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Abstract : ThetransientandsynchronizationbehaviorsofaTA (thermoacoustic)laserpairwereinvestigated

experimentallyforvariouscrossinganglesanddifferentseparationdistancesbetweenthelaseropenings.Sound

wavesgeneratedbythelasersweremeasuredandanalyzedatornearthefocusing pointbymeansof

microphones,SPLmeters,andacommercialsoftwarecalledSignal-Express.ThetwoTAlaserswereacoustically

coupledthroughtheairmassbetweentheiropenings,andtheonlymode-lockingoperationthatcouldbeachieved

wastheonethatwasnearly180°outofphase.Thetimetoachievesynchronizationwasfoundtobedependent

upontheinitialmistuningofthefrequenciesandthecrossinganglebetweenthelaseraxes.Thesynchronization

processcouldalsobeacceleratedbyturningonthelaserwiththelowerpowerinputfirst.
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1.Introduction

TA(thermoacoustic)lasershaveattracted

increasedinterestinrecentyearsdueto

theirsimpleconstructionsandoperations,as

wellastheirpotentialstousesolarenergyand

wasteheatforcleaning,materialsprocessing,

foodtreatment,carbon-dioxidecapture,and

otherapplicationsthatrequirelargequantities

ofinexpensiveacousticenergy[1-3].Shen

etal.[4]appliedsolarenergytoaheatsource

forathermoacousticengineandexamined

thethermodynamicperformanceatdifferent

tilted angles.Wu etal.[5]designed and

fabricateda1kW solar-poweredtraveling-wave

thermoacousticelectricitygenerationsystem.
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Theyachievedamaximum electricpowerof

481Wandamaximumthermal-to-electricefficiency

of15.0%.

Manystudieshavebeencarriedoutinthe

areasrelatedtovariousoperatingparameters

ontheperformancesofTA devicesandto

exploretheirbehaviorfordiverseapplications.

RecentresearchinterestinTAlaserswas

shiftedtoTA laserpairsandarrays.The

coupling andsynchronization oftwoTA

lasersaresimilartothoseofothercoupled

oscillators.

Symkoetal.[6],SymkoandKwon[7],

McDonaldandSymko[8]havealsoinvestigated

coupled TA devices.Theirgoalwasto

synchronizeanarrayofTA primemovers

usingbothmassandacousticcoupling.To

doso,theyusedtwoTAlasersplacedina

cavityinordertovarytheeffectsofmass

coupling.Theyfoundthattheresultingamplitude

ofthesynchronizedarrayswasthesum of

theamplitudesoftheindividual,uncoupled

engines.Chen etal[1]investigated the

combinationofacousticwavesgeneratedby

twoidenticalTAlasers,andfoundcancellation

ofsoundwaveswhenthecrossingangles

andseparationdistancesbetweenthetwo

laserswerebothsmall.

To effectively and efficiently integrate

andcoordinatetheoperationsofmultiple

TA lasersforenhanced acousticenergy

intensity,moretestresultsareneeded.This

motivatedthepresentinvestigationonthe

transientandsynchronizationbehaviorsof

TAlaserpairs.

2.Experimentalsetupandtesting

FabricationandtestingoftheTA lasers

usedinthepresentinvestigationhavebeen

detailedinChenetal.[1].Thelaserswere

standing-wavegeneratorsofthestack-in-a-tube

type.A ceramicstackoriginallydesigned

forcatalyticconverterswasfirstreshaped

intoanoctagonalcrosssection.Sixevenly

spacedgroovesof3mm depthwerethen

madeononesideofthestackwithathin

Ni-Cr(Nicel-Chrome)wirefittedintothe

grooves.Twocopperwireswereinserted

throughtherectangularchannelsofthestack

andtheirstrippedendsweretwistedwith

theNi-Crwire.Toensuregoodelectrical

andmechanicalconnections,cylindricalcrimp

connectorswereslippedthroughthetwisted

Ni-Crandcopperwiresandtightlycrushed.

ThestackwasplacedinsideaPyrexglass

tubeapproximatelyhalfwaybetweenthe

closedandtheopenend.TheNi-Crwire

woundononesideofthestackwasheated

byaDCpowersupply.Avariableresistor

wasconnectedinserieswiththeDCpower

supply toadjustthepowerinputtothe

electricheaterofeachTAlaser.

AsshowninFig.1,forafinitecrossing

anglebetweenthelaseraxesandaseparation

distance(d3)greaterthanthelaserdiameter,

theacousticwavesgeneratedbythetwo

lasers(labeledasTAL1andTAL2)focused

ataparticularpointandtheamplitudeand

frequencyatthispointweremeasuredand

analyzedbymeansofaminiaturemicrophone

oraSPL meter.Iftheopeningstouched
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each other,the microphone orthe SPL

meterwasplacedat4cm(=d1inFig.1(a))

from thetouchedrims.

Inthefirstsetofexperiments,TAL1was

turned on firstuntilits frequency and

amplitudereachedasteadystate.TAL2was

subsequently turned on and the waves

generatedbyTAL1triggeredthestanding

wavesinTAL2.ANationalInstrumentsDAQ

cardwasconnectedtothemicrophone.The

softwareSignal-Express by LabView was

used to store and analyze the signals

collectedbythemicrophone.Thesampling

ratefortheDAQcardwassettobe18kHz

inordertomaximizethenumberofdata

pointscollectedineachcycle.Thefrequency-

andtime-domainmeasurementsinSignal-

Expresswereusedtoanalyzeandcompare

theeffectsofcouplingoftheTAlaserpair

fordifferentcrossinganglesandseparation

distances.Thesensitivityoftheminiature

microphoneweusedwasdeterminedtobe

3.01mV/Pabycomparingitssignalstothe

SPLmeterreadingat120dB.Priortoeach

test,eachlaserwaspoweredupwithina

rangeof20to35W throughthecopperand

Ni-Crwires.Correctwaittimebetweentwo

consecutiverunswascrucial,asthestack

initiallyatanelevatedtemperaturemayaffect

thestartupbehaviorofthelasers.Thewait

timethatweusedwastypically60minutes.

3.Acoustictheoriesandmodelsfor

aTAlaserpair

Insidetheglasstubeofthestanding-wave

TA laser,thepressureperturbationofthe

fundamentalmodeis:

p'=Acos(wt)cos[x/(2L)] (1)

whereListhetubelengthandxisthe

distancemeasuredfrom theclosedendof

theglasstubealongthetubeaxis.Ata

selectedpointoutsidetheTAlaserpair,the

sound wavesgenerated by thetwoTA

laserscanbeexpressedas[1],

p1'= A1cos(w1t) (2)

and

p2'= A2cos(w2t+ ϕ21) (3)

where A,p',w,ϕ correspond to the

amplitude,pressureperturbation,frequency,

andphaseangleofthesoundwave,respectively.

Onecanusesuperpositiontocombinethe

wavesgeneratedbytheTAlaserpair,

p'= p1'+p2' (4)

Twoself-maintainedoscillators,suchas

thependulum clockHuygensstudy,ortwo

organpipesorTA lasers,canaltereach

other'sfrequenciesenoughtolockinfrequency

iftheyaresufficientlycoupledthroughthe

massbetweenthem.Themasscanbethat

ofaboardonwhichtwopendulumsare

mounted,ortheairmassbetweentheopenings

oftwoorganpipesorTAlasers.Whenthe

difference in uncoupled frequencies (also

calleddetuning)islarge,thecoupling is
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weakandtheoscillators"beat"atafrequency

lowerthantheuncoupledfrequenciesofthe

twoTAlasers,justliketheacousticoscillators

studiedbySpoorandSwift[9].Asdetuning

decreasesorasthecouplingincreases,the

beatslowsdownandeventuallystops,at

whichpointthetwoTA lasersaresaidto

belockedorsynchronized.

PresentedinFig.2arethecalculatedp'

fortwocosine-wavepressureoscillationsof

differentamplitudesandfrequencies.The

maximum andminimum amplitudesofthe

combinedwaveareequaltothesum and

differenceoftheamplitudesofthetwowaves,

andthebeatingfrequency(=1/TinFig.2)

decreasesasthedifferencebetweenthetwo

cosine-wavefrequenciesdecreases.Thephase

differencehasnoeffectonthecombined

wave.Ontheotherhand,ifthetwopressure

oscillationsaresynchronized(w1=w2),the

combinedwavedoesnotbeat(themaximum

amplitudedoesnotvarywithtime),butits

maximum amplitudedependsonthephase

difference,changingfromA2+A1for ϕ21=

0toA2-A1forϕ21=π .

4.Resultsanddiscussions

4.1Onsetandamplificationofacoustic

wavesintheTA laserpair

ComparedtoothertypesofTA prime

moverssuchastheStirlingengineorthe

liquid-pistonengine(awatercolumnoscillating

inaU-tubedrivenbythethermoacoustic

effect),ourstanding-waveTAlaser,which

hasoneendopentotheair,wasfairlyeasyto

start.Aslongastheelectricheatermaintained

ahighenoughtemperaturegradientacross

thestack,soundwavesweregenerated.The

amplitudesofthewavesincreasedwithtime

untileventuallythenetheatinputtotheair

oscillatinginthestackwasbalancedbythe

frictionalloss.Ourtheoryisthattheonset

ofacousticoscillationsin thelaserwas

triggeredbythebackgroundnoise.Since

thebackgroundnoisecanbedecomposed

intoFourierseriesofdifferentwavelengths,

thestanding-wavedesignoftheTA laser

we tested picked up the Fourierseries

componentsoftherightwavelengths(the

longestoneisfourtimestheglasstube

length)andamplifiedthem.

(a)

(b)

Figure1.ExperimentalsetupfortheTAlaserpair.(a)

Tubeopeningstouchingeachother.(b)Tubeopenings

separatedbyadistanced3.
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(a)

(b)

(c)

Figure2.Calculatedpressurefluctuationsp'forA1=1,

A2=1.5.(a)w1=1,w2=1.05,ϕ21=0(b)w1=1,w2=

1.05, ϕ21=3(c)w1=1,w2=1.1,ϕ21=0.

Onthecontrary,wefoundthepistonina

TAStirlingengineorthewatercolumnin

theU-tubeofaliquid-pistonenginewe

tested won'tmovein somecaseseven

thoughthetemperaturegradientacrossthe

stackwashigherthantheoneneededto

sustain a steady oscillatory flow in the

device.Itwasnecessaryinthiscaseto

"crank-start"theTA primemover.This

canbedonebymanuallymovingthepiston

oftheStirlingenginebackandforth,or

shakingthewatercolumnintheU-tubeof

theliquid-pistonengine.Onereasonsucha

crankstartissometimesneededforthe

Stirlingengineortheliquid-pistonengineis

duetothehighstaticfrictionofthepiston

orthewatercolumn.

Anotherreasonmaybeduetothelackof

an initialdisturbance to theTA device

whichisoftherightwavelengththuscan

beeasilyamplifiedbythethermoacoustic

effect.Addingasmallamountofwaterin

thesteelwool(whichwasusedasthestack

ofaTAmover)ofourliquid-pistonengine

also made iteasierto startthe water

column oscillation. This was probably

becausewhenthewaterinthesteelwool

evaporated,therewasalargeexpansionof

thegasvolumebetweenthewatercolumn

andthesteelwool,triggering theinitial

acousticoscillationinthetube.

Basedonpreviousstudiesofthesynchronization

oforganpipes,itisanticipatedthestartup

timeforthestanding-waveTAlasercanbe

shortenedbyplacinganotherTAlaserthat

hasreachedasteady statein theclose
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vicinityoftheTAlasertobetriggered,as

shown in Fig.1(a).Onsetofacoustic

oscillationscanbeacceleratedfurtherby

increasingthecrossinganglebetweenthe

twoTA laserswhen theiropeningsare

closetoeachother.Thisisbecausethe

emittedacousticwavesremaininaplanar

configurationintheclosevicinityofthe

laseropening.Alargecrossingangleallows

moreairtobepushedinandpulloutofthe

lasertobetriggeredduetothedisplacement

fluctuationsattheopeningofthesecond

laser.(Thestrongcouplingbetweenthetwo

TAlasers,whentheiropeningsarecloseto

eachotherandthecrossingangleislarge,

willalsoaffectthesynchronizationoftheTA

laserpair,tobediscussedinthenextsection.)

Toolargeacrossingangle,however,may

changethelaseropeningfrom apressure

nodetoadisplacementnode,andextinguish

thesoundwavesinbothTA lasers.This

hadbeenobservedinourpreviousstudyof

theTA laserpair[1]. Whenthecrossing

angle ofa synchronized TA laserpair

exceeded90°,theplanarwavesexitingone

TAlaserstrucktheinteriorwalloftheother

laser,increasingtheairpressureatthetube

openingandchangingthesoundwavelengths.

Thisissimilartotheextinguishingofa

singleTAlaseroperationweobservedwhen

alargemicrophonewasplacedverycloseto

theglasstubeopening.

Asthecrossingangleapproaches180°,

theplanarwavesexitingoneTAlaserwill

striketheinteriorwalloftheotherlaserat

asmallangle,asshowninFig.3.

Figure3.Airdisplacementfluctuationsinthesynchronized

TAlaserpairforB(crossingangle)closeto180°.

(PlanarwavesexitingTAL1strikesandreflectsfrom the

interiorwallofTAL2atasmallangle)

Inthiscasetheairpressureatthetube

openingsdeviatesonly slightly from the

surroundingairpressure,andasynchronized

operationmayagainbeestablishedinthe

TA laserpairasdepictedinFig.3.The

frequencyofthestandingwaveswillbethe

sameasthatofasingleTAlaseroperation.

ThefrictionallossoftheTA laserpairis

higherthanthatofasinglelaseroperation.

Asaresult,thepowerinputtotheelectric

heatermustincreaseifonlyoneTA laser

heateristurnedon,ortheelectricheatersof

bothTA lasersmustbeturnedon[1]to

sustainthestandingwavesplottedinFig.3.

4.2SynchronizationoftheTAlaserpair

Thefundamentalfrequencyofthestanding-

waveTAlaserisequaltothesoundspeed

inthelaserdividedbyfourtimesthetube

length.ThetubelengthsoftheTA lasers

wetestedwerethesame.Aftertheelectric
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heaterwasturnedon,thespeedofsoundin

theairinsidetheglasstubeincreasedasthe

stackandairinsidetheglasstubewere

heatedbytheNi-Crwire.Aftertheonsetof

standing waves in the glass tube,the

fundamentalfrequencystillincreasedslightly

withtimebeforetheTA laseroperation

reachedasteadystate. Thetimevariations

ofthefundamentalfrequenciesofthetwo

TA laserswhenoperatedindividuallyare

presentedinTable1.Inthistablefrequency

recordingstarted(time=0)whentheacoustic

waveswereclearlyaudible.Becauseitwas

difficulttowindtheNi-Crwireon the

ceramicstackexactlythesamewayforthe

twolasers,andtocontroltheelectricpower

inputstoindividualTAlasersveryprecisely,

afrequencydifferenceabout1% between

thetwoTAlaserfrequenciescanbeseenin

TableIwhenthetwolasersoperatedindividually.

Thedifferenceinfrequencydisappearedwhen

synchronizationwasachieved.

ShowninFig.4werethemeasuredTA

laserfrequencies in the process toward

synchronization.Thecrossinganglebetween

theTAlaseraxeswas30°andtheopenings

ofthelaserpairtouchedeachother.Inthis

testthesecondTAlaser(TAL2),whichhas

aslightlyhigherpowerinputthanthatof

TAL1,wasturnedonroughly10seconds

laterthanTAL1.Initiallythefrequenciesof

thetwolasersdifferedbyabout2Hz.As

showninthisplot,ittookabout15seconds

fortheTAlaserpairtoreachthestateof

synchronization.Theamplitudesofthelaser

outputsarepresentedinFig.5.Theamplitude

ofthesynchronizedlaserpairwasmuch

lowerthanthatbeforesynchronization.

FundamentalfrequenciesofTAL1andTAL2when

operatedindividually

Timein

seconds

Frequencyof

TAL1measuredin

Hz

Frequencyof

TAL2measuredin

Hz

0 440.68 443.03

15 447.81 450.86

30 452.26 456.28

45 455.73 459.82

60 458.16 461.95

Table1.FundamentalfrequenciesofTAL1andTAL2

whenoperatedindividually(crossingangle=30°).

Figure4.MeasuredTAlaserfrequenciesintheprocess

towardsynchronization.

Significant drop in amplitude for a

synchronizedTAlaserpairwasalsoobserved

forB(crossingangle)=90°,asshownin

Fig.6.InFigs.5and6,thecombinedwaves

beforesynchronizationbeatatafrequency

muchlowerthanthefundamentalfrequencies

ofthetwolasers,indicatingslightdetuning

ofthetwolaserfrequencies.Themeasured

acousticwaveswerenotperfectlysymmetric

aboutthexaxis(stateofzeroamplitude),

andthemaximum andminimum amplitudes

werenotexactlyequaltothesumanddifference
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ofthemaximumamplitudesofthetwolasers

whenoperatedindividually.Comparingthis

observationtothetheoreticalresultsinFig.2

revealssomedeparturefromsimplesinusoidal

wavesofthetwolaseroutputsintheprocess

towardsynchronization.

(a)

(b)

Figure5.CombinedwavesoftheTAlaserpairwithtube

openingstouchingeachother(B=30°).(a)Before

synchorizationhadbeenachieved.(b)After

synchorizationhadbeenachieved.

WhentheTAlaserofhigherpowerinput

(i.e.,TAL2)wasturnedonfirst,ittook

muchlongertoreachsynchronizationascan

beseeninFig7.Thisisbecausethetime

requiredforthelaseroflowerpowerinput

tocatchuptothefrequencyoftheonewith

ahigherpowerinputislonger.Thus,unless

thetwolasersarethermallyidentical,the

timetoreachsynchronizationwilldependon

theorderinwhichthetwolasersareturned

on.Toshortenthetimetoreachsynchronization,

thelaserwiththelowerpowerinputshouldbe

turnedonfirst.

(a)

(b)

Figure6.CombinedwavesoftheTAlaserpairwithtube

openingstouchingeachother(B=90°).(a)Before

synchronizationhadbeenachieved.(b)After

synchronizationhadbeenachieved.

Thecrossingangle,B,alsoaffectsthe

synchronizationbehavior.Increasingthecrossing

anglemakesthecouplingofthetwolasers

stronger,thusshorteningthetimetoreach

synchronization.ShowninFig.8arethe

sound amplitudevariationsforB = 90°.

ComparedFig.8toFig.7,itcanbeseenthe

timetoreachsynchronizationwasmuchshorter.

WhenTAL1(theonewiththelowerpower
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input)wasturnedonfirst,synchronization

occurred almostimmediately.When the

switchingorderwasreversed,ittookonly

about10secondsto reach thestateof

synchronization.Itcanalsobeseenclearly

inFig.8thatthefinalamplitudeofthe

combinedsoundwavesofthesynchronized

TAlaserpairisindependentoftheorderin

whichthetwolaserswereturnedon.

Figure7.Variationsofthemaximum amplitudeinthe

synchronizationprocessforB=30°.(TALopenings

touchingeachother).

Figure8.Variationsofthemaximum amplitudeinthe

synchronizationprocessforB=90°.(TALopenings

touchingeachother)

5.Conclusion

Experimentswereconductedtostudythe

effectsoffrequencydetuningandcrossing

anglebetweenlaseraxesonthestartupand

synchronization ofa standing-wave TA

laserpair.ThetwoTA laserscouldbe

synchronizedthroughtheairbetweenthem

iftheopeningsofthetwolaserswerevery

closetoeachother.Lessdetuningininitial

frequencies and larger crossing angles

acceleratedtheprocesstowardsynchronization.

Turningonthelaseroflowerpowerinput

firstcouldalsoshortenthetimetoreach

synchronization.Acousticwavesgenerated

bytheTA laserschangedfrom planarto

sphericalwaveswithinafew diametersof

thelaseropening.
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