged t prel Brisodi hening aﬁplﬁ%rr-coupled

outp%qgtﬂgtlzlla%o\?s d&ﬁg eggﬁsfer Qf@t'é%@&oge§§£épergeér{] \F;t_lac':‘an’3 d;ﬂ:lcal

I er 6 ‘may be a solid state pul sed
flbednpllf|er haV|ng
[0038] FIG. 4 depicts a second embodiment of detection laser

400 that uses fiber lasers exclusively in accordance with an
embodiment of the present invention. In this case, master
oscillator 302 is coupled to two or more diode pumped fiber
amplifiers 304 and 306. As before, master oscillator 302 has a
fiber coupled output to optical fiber 314. Master oscillator
302 may be a diode pumped single frequency fiber laser having a
fiber-coupled output. Master oscillator 302 generates seed
laser 308 which is delivered to diode pumped pre-amplifier 304
via optical fiber 314. For purposes of example, the laser beam
302 produced by master oscillator 302, may be a 2-25 mW laser.
Diode pumped continuous pre-amplifier 304 may increase the power
of intermediate power laser beam 310 to 10-100 W. Amplifier 306
may be used to further increase the power of the detection laser

to 500-1000 W pulsed. The output of the fiber pumped amplifier



a fiber-coupled output that allows the pul se detection
| aser beamto be delivered via optical fiber. [0040]
Wo-b@s/16530epi cts a pul se detection |aser 600 whPChURENY7/088564
be used as detection | aser 2:n accordance with
enbodi nents of the present invention. Pulse detection
| aser 600 includes a single frequency oscillator 302,
a continuous pre-anplifier 304, and a pul sed anplifier
306. This enmbodi ment operates simlarly to that
306 ddscrHpe WetRAVRERPRr difteths mpaterials| ntehine tested using
opt &IH0di;pept 31 pre-anplifier 304 and anplifier 306 of
FIG 6 differ fromthat described in FIG 3 in that
[0039)r e- aRpFi f P edeB30Z ey thilesea dditedeipunpeskes039@ which may be

usefOOL! BURUS: AP! hELer and AIRLLLLEL 300,MRY-DE:A.0L098: cne
punped sol1d pul sed anpl itier. e conponent s nay Pe
presggtt calveptdoupl eduwisa fletectparel aseshgyh orclopidscal single
[ d tegti L aser_ beam 312 . b
fre%le%?{yeroe E"L\I/’?Lgltggt F’ggf igggtglﬁ?&? O%4eliamﬁiér¥ﬁé\feﬁ’oéf’ and a
pulgrshvermpiifigl 806r equenty eabibdinant prpduseds bygiamilarly to
[ A i fi ' be |,jm by a sj.cal .
tha%hg%%ﬁ%lnon cvgjﬁq{edr s%@n%r}céat ed” B{Ff 1 o%i n ;@ At TEF] ngroodiment,
ampXiSBS)r. Mkep ISBSGoctudsiféhe fampl itheer dastsilésd ain FIG. 3 in

tha{r?gérﬁpgl;"fire%f |3%%t . %9,— gée a as;l%;}%tggosr%ap.gcéu%g%\%ggi%iﬁgfzeﬁe@ having

oscCi I'l"at or; possi b magi ng-i
a flibertcogrldere output power . allowgenetial pulEberdetection laser
andanpl i.fier fiber. are single;:node fibers wth typical
bea%irké)ne@t%efjghg}’r% ?ervjtahéjl?téﬁa?ﬁ gf’%ﬁ%’. The power threshol d
[004d]or WRIGh SBSereiH Sa iSuIHORRItCONBh 1| 8séhesGHIUR £cfnay e
di ane In order to produce

useiihﬁaf égg;gﬁh%%cglg%%i &b ATRCIPBRRr "EEDelsFPeiBERFfig of the
preddie powemnttibheshalud sef aSBSct0snt Desseasihd ethdi R&Ss 2 single
frequency oscillator 302, a continuous pre-amplifier 304, and a
pulsed amplifier 306. This embodiment operates similarly to
that described with reference to FIG. 3. In this embodiment,
pre-amplifier 304 and amplifier 306 of FIG. 6 differ from that
described in FIG. 3 in that pre-amplifier 304 may be a diode
pumped solid continuous amplifier and amplifier 306 may be a
diode pumped solid pulsed amplifier. The components may be
optically coupled via free space as shown or optical fiber. The
pulsed detection laser beam 312 may be delivered via optical
fiber 316.

[0041] The level of power of single-frequency radiation
produced by a single amplifier might be limited by a physical
phenomenon called stimulated Brillouin scattering (SBS). When
SBS occurs, the amplifier acts as a mirror, reflecting <the
radiation back towards the master oscillator, possibly damaging

it and severely limiting the output power. In general, fiber and



di anmeter of the fiber anplifier, several parallel

fiber anplifiers can be used, each anplifier producing
wa2emes30$ evel below its own SBS threshol d. ThECDUSINOT/088564

fibers of all anplifiers are conbined by fusion splice

or by other technique into a larger nultinode fiber

that has a SBS threshol d above the conbi ned powers of

the parallel anplifiers. FIGs. 7 and 8 present this
roa%h as

a two enbodi nent.s aof, .t he pr.esent_ inventi.on.
ol D0  TPPeE 7 e dr AHBERer: Webad T BY° A bul Sedreters
smalUet eehiban doasef cdddk: whi dherayowe: uskdesisoket €otri orhich SBS

ocout bt PORES Al S etbct Ton PR 7007 hel boBe. 3 eTRGre TP

ordefé‘ E) i!ﬂ:\le@g)bd()&é: |éigiqlre—ﬁQ{%guanﬁggtﬂa{?_iﬁQlﬂSoﬁr ezd@nmdwfeirer levels

4, and a pul sed, a 1Tl er S e odl nent, .

excegiliGt §§esi$ﬁwe§rl§h¥g51f% 8255%(;%% e F eSS ¢ HiPer

diamEt& 3of | Rhthi Sieabodidwpnt riappl i EbeesaB06Pad06B-ANdfiber
306C of FIG 7 differ fromanplLifier 306 as descri bed

- ampliplef s o830 PehusEHt phRCBpfiRat 1 hePT AT &8 | BPRE level

beloWOl €s dbwiresey fHleho1Bypireal bytpit heidbaHanst el angetfiers
than 50 m crons, ;and the second_stage anplifjier has

are eAmRinied pay alfFEf o8 RLSERE &pl PETRT s TSGERII8BeE Nt 2

largabd RO6GmolRe eubprt fatt hgse par algsel tHkodeopunpedbve the

amplifiers may be conmbined within a single ogtica
combf pgdr PRI tSer Cscie atFrra3d 2! prytRicds S SseeflFaser’ and 8

presBgam 308s m@ﬂ)?fbécﬂu prayi degh Viandddhiglenequpbed @wepubbresent
318 to optical fiber 314. In one enbodinment of this
invepkafpt e, the power output of master oscillator 302 may

[0042Peed ﬁl%.pr'p%elc%sl %%%rthggag}nﬁg&rh@u\@ W & pulsed detection

laser 700 which may be used as detection laser 1in accordance
with embodiments of the present invention. Pulse detection
laser 700 includes a single frequency oscillator 302, a
continuous pre-amplifier 304, and a pulsed amplifier 306. This
embodiment operates similarly to that described with reference
to FIG. 3. 1In this embodiment, amplifiers 306A 306B and 306C of
FIG. 7 differ from amplifier 306 as described in FIG. 3. The
output optical fiber 316 1is a large core diameter fiber,
typically with a diameter larger than 50 microns, and the second
~ stage amplifier has multiple parallel diode-pumped amplifiers
306A, 306B, and 306C. The output of these parallel diocde pumped
amplifiers may be combined within a single optical fiber.
Master oscillator 302 produces a seed laser beam 308, which is
provided via fiber coupled output 318 to optical fiber 314. In
one embodiment of this example, the power output of master
oscillator 302 may need to produce a laser beam 308 having a

power of about 25 milli-watts. For illustrative purposes,



power of about 25 mlli-watts. For illustrative
pur poses, preanplifier 304 may increase the power of
wo biog/1isBser beamto approxi mately 5-10 watts. HOEDS20011@88564
three parallel diode punpedz2fiber anplifiers 306A,
306B, and 306C are each coupled to the output of
pre-anplif ier 304. Each di ode punped fiber anplifier
produces a power below its own SBS threshold. The
three, parall el diqde punped.fiber anmpldfiers 306A
ereaygigfs B 3uh Cratr d s BB e e BB e for o DRt 2™ 0
approasestoeans 3P varersat | alelhy. thAs shose pardliies edanapl eumped
.. the .t i mode pu y b ter than .1, 000 t
1D PTG EE h PO R on Ty aton SECdide TUAbed frpel to the
outpaftploiffl ipgksampl 004381 F04 SBrdepi dicieyefungieal hifiber amplifier
enbodi nent of detection |aser in _accordance w.th
prod BB PMBRYE: dFeiHE Proca SR GRERSHoLT n T SiAbsRrgallel
diod@aueibeasibkat anp302i bos besy) rx@eacecthani3deca ndiyodecrease
single fre fiber

punped, uenc | aser, as osed to
the [PRET [Yod]® T Hitber8ds P A5 SOdi SrEB UL ERIiKe AS shown
in HHES exeptel | aher nandihbee f bbgsutanply fderg et drethah) 1,000

Ytterbi um doped fibers operable to prodyce radiatio .
wattl  HPgRyePRHEL h OF SabGh L IBOEF A 0P T( 251 BRBi LR TRFRd FLber

amplaffie@sdoped fibers operable to produce radiation at a
wavel engt h of about 1550 nm The fiber |asers nmay use

[004Yi de ET@ddi mpiwhsi AgtwABPERSr iRSCAgGeBl ogésdafection laser

in §OUPLELhdd ACth VerbbAshettl O8N PUMI A dHtDe Svedtn.  In
_punping fibers couple to the active fiber through side
thig| gy ormafit s hneccél hgbe hg308 tRE fagverpphreed with a

diodTéﬂ%%%peuvpgm?pé QTR Rebade Sidigle %gbbgsastoq\]m.
group of single emtters, diode bars, and/or a group

[0044)f di Bde absr laser associated with the master oscillator
and the fiber amplifier may be: (1) Ytterbium doped fibers
operable to produce radiation at a wavelength of about 1000 nm;
or ({2) Erbium doped or co-doped £fibers operable to produce
radiation at a wavelength of about 1550 nm. The fiber lasers
may use side cladding pumping wherein pumping diodes are coupled
to active fiber through pumping fibers. The pumping fibers
couple to the active fiber through side cladding or an inner
cladding of the active fiber. These pumping diodes may include
single emitters, a group of single emitters, diode bars, and/or
a group of diode bars.

[0045] By using many small continuous wave (CW) diodes to pump
the 1laser fiber, each fiber coupled pump diodes may be
relatively small in power (typically only use a few watts).
Therefore, the loss of any one or portion of the diodes may have
little impact on the total performance of the laser to be

generated.



[0045] By using many small continuous wave (CW di odes
to punp the | aser fiber, each fiber coupled punp
walcedasssnmy be relatively small in power (typiRel/U§2007/088564

only use a few watts). Therefore, the |oss of any one
or portion of the diodes may have little inpact on the
total performance of the |aser to be generated.[0046]
The heat renoval problens and thernmal distortion of

wave profile o f laser beam 312 is great|y reduce

t he ;
[0046)yy + dBgcPRETt KETMPERLI PERRIATS &7F (hETPPhaPt§RBFTFFROT the

wave 188c8e8t remviak rf et e of i herg el edr sigstes BRY rb@ucing
managed separately fromthe gain. In addition, these

the FeulpeRRantd Sesthy piid@l VWBEEEISGr eat '§ PREFe4§BEVaL from

the B3R LcEBpPel Ve, Jal |H£f (M Biran & dd n@%gbhateaye from the
currently available in slab in diode slab |asers. The

gaint her Al aRfdgaTent tBESEhe ofi bRPWEas 6 Ofrgs st iRt a lfliver offer

greaic§y95§é£éaysé.m%dtmrb%§r ediWit-B t(hepese ratings that
traditional bulk crystal gain medium This is_the

are peemeddlvheavaiiablst ihe FlieberiBufftage af & (WABPESthe The
ther@ﬁgt Téﬁai&ﬁg}u\ﬁe%g Y0 thecki Peker tOr 1de MQliumR MheLegreatly

aser 1s generated or anplified is many orders o f
impraugdi tide | gegerrefaritiat the audwul lefsupf aberpolaneg bulk

crys%Q%i ?a]@ésﬂ?&&ﬂrﬁd whish 8 sshab 8aPhidd efhe THUMSIo e the fiber
I'be aser may b e operated in a single node with
surfeeey alreet [(ehpmeetheoheadi $soremoned Sfhaee the fibeg, to the

volulmgs%egéntgeelQQSi"aEL.@d?%QePat@é/ 'mdeangli_afied is many orders
nodul at

ed- pul se node, e speed |imtation becomes not
of mdmniltacler lspmed bihan hehat t phseurmblfrepagacedn veilyee ratio

assovgiita\b,igg \tﬂpghngt ?ié?l aInIgl:pffeg.eStl%%se}ng:hteh%i%(‘e‘}nriia@gr may be
capabrlitres of other conmponents used to scan the

operdékedct ilon leaserirgdreossnadse with very little wave front
distortion. Since the fiber laser can be operated in a CW mode
or a modulated-pulse mode, the speed limitation becomes not the
laser speed but the ultrasound propagation time within the
material to be tested and the scanning capabilities of other
components used to scan the detection laser across ‘the
components to be tested. This allows effective scan rates to be
10 kHz or higher. This offers a significant improvement when
compared to scan rates of existing systems. Additionally, this
flexible architecture may enable mobile and portable laser
ultrasonic inspection system design suited for harsh industrial

environments.

[0047] FIG. 9 provides a logic flow diagram in accordance with
one or more embodiments for the present invention that depict
how the detection 1laser may be generated within a laser
ultrasound inspection system. Operations 900 began with the

generation of a seed detection laser in Step 902. This seed



conmponents to b e tested. This allows effective scan
rates to b e 10 kHz or higher. This offers a
wae@ailisseant inprovenent when conpared to scanPCHUSHOD088564

f existing systens. Additionally, this flexible
architecture may enabl e nobile and portable | aser
ul trasoni ¢ inspection systemdesign suited for harsh
i ndustrial environnents. [0047] FIG 9 provides a

ic flow diagramin accordance with one or nore

|
deteSH6a hBAEE PEFE™t RBY pPes@ntoW iRRY o &-han dep crdsewot 25

milltiReradet aclsie@n daserviiith s, gederateds ed hi @tla@@gr This
#ﬂ%rasound i nspection system QOperations 900 beg
see

- 3He Fenk? 215 oRSY" f PaY sBed I@BEEEEPEN Usdger a nNB’lieror a
snng%Z pulides Seeddet %EQQQn&@Sﬂb&eafﬁm fe g law npeoah% known

.e. on the order of [i-watt | aser beam wh
to Wf&é’— ans f%ee%ﬂiuqlﬁfset%g% 17RRS - sefdedsteset ilemelradean may
therb%@naﬂﬁllﬁﬁegeﬂﬁiﬁée&’né‘sdrngno‘}eNBRQd@r p@mﬁégg Snbl o%s pre-
single frequency fiber |aser or other neans known
amplddAEr gt 40t Ifd ePectP et eBtionremsds. lThearseedtézawlakteamaser
beanM:viiRgN abe 1 afRELEL £ USING ORE,Qh | m)zﬁe %gggrﬁmec% laser
continuous pre-~ anplifiers in step Thi'S Tesult
bean mayn tPﬁPePﬁeéWﬁ@éﬁ%@&Sﬂ@@amnhawngloaﬁ fhoae n@m@aoe pulsed
% T | mdiate,la a Ihe
e g one. o e reaBibinged pataed’ tates.  1n
the a@ﬁ%%orﬁﬁrné@tu R SY &puss cismlmt@du@ermes pabsethatetest i diode

the.enb ¢ ted vari Qus_ o
P s or o i i bed 1 b tpL8RREL T | FhaPESe «n
powegerd &hpl 8p&act boi nbrems & mole apé\'&emlbilt-‘het’d@tmﬁd Qaser to
1, 0doaser rﬁéﬁnv@a@é m | &gog@E% 9§§eclj.hleascﬂ%tec ggﬁ]eF beam is

nmore watts. In step et ecti on 1ase
deliyefredetedthe tawegetar get .

[0048] In operation the present invention allows laser

ultrasonic test equipment to be used in a wider range of
environments while testing more complex surfaces or surfaces
within limited access areas. The embodiments of the present
invention may wutilize fiber 1lasers to generate and deliver
detection laser beams and possibly generation laser beams to a
remote target to be tested. Doing so allows the overall size of
a laser ultrasound systemA‘to be greatly reduced. For example,
instead of a large gantry based system, a much smaller robotic
system may be used to deliver generation and detection laser
beams to the surface of the target to be tested. This allows
the laser ultrasound inspection system offered by embodiments of
the present invention to be used to not only inspect individual
components but to assess the internal structure of integrated
components. Thus, not only can individual parts be inspected by

the laser wultrasound system offered by embodiments of the



[0048] In operation the present invention allows |aser
ultrasonic test equi pnent to be used in a w der range
w@boosnvizponnents while testing nore conpl ex suP€¢BUSROD0S8564

surfaces within limted access areas. The enbodi nents

of the present invention may utilize fiber |lasers to
generate and deliver detection | aser beans and

possi bly generation | aser beans to a renpte target to
be.tested. .Doing so allows the overall size of a |aser

Presiinty a5t 75 t B1F t 65587t ¥ht FYTrekdERY. nFee efanplaividual

partinstapdbel @ndprgedgant ryibased osust 8Bp&tTUeR sr@l 58" made
icC,S stemergy be used to deliver generation an

r obqt
ATt et Wi | DACTH e b Y fehd asurteste ol thete apget itfo there

are benyt estathesThiss ahd Oi/‘ﬁte:tﬂ?ﬁall %%%c%kéa%@%d th@sl‘ﬁ%‘é' % the
Stm{s%st em of ggr ed by enbodi nents of the present i1 nvention

Y58 - useQ T bt hot 2o yerreantsnde §i dhal mmmsofentrsvention

may Hovideassesstlile1inthernad SYEUGH ut.!}'?a@fu L eﬂlrbaetreciasers to
conmpanents. Thus, not only can individual parts be

detqcls S HEGORY Ot HéSPARIMANtEr ddo i dr eestee hasfdiegr 6ah e field

wit heiR0 diHee b Sorferntsh @R$E s oY 8REL ORy; RYt e -
structures nmade of individual partsl%gy é% irgrgsa%%ctdee Lvery

°f IFRESTAPPORE T fiedttionsleeeh Reamde after the

e oy chaneee. | et he At ernal 40t (TS0, (reLengths
simiflpre @ fidprtktFluctar sheAddisti-onalay carhodhnentrseatly used
o TPl Usoe 1 Do halr MR R o P RBR o Ferpiun
dopegi sgihesfent ¥therkiyrervpredt acgbersn the ftiedeMidoweplace
corsher OBl ALLBOcRIBRS. LY I ESERRRTES A HL sion
detecidens le@erpr odidwutasere enksssortat twaveipgagthsny of the
optics and detectors. However, Erbium~doped or Erbium-co doped
fibers can produce laser emission at wavelengths around 1550 nm.
This wavelength range is commonly qualified as eye-safe. Safety
requirements are significantly reduced when using an eye-safe
wavelength in comparison to wavelengths around 1000 nm. Those
reduced safety requirements could translate in important
reduction in capital and operating costs if a laser-ultrasound
inspection system were to be used in an open field or in a
manufacturing environment.

[0050] An additional advantage of using a detection laser
operating in a wavelength around 1550 nm is the possibility to

leverage the huge quantity of optical technologies like

detectors, modulators, optical fibers, etc. developed for
telecommunication.
[0051] Fiber lasers and fiber amplifiers can be pumped using

different approaches. The most popular approach is cladding-



simlar or identical to the 1064-nm wavel ength
currently used for industrial |aser-ultrasonic

w0 p@paci3d®N b y using Ytterbi um doped fibers. PCT/US2007/088564
Ytterbi umdoped fibers can2therefore replace
currently-used di ode-punped or fl ash-punped rod or
slab detection |lasers wthout the necessity to repl ace
any of the optics and detectors. However,

or ErbiumcQ

d b
pumo A TR D WP, e n e a SuR T FEE 39, B 00Hge g1 aaing
of t\mveﬁlemgt marsangeo:r Sarqmnrﬁ:relry. gljlaldcmlr@d Iagnpe_ylag s:m‘ne.be done
t I cant re e . .
cxengE) Shta! ERULLPURENS A0 SO0 HLSRLLY, LEOSE0MIBRing siae
(s:deay\eh;errgj hs sidaHphinb0ag ﬁnth@sesreﬂucedfsaémmes of end

t I d.t ' t duct
CSEFIT BMIPARGr atTiR oS PE FHL5 1098 PP SSbuRy | tisted

actlifﬁspﬁ'ﬁl @Dmﬁysiﬂfér\NEEESI@héJ e used ddaiancepena f If&idsdedelflber
in a nuf acturing enviro %mHJOOSO] A.n additi
coupbipantayBl R sty EFetett | SAOG BPecat itng i 1gnment'

and WaVelangt Formrainth kb S5O HER | Seditrgpasisdtbi s t ynd Oor V-groove
| everage the huge quantity of optical technol ogies
PUTPE'Re detectors, nodul ators, optical fibers, etc.

[ooszpevelage@mg% 1&5 eqeamyREGAL | @ odels002dd R bef ad@SRf Sside-
er a Y fiers can b e punped using different
Pumpaﬁﬁroééﬁé§°1%léf nmosie popRier. apt oakd i §caled up by the

1ntr65§99i8§p&ﬁpér§k91ﬁ@fb${a§ LRRpPHIPLEY adh ald Oliverse effect on
inserted in the cl addlgg of the fiber |aser or

relighplityer. Tice abi 9 Msu®pi fGecandbvedegpheddaferi sf ogpers of

magn‘itegdgl a@f&& et&ﬂa(:enéif pﬁ%ﬁ@g)best he %é@@!’tgﬂaﬁ}ﬁe single
(side-punping). Side-punping elimnates
emlt@ﬁfﬁl@MQJ¥Q¢%WH@Wdtoﬁr@@aﬂ%ﬂh;ﬂﬁﬁﬁ?@aDQMEhénoPﬂeaﬂM§tter

fallggr%oqﬁsﬁagﬁ§yortot%§5cfed bars it does not affect any other

emitter. Finally, in case of the failure of a single emitter,
the decrease in total output power of the fiber laser or
amplifier is very small because of the large number of diode

emitters.

[0053] In summary, the present invention relate to an improved
laser for the optical detection of ultrasocund. A pulse detection
laser is provided by embodiments of the present invention. The
pulse detection laser includes a single freguency oscillator, a
continuous pre-~amplifier, and a pulsed amplifier. The single
frequency oscillator generates a seed laser beam and is
optically coupled to the continuocus preamplifier. The
continuous pre-amplifier amplifies the seed laser to produce an
intermediate power laser beam. A pulsed amplifier optically
coupled to the continuous pre-amplifier receives the

intermediate power laser beam and amplifies the intermediate



active and punp fiber designs. In add it ion, a
fused-fiber coupling elimnates the need for focusing
wepinsasssend al i gnment, and is nore robust t hanPOI/lI82007/088564

desi gns such as end or V-groove punping [0052] By
enpl oyi ng i ndividual diodes and a cl addi ng si depunpi ng
t echnol ogy, the power can be scal ed up by the
introduction o f additional punp diodes with no
adverse effect on reliability. The lifetinme of the

poweli i 841 uzani eleBrdIEr derR g RRfR I8 Hafger PeRTy  One

taskoéfdkﬂgg Raise AdaLiianpl]¥sesSi NGl ecelNl bRl Sated Gultrasonic
i ndependent from each other and when one emtter

displaidmentseniight| frem ehode S0k o5 5 AEESTRBL ‘é?%%%?t%qu and
anal)géél?rw§mlt tel- 1gjtﬁ§£éryomét%rca§§ Ferboherbae |l whe Ouitﬂasonlc

Ingle emtter decrease in total output power of
displdwerfarfer dased dy dmF i feterrn ehaaf Hal thopethssppd at

the g&g%gégwg% QH@bﬁéer diode emitters . [0053] In
nmmary, the present invention relate to an inproved
[0054]| asemsf enet bé optiead sletldctirorthe fanil middogrerepiate, the

term gag?g§bﬁftbpa lasepr%ﬁ 58¥f9f9'bya§”999 ?%nhée@fhereln,

venti off det ect 1 oh ser
providiléié udes ansua‘gtxa—a‘cr@mnedcyt@b@rdﬂcai ote altontiongegeonding

cornfy SHERCyoEkiy R BUkERY, APLILEL sl otk
one ipssr@[éhltcaid ytxcautpj eldet@ertmean@nt:pmmmEQOMSeanpl i foiugr .is not
1t 118, OB TSP L TRLALLEE BTRLLEL g8 e oot L a0ELocens
varlaﬁpbhéjeteﬁp@tdﬁﬂﬂ@/ﬂﬂﬂiﬁkednbo trheecenti Meblistimes, and/or
therggﬁ_go Léflersrggglg Saverage skill in the art will further
appreciate, the term “operably coupled”, as may be used herein,
includes direct coupling and indirect coupling via another
component, element, circuit, or module where, for indirect
coupling, the intervening component, element, circuit, or module
does not modify the information of a signal but may adjust its
current level, voltage level, énd/or power level. As one of
average skill in the art will also appreciate, inferred coupling
(i.e., where one element is coupled to another element by
inference) includes direct and indirect coupling between two
elements in the same manner as “operably coupled”. As one of
average skill in the art will further appreciate, the term
“compares favorably”, as may be used herein, indicates that a
comparison between two or more elements, items, signals, etc.,
provides a desired relationship. For example, when the desired

relationship is that signal 1 has a greater magnitude than

signal 2, a favorable comparison may be achieved when the



i nternedi ate power | aser beam and anplifies the

i nt er medi at epower | aser beamto produce a pul se
waledsaiize | aser beam One task of this pul se Per/@si00D088564

laser is to illum nate ultrasonic displacenents. Light

fromthe laser is scattered, collected, and anal yzed

with an interferoneter to denodul ate the ultrasonic

displacenents caused by the return echoes of the

tras at the rfac t he 054 A one
magnfidg g §g%l%fra1n SRR T B s Sl % iy when
the ﬁi‘bﬁﬁ.ﬁﬂi ol kygnor 2 appnexismahehythatsofyidgnalused

rein, provides an industry-accepted tolerance toits
[0055]cor r @éﬁéﬁ&gﬁg her WIS ah Y Hefdtt yRag c&5eBg described in

detaip] erance ganoes frem hessrkhaBaoneper cepdridhd WeBhynges,
ercent and corresponds to, but is not limted to,
subsebhporath \RﬂQMxﬁlﬁ%ﬁ?é@PaﬁedcéPrcGFt preeesfereto without
depa¥B{ARt FONS, t HENMBNA UGV &ldopkl @3S thel 98vaAH16A! hs defined
times, and/or thermal noise. A s one of aver age ski | |
by the prengad WlEAMFurt her appreciate, the term "operably
coupl ed", as may be used herein, includes direct
coupling and indirect coupling via anot her conponent,
el ement, circuit, or nodul e where, for indirect
coupling, the intervening conponent, elenent, circuit,
or nodul e does not nodify the information o f a signa
but may adjust its current |evel, voltage |evel,
and/ or power |level. A s one of average skill in the
art will also appreciate, inferred coupling (i.e
where one elenent is coupled to another el enent by
i nference) includes direct and indirect coupling
between two el enents in the sane manner as "operably
coupled". A s one of average skill in the art wl|
further appreciate, the term



"conpares favorably", as nmay be used herein, indicates
that a conparison between two or nore elenents, itens,
waek@gnalsps et c., provides a desired rel ati onshi pCT/BES1007/088564
exanpl e, when the desired nrelationship is that signa
1 has a greater magnitude than signal 2 , a favorable
conparison may be achi eved when themagnitude o f
signal 1 is greater than that of signal 2 or when the
magni tude of signal 2 is less than that of signal 1 .
WHAT [0 55]ATMEDhDAgh t he present invention has been
described in detail, it should b e understood that
VAS i oUs mbainges fosudrstaratiei onspahdedl datgctdns dasely eoeam
com nade hereto without departing fromthe spirit and
P5tYP@of the invention as defined by the appended
C@fﬂé%?%?ﬂ@Tal§e€ﬁfﬂiﬁ§lﬂ S 1. Anmethod to generate a
pul se etect.ion | aser beam ¢ risjing:. ratin .
S 500 il PTYH nyTRe Sooh Pacsl G iRLg DrednBlifier
to pEeMdHUNUS ntleemadpité p@verd dapeadbeemanandit er medi at e

power | aser heanmy and i fying_ the_ interped '

pgﬂ%}lf¥ﬁﬂ9 éﬁ%ﬂﬁqﬁ?ﬁTeggE%Fséawgﬁppf ?Erg?%mpvg%ﬁc% pulsed
ampll Bee pUt S sk ddricecthonplhbsel deeamtidn. 13ber nedmwd of

Gaiml , wherein: the pulsed detection |aser beamis

directed to a surface of a renote target; the pul sed

det ect t rhed3RM beaolkihunj nateazia:portion of the

surface_of the renote tar?eﬁé ul frasonic %yrface

I

ditpl REeFRNt L HGTHOR LRES A naf e o ticon Soft g Tace of
a resdtbaggr-@ftthe renote target phase nodul ate the

the pulsed detection laser beam illuminates a portion of
the surface of the remote target;

ultrasonic surface displacements within the illuminated
portion of the surface of the remote target phase modulate the
pulsed detection laser beam;

optics collect phase modulated light produced by the
detection laser beam being scattered or reflected by the surface
of the remote target; and

the phase modulated 1light is processed to obtain data
representative of the ultrasonic surface displacements at the

surface and structures within the remote target.

3. The method of Claim 1, wherein the continuous pre-
amplifier comprises:

diode pumped fiber;

diode pumped rod lasing material;

diode pumped slab lasing material;

diode pumped thin disc lasing material;



pul sed detection | aser beam optics collect phase
nodul ated |ight produced by the detection | aser beam
wheingiseattered or reflected by the surface oPCT/N82007/088564

renote target; and the phaseonodul ated light is

processed to obtain data representative of the

ultrasoni c surface displacenents at the surface and

structures within the renote target. 3 . The met hod of

Caiml , wherein the continuous pre- anplifier

coFF peBPed| befn plimsed afibermatéwidd spunped rod | asing

t-85 alimedlo I mat eri al ; di ode

gﬁ‘ﬁp%gdgklﬁ?%ad?ﬁpﬁ%% gﬁx%rgtgg%?% ;rE?rarrp punped thin disc

| dsimipg Praped i @l ab |lasinpumpedrial. | asi ng material ; or

| anp punped slab lasing material. 4 . The nethod of

Caiml , wherein the pulsed anplifier conprises:

di‘cde Pbmperthicdercf oflalirode, pwimeedisolting- shdtsed ashgig fier
comgBiLid.al . 5 . The method of Caim1l , wherein: the

seed laser is fiber coupled to the continuous pre-

argilodei prmpeddf ther;comt | nuous pre-anplifier is fiber

C IR LA LOC P S ATPLLEL 8] s TS MOt MO Of

5. The methed of Claim 1, wherein:
the seed laser 1is fiber coupled to the continuous pre-
amplifier; and

the continuous pre-amplifier is fiber coupled to the pulsed

amplifier.

6. The method of Claim 1, wherein:

the seed laser is optically coupled via free space to the
continuous pre-amplifier; and

the continuous pre-amplifier is optically coupled via free

space to the pulsed amplifier.

7. The method of Claim 1, wherein the seed laser is

generated by a single frequency oscillator.

8. The method of Claim 7, wherein the single freqguency
oscillator comprises:

non-planar ring oscillator;

linear cavity oscillator; or

fiber oscillator.



the seed laser is optically coupled via free space to
the continuous pre-anplifier; and the continuous
w@e@sanphg fier is optically coupled via free speres1007/088564
the pul sed anplifier. 7 . Bhe nethod of Claiml
wherein the seed |aser is generated by a single
frequency oscillator. 8 . The nethod of Claim7
wherein the single frequency oscillator conprises:
non-pl anar ring oscillator; linear cavity oscillator;
. fi e oseiliddatof . $laifhel mevhedef Chai goptinuous pre-
re|nthe conti_nu nre [i rises a -
ampll\s%]]h e BRREL ST | fl%%? H p%ugF E[rﬁpgjeislsﬁ%rrq'cgIdl> .3 1o Fa B2o"
amplmd@e.d det ection | aser conprising: a single frequency
oscillator operable to generate a seed | aser beam a
continuous pre-anplifier optically coupled to the
- single frequency oscillator, the continuous
pre-anmplifier operable to anplify the seed |laser to
produce an internedi ate power |aser beam and a pul sed
anplifier optically coupled to the continuous pre-
anplifier, the pulsed anplifier operable to anplify
the internedi ate power |aser beamto produce a pul sed
detection | aser beam 11. The pul sed detection | aser
of Claim 10, wherein: the pul sed detection | aser beam
is directed to a surface of



a renote target; the pul sed detection | aser beam
illumnates a portion of the surface of the renote
wo arogais3otil t rasoni ¢ surface di spl acenments w t hP@T/URE07/088564
illum nated portion of the surface of the renote
target phase nodul ate the pul sed detection | aser beam
optics collect phase nodul ated |ight produced by the
detection | aser beam being scattered or reflected by
the surface of the renote target; and the phase
madul akegul sghtddteqaroaessedr t @omftiaiimgdat a
representative of the ULE‘L asoni c-surface displacenents
at® tHd S FSEERGY s 95 G¢ E?ggrvvlof)ﬁf:ﬁbjt?]et?eﬁﬁf‘@rate a seed
lasdraib@@in; 12. The pul sed detection |aser of Caiml0,
wher ei n .the continuous pre-anplifier conprises: diode
pFnpe FiPHeHS dP68e 2R T oPHadig fnvelrdl toditdge single
frequameed &ah 1lasikng txat &Edrﬂ:ljjni.l@iu@dq:ﬂ@i@ﬁ\?di_ﬁfhéﬁ $eCable to
l.asing materjal; |a punped thin disc [asin
amp%ﬁfyer' : S?%%lﬁa%ggor @dfoﬁagﬁn@wr&ﬁra]esﬂlagm Beper laser
beanpurgpad slab | asing material. 13. The pul sed detection
| aser _.of Claim 10, wherein the pulsed anplifier
B b

cGnpiiSES: 2@PbYEL PuRid 95 1der cogplafolie plmpesptinuous pre-

amplSdiled, st alre | asiin@amategdialried4. HReaBYbsedodeteehii®y the
| aser of C aim 10, wherein: '
intermediate power laser beam to produce a pulsed detection

laser beam.

1l. The pulsed detection laser of Claim 10, wherein:

the pulsed detection laser beam is directed to a surface of
a remote target;

the pulsed detection laser beam illuminates a portion of
the surface of the remote target;

ultrasonic surface displacements within the illuminated
portion of the surface of the remote target phase modulate the
pulsed detection laser beam;

optics collect phase modulated 1light produced by the
detection laser beam being scattered or reflected by the surface

of the remote target; and

the phase modulated 1light is processed to obtain data
representative of the ultrasonic surface displacements at the

surface and structures within the remote target.

12. The pulsed detection laser of Claim 10, wherein the
continuous pre-amplifier comprises:

diode pumped fiber;



the seed laser is fiber coupled to the continuous pre-

anplifier; and the continuous pre-anplif ier is fiber
wa@ompliesdog o t he pul sed anplifier. 15. The pul sedI/US2007/088564

detection |laser of C aim 1033 wherein: the seed |aser

is optically coupled via free space to the conti nuous

pre-anplifier; and the continuous pre~anplifier is

optically coupled via free space to the pul sed

anplifier. 16. The pul sed detection |aser of C aim 10,

whkode nounipedseed lLasengimsatganerlat ed by a single

freguency oscillator..17. The .pyl sed detection |aser
o?l%l%il?n%dcvs\ﬁaea;ga A the I%&?tneg léalif’r equency oscill ator
canpdé sesiparbrhphadascrlagirgsaidtleatet; | i near cavity

oscillator;. qrfiber oscillator. 18..The pul sed
di?@%tﬁ’%r??gfdag&moglﬁ?af?ﬁﬂﬁ NAEF&rh’ t he conti nuous
plLemanpliged etodcaapihgesaiaesiaigl erpass anplifier or a
nglti-gasscggglgféer~19. net hod to generate a pul sed
defBRt PYPIase belit 8PeFabi'e 30 detect ultrasonic
surface displacenents within a surface of a renote
target conprising:, generating a seed |aser wth ,
et or TERCPrt Spor neRfREL Y1 Tdofre Stecd i ofbw rhesetn cthe
pul sednkinpUDEBe Prmp¥piekt er to produce an internedi ate
power Iaser%feanl anplifying the internedi ate power
I

S4B pRYERSA tH 2 puPSed anplifier to produce the
pdlised getwed i iHaseetbedadi@Nthaterial.

14. The pulsed detection laser of Claim 10, wherein:

the seed laser 1is fiber coupled to the continuous pre-
amplifier; and

the continuocus pre-amplifier is fiber coupled to the pulsed

amplifier.

15. The pulsed detection laser of Claim 10, wherein:

the seed laser is optically coupled via free space to the
continuous pre-amplifier; and

the continuous pre-amplifier is optically coupled via free

space to the pulsed amplifier.

16. The pulsed detection laser of Claim 10, wherein the

seed laser is generated by a single frequency oscillator.

17. The pulsed detection laser of Claim 16, wherein the
single frequency oscillator comprises:
non-planar ring oscillator;

linear cavity oscillator; or



wherein: the pul sed detection |aser beamis directed
to the surface of the renote target; the pul sed
waledsaiize | aser beamillum nates a portion of P€TES2007/088564
surface of the renote targe#; ultrasonic surface
di spl acenents within the illum nated portion of the
surface of the renote target phase nodul ate the pul sed
detection | aser beam optics collect phase nodul at ed
| i ght produced by the detection |aser beam bei ng
statdreredtidiakef}l ected by the surface of the renote
target; and the phase nodulated |ight is processed to
obtain data representative of the ultrasonic surface
di&pl aﬂﬂmrem:ssat téeesurdrackaserd sfr Gdedmesi Oni tWheraime the
enote tar Q0. The net hod of
cont L8N TS DL Al CPTEE anoh| S6ati ) hee pURpELi ! or =
multitbess aipddeipunped rod | asing nmaterial; di ode punped
slab Iasing material; diode punped thin disc |asing
material; |lanp punped thin disc lasing material; |anp
punped rod lasing nmaterial; orlanp punped slab |asing
material. 21. The nethod of Claim 19, wherein the
pul sed anplifier conprises : diode punped fiber; or



di ode punped solid-state |lasing material. 22. The

met hod of Claim 19, wherein: the seed |laser is fiber
wa@ompliesdog o t he conti nuous pre- anplifier; andPehes2007/088564

continuous pre-anplif ier issfiber coupled to the

pul sed anplifier. 23. The nmethod of C aim 19, wherein:

the seed laser is optically coupled via free space to

the continuous pre-anplifier; and the continuous

pre-anplifier is optically coupled via free space to

t B .puRsenetamal | £6 ergen24atdhe nptitwsh oieChat Al 9laser beam

ope ST 1 B 388 R LS SIS AE) DS SLIBS, wscnin 5
surfaer eifnat hemstaiglerJatequepeysosgi | | at or conpri ses: -
B0 TRl e hOFRL S TR
whengiifythe et isueolsl e g 141 ebnECORPS LS epra-amplifier
o Sieging RB BET I theL §°Fr LRETE GBI &1 ng. pr ocessi ng
t henpdatfgihg ansesatbhgedidtCtphdlr 1RGN ideand idi& pulsed
am | ot PaP GRAT T | SPGB ASESTH AT DRReabpe: | PR s
opereali@:t o produce radi ati on at
the pulsed detection laser beam is directed to the
surface of the remote target;
the pulsed detection laser beam illuminates a portion
cf the surface of the remote target;
ultrasonic surface displacements within the
illuminated portion of the surface of the remote target
phase modulate the pulsed detection laser beam;
optics collect phase modulated light produced by the
detection laser beam being scattered or reflected by the
surface of the remote target; and
the phase modulated light is processed to obtain data
representative of the ultrasonic surface displacements at

the surface and structures within the remote target.

20. The method of Claim 19, wherein the continuous pre-
amplifier comprises:

diode pumped fiber;

diode pumped rod lasing material;

diode pumped slab lasing material;

diode pumped thin disc lasing material;

lamp pumped thin disc lasing material;

lamp pumped rod lasing material; or



a wavel ength o f about 1000 ran. 29. The nethod o f
Claim19, wherein the naster oscillator conprise
waedsanmsdoped or co-doped fibers operable to ppOTUSE07/088564

radi ati on at a wavel ength a6 about 1550 nm 30. The

met hod of Cl aim 19, wherein the master oscillator

conprise fiber |asers having side cladding punping

wher ei n punpi ng di odes are coupled to active fiber

t hrough punping fibers . 31. The nethod of C aim 19,

vihetepnmphe pldls elckssimgl mbicerizbnpri ses punpi ng di odes,

t he punpi ng di odes conprise single emtters, a group o

f single emtters, diode bars, and/or a group o f

diinde Thar sned2odA oful Gledi rd et Betwier diasefhoperhdped peplifier

enerate a pul sed detection | aser beamto detect
comPi}§S%Hsoni ¢ surface displacements within a surface of a

reisee guapgat fLoaps ict ng: a single frequency

osci |l ator qperable tq ner.at e ed | aser beanf? a
c%’lﬂcfen%‘ﬂ‘?ear §9gh%T?1f?tee? gﬁtlfjgai“?%/g%b%lm ed to the

single frequency oscillator, the continuous

pre-anmplifie perabl e taq a ify.the seed laser to
p?%du%’eaﬁleitgﬁgr ﬁ%d&a?”é“ S‘og\ﬂen?’lh %;érrl' beam a pul sed

appd | e Opidenal by crimelrededuplidie tonttiheuousnipimious pre-
anplifi eri the pul sed anplifier operable to anplify

ampli feef it di ate power |aser beamto produce a pul sed
detectbordassy fieadmpandi sher®ifiiber coupled to the pulsed

amplifier.

23. The method of Claim 19, wherein:

the seed laser is optically coupled via free space to the
continuous pre-amplifier; and

the continuous pre-amplifier is optically coupled via free

space to the pulsed amplifier.

24. The method of Claim 19, wherein the seed laser is

generated by a single frequency oscillator.

25. The method of Claim 24, wherein the single frequency
oscillator comprises:

non-planar ring oscillator;

linear cavity oscillator; or

fiber oscillator.

26. The method of Claim 19, wherein the continuocus pre-
amplifier comprises a single pass amplifier or a multi-pass

amplifier.



t he pul sed detection |aser beamis directed to the
surface of the renpte target; the pul sed detection

wo ameniseam i | | um nates a portion of the surf arer/of200t1e88564
renote target; ultrasonic surface displacenents within
the illum nated portion of the surface of the renote
target scatter the pul sed detection | aser beamto
produce phase nodul ated Iight; and the phase nodul at ed
light is processed to obtain data representative of
the ultrasonic surface displacenents at the surface

t puct i thin.th t. 33, Th ,
olsoq e dEERcH' PRLEISOR CPa st OnspERRie 1T RERRPSSIng

the | dede | sof idmrescouphed dtorudtairaont i MLESIPF € the remote
tan%gg)lifier; and the continuous pre-anplifier is fiber
oupled to the pulsed anplifier.34. The pul sed
detection |l aser of Caim32, wherein: the pulsed
detection |laser beamis directed to a surface of a
renote target; the pulsed detection | aser beam

| 14sum mateseahpar biconlaimt he, Swhéagen ofhé hgat€OPt Escillator
ComtaggggﬁAuI%[aso I C gugface di spl acenents within the
RS mi A &S BBr PR of 1RHE SRPFaReofot RECReaBt gadiation at
a waarlgegtphaseapdeitl adm thhe pul sed detection | aser beam

optics collect phase nodul ated |ight produced by the
detection | aser beam being scattered or reflected by

t e .surhaceethod of Claim 19, wherein the master oscillator
comprise Erbium doped or co-doped fibers operable to produce

radiation at a wavelength of about 1550 nm.

30. The method of Claim 19, wherein the master oscillator
comprise fiber lasers having side cladding pumping wherein

pumping diodes are coupled to active fiber through pumping

fibers.

31. The method of Claim 19, wherein the pulsed amplifier
comprises pumping diodes, the pumping diodes comprise single
emitters, a group of single emitters, diode bars, and/or a group

of diode bars.



of the renote target; and the phase nodulated light is

processed to obtain data representative of the
wakdsassng c surface di splacenents at the surf aPer/asm7/088564

structures within the renotestarget. 35. The pul sed

detection laser of Caim16, wherein the single

frequency oscillator conprises: non-planar ring

oscillator; linear cavity oscillator; or fiber

oscillator.36. A large area conposite inspection

appar ab usu¥srd nie:aascrtiing Ubdseasgrirabder ftacgenerate a pulsed

deté%%§8haf§Q§PtEE§M”§§ %%E euf%ré%on%@p%%r%gegeél ﬁﬁgents

rasoun eneration
W:Lthtm Br sduﬁeceulctif %mwotsutéa@@t dmsqp:lratsemgnts at the
remote tar a_detect] aser o
|IIumnﬁate uﬁe{qrugggm (?sé:ﬁr 3c8 dr¥ Febg?ren?sggﬁefﬁ‘ée a seed
lasesubkame of the renot e target vvlth a pul sed detection
Iaser Er det ect| .on .l.aser cgngrl se

si-ngl"& ek%flr equeng eogrél? S wg&ll@f 14 éaf)es%‘e single
frecseedyl aserilbeany, a tmmacmmumopse ;ﬂjm-lalnfpllelfiébt iopalkhple to
ero SOAP L {4 00! ol LRMEREY S LS o 2ases
bean;aser to prod_uc_e an’internedi ate povver | aser beam and
o Pied 2L (L oBtically. coupled Lg the eontinuots .
amplamleirfy the | herswdi aiplpawer | ageiabgam e pragueeya the
int Eﬁe%?gt36t5§§éé°n1aser beam to produce a pulsed vdetection
laser beam; and
wherein:
the pulsed detection laser beam is directed to the
surface of the remote target;
the pulsed detection laser beam illuminates a portion
of the surface of the remote target;
ultrasonic surface displacements within the
illuminated portion of the surface of the remote target
scatter the pulsed detection laser beam to produce phase
modulated light; and
the phase modulated light is processed to obtain data

representative of the ultrasonic surface displacements at

the surface and structures within the remote target.

33. The pulsed detection laser of Claim 32, wherein:
the seed laser is fiber coupled to the continuous pre-
amplifier; and

the continuous pre-amplifier is fiber coupled to the pulsed

amplifier.



| aser beam a scanning assenbly operable to create
relative notion between an illum nation spot of the
w@miosadsoet ecti on | aser beam and t he surface oPCT/N82007/088564
renote target; collection optics for collecting phase
nodul ated |ight fromthe pul sed detection | aser beam
either reflected or scattered by the renote target; an
optical processor to process the phase nodul ated |ight
coll ected by the collection optics and produce an
out put signal; and a processor operable to process the

O#J{ .pl’”;I‘hsei rt]lfaLlset odgxpetacf:aéirﬁndeitagegegg eéf%]%rﬁtiéle w(?)ferteli]g:
ul trasoni Surface di Splacenents on e sdrface of the

remotpiisrdgetetection laser beam is directed to a surface of
a remote target;

the pulsed detection laser beam illuminates a portion of
the surface of the remote target:

ultrasonic surface displacements within the illuminated
portion of the surface of the remote target phase modulate the
pulsed detection laser beam;

optics collect phase modulated 1light produced by the
detection laser beam being scattered or reflected by the surface
of the remote target; and

the phase modulated 1light is processed to obtain data
representative of the ultrasonic surface displacements at the

surface and structures within the remote target.

35. The pulsed detection laser of Claim 16, wherein the
single frequency oscillator comprises:

non-planar ring oscillator;

linear cavity oscillator; or

fiber oscillator.
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36. A large area composite inspection apparatus for
measuring ultrasonic surface displacements on a surface of a
remote target comprising:

an ultrasound generation system operable to produce
ultrasonic surface displacements at the remote target;

a detection laser operable to illuminate ultrasonic surface
displacements on the surface of the remote target with a pulsed
detection laser beam, wherein the detection laser comprises:

a single frequency oscillator operable to generate a
seed laser beam;

a continuous pre-amplifier optically coupled to the
single frequency oscillator, the continuocus pre-amplifier
operable to amplify the seed laser to ©produce an
intermediate power laser beam; and

a pulsed amplifier optically coupled to the continuous
pre-amplifier, the pulsed amplifier operable to amplify the
intermediate power laser beam to produce a pulsed detection
laser beam;

a scanning assembly operable to create relative motion
between an illumination spot of the pulsed detection laser beam
and the surface of the remote target;

collection optics for collecting phase modulated light from
the pulsed detection laser beam either reflected or scattered by
the remote target;

an optical processor to process the phase modulated light
collected by the collection optics and produce an output signal;
and

a processor operable to process the output signal to obtain
data representative of the ultrasonic surface displacements on

the surface of the remote target.



