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Ektevi¢ eAANVIKN TtepiAnyn

TNV epyacio auth mopouctalovtal VEQ EUPNLOTO OXETIKA [E TNV AvOTtapaywyr] NXoU omd 0KOUOTIKEG
TMNYEC TAQopATOC Tapayopevou amo Aéllep. Alepeuvwvtal Bepeliwdn Bfpoata PuolkAg TG
OTITOAKOUOTIKAG LETATPOTING LECW TTAAoHaToC Aéllep, KaBwg Kat N aflomolnor tTng yla Th avamntuén evog
TIPWTOTUTIOU UETATPOMEN TIAAOUATOG-AEWep (laser-sound) kavou va avamapdysl ocUVOsTa NXNTIKA
ONUOTA LE YPOULLKO KO EAEYXOUEVO TPOTIO.

H SLEMLOTNOVLKA TIPOCEYYLON OTNV OTMTTOOKOUOTLKI HLETATPOTIN) HXOU 081 YyNOE OTNV QVATTTUEN CUMTTOY WV
dALVOUEVOAOYIKWV LOVIEAWVY YLa TNV TIEPLYPAD TNG OKOUOTLKAG EKTIOUTTAG TWV TINYWV AXOU TTAACLOATOG
AéWlep otov atpoodalplkd agpa. Mapd TNV OXETLKN OMAOTNTA TOUC, TO LOVTEAQ QUTA ETILTPEMOUV TV
KPP eKTIHNON TWV XAPAKTNPLOTIKWY TNG aKTVoPBoALag AELlEP TIOU AMALTOUVTOL VLA TNV EMUTEVEN EVOG
OUYKEKPLUEVOU OKOUOTLKOU OMOTEAEOUATOC, OAAQ KOL TNV TTAPoXA HLaG SLadopeTiknG, Kat TIOANEG HOpPEG
SLELOSUTIKAG, TPOOTITIKNG OTLC GUOLKEG Sladikaoieg. EMUTALOV, N LEAETN TTOAULKWY NXNTLKWV CNUATWV yLa
v odnynon tou petatpoméa nxou Aélep obnynoe otnv avamtuén pog véag peBodou yla Tov
UTIOAOYLOMO KAl TNV avAAUCN TWV CUXVOTIKWY GOOUATWY TwV onuatwv katd Uniform-sampling Pulse
Width Modulation (UPWM) Slapopdwpéviovy oNUATWY TIOU TIPOEPYOVTOL OO OTOXAOTIKA ORUaTo
glgodovu.

‘EtoL, n cuPOAN NG Mapouoag SUTAWUATIKAG EPYACLOC UTTOPEL VA XWPLOTEL 08 TPELC KATEVOBUVOELC:
1. Siepelivnon kal povtelomoinon GuoLKwY TITUXWVY TN tapaywyng nxou mAdopatog Aélep
2. oxebloopdg, avantuén kat afloAdynon evog VEOU MPWTOTUTIOU HopdoTpomEa NXou AELep
3. UEeAETN Tou pacparog DFT twv onpdatwv UPWM mou mpo£pxovTal amo TuXaia onpata e.codou

To Kedalaio 1 gival eLoaywyLko KoL TTAPEXEL TO EMLOTNOVLKO KOl TEXVOAOYLKO TIALOLO TNG EPYOLOLAC, HLOL
neplypadrn Twv oUYXPOVWY CUCTNUATWY avormapaywyng nXou PaclopEVWY O NAEKTPOUNXAVIKOUG
UeTaTponeic, Ta Baoikd onpeia cuvelopopdg tng epyaciog, Ta EMOTNHOVIKA GpBpa, TIG AVOKOLWVWOELG O
ouvESpLA, TNV eupeottexvia Kal Tig Stakploelg mou mpoékuPav ota mAaiola Tng epyaciag autic, kKabwg
KoL TV Sopn tnge.

210 Kedpdlalo 2 mapouaoidalovral oL BacLKEG apXEG TNG Mapaywyng MAGopatog Aéllep otov aépa I o€
oTeped. a To oKomo aUTO, oklaypadeltal Eva pabnuatikd povtélo mou neplypadel tn Stddoon moApwy
AéWep Kkal v amoppodnon OmTkNG evépyelag, pall pe TG e€lowoelg pubuou mou Teplypddouv T
Snuoupyla eAelBepwv nAektpoviwv. Ma T Stadoon Tou MaAPoU Bewpeital ypappikn Fkaouaolavn
goTiacn ano Gako, EVW TO UN-YPAUULKA GALVOEVO TN AIMO-£0TIACNG TIAACUOTOG KAL TNG 0UTO-E0TLOCNG
A6yw tou omtikol dpatvopévou Kerr meplhapBavovtal eniong LECW TOU KN-yPAUULIKOU Seiktn dtabBAaong.
Eniong, oculntouvtal ot Stadopetikol pnxaviopol Sidomacng agpiwv unmd v emnibpoon Ppaxéwv
(vavodeutepolémtwy) kat UTtepPBPaxEwV (peUToSeUTEPOAEMTWY) MOAUWY AEL{EP EVW QTTOTUTIWVETOL KOL N
enidpaon toug oTlg eflowoelg pubuol Tapaywyng nAektpoviwv. EmutAéov, oe autd To KedpdAAalo
nieplypadovtal ot pnxaviopol nicw amnod ta dsutepelovta Gpatvopeva akTvoBoAiag PeTd amo diaomaon
aeplwv anod AEep, KoL CUYKEKPLUEVA N EKTIOUTH €VOC NXNTKOU Kal evdg omtikoU maApoU. Toviletal n
Bepuoelaotikn pUon TNG Mapaywyng NXou katd tn didomnaocn Aélep Kol meplypddovral oL SLadlkaoieg
TIOU gumA£KovTal otn petadopd evépyelag omd Ta eAsvBepa nAektpovia ota Bapld cwpatibia tou
LOVIOUEVOU OyKou. AvaAuovtal ot Sladopeg Sladikacieg ekmounng Ppwtelvrng aktwvoBoAiog, omweg n
okédaon (deflection) nAektpoviwv amd PBapld ocwpatibia (Bremsstrahlung), n emavoaclUvdeon Kot
amobLléyepon nAektpoviwv koBw¢ kot n BOepuikn aktwvoPolia. Télog, mopoucidlovial oL KUPLEC



ETILOTNMOVLKEG KOl TEXVOAOYIKEC EDOPUOYEC TNC TTAPAYWYNC NXou amd mAdopa Aélep, sotialoviag os
edpapuoyég TTou oxeTi{ovTal e TNV AKOUOTIKI).

210 Keddhato 3 kaAumrtovrtal Baotkd BEpata Tng TpEXoUoag TEXVoAoyiag avamapaywyng xou kabwg Kat
Bookég €vvoleg TwV MOAUKWY SlapopdwoewV AXOU TIOU XPNOLUOTOLOUVTOL EUPEWC OTa clyxpova
CUOTHUATA avarmapaywyng nxou. EmmAéov, oklaypadeital n Soun plag alucidog avamopaywyng nxou
nou Baoiletal o popdotpomnéa MAAoUATOC AELW(EP KOL CUYKPLVETAL e TIG oUYXpoveC alucideg evioxuong
KoL avarnapaywyng nxou katnyopiag D (class D). Mo cuykekpLuéva, mapouotalovtal ol BACLKEG EVVOLEG
TWV A0V SLadeSOUEVWV TUTTIWVY TTAAULKWY SLAUOPDWOEWV NXOU, KOL CUYKEKPLUEVA TNG ZA Slapopdwaong
™¢ SLopopdwaong elPOUC MOAUOU, Kol TNG SLopOpdwaong MAATOUG TTAALOU, OL OTIOLEC XpnoLomoLlouvTal
oTa TPEXOVTO CUCTNHUATA avarmapaywyng Axou mou Bacilovtal og evioXUTEG Katnyopiag D, evw €xouv
evlladEpov Kal yLa TNV avVATUEn LETATPOTEWY NXoU MAAopaTog Aélep. Mapouaotalovtal avaAuTIKA oL
OVOTTOPOOTACEL OTO TESIO TOU XPOVOU Kal TNG ouxvotTnTog Twv Slapopdwoswv autwv kat Sivetal
£udaon otn SLAKPLON TWV CUXVOTATWY eviog {wvng Kol ekTO¢ {wvng Twv SLapopdWHEVWY CNUATWV.
ErumAéov, avomtloostal plo véa pEBodoc yla TNV avaAluon Kal Tov UTOAOYLopoU TwV GOOUATIKWY
VPOUUWY onpatwv PWM pe opowopopdng SetypoatoAniag (UPWM) mou mpogpyovtol amo tuxoia
onuato £10660u. ElSIkOTEPA, amodelkvUETAL OTL OL PACUATIKEG YPAUUES TETOLWV ONUATWY OTNV €KTOG
{wvnc meploxn UmopoUV va UTIOAOYLOTOUV ameuBeiag amo Ta oTATIOTIKA TG YevvnTpLag dtadilkaciag Tou
onuatog e06dou. Katd outov Tov TPOTO TIPOKUTITEL OTL N HEBO0SOC emITpémel TNV ekTipnon Twv
GACUOTIKWY YPAUUWY TwV UPWM onudtwy Xwpig yvwaon TG CUYKEKPLUEVNG XPOVOOELPAC TOU GrATOG
glo6dou, bedopévou OtL n yevvntpla tuxaio Stadikacla elval gpyodikn. TéAog, mapouoidlovtal
ekdppaoelg KAeLOTNC LOpDNAC VIO TOUC PACUATIKOUC CUVTEAECTEG OTAV TA SELYHATA TOU OHUATOC EL0OS0U
0KOAOUBOUV KOLWVEG KOTOVOUEC OTMwg [kaoouolavy, Aamlaclovy, avtiotpodou nULITOVOU  Kal

opolopopodN.

Ito KeddAawo 4 mapoucldletal plo cuvOUOOTIKN TIPOCEyylon Paoclopévn o melpapa, Guoikn
povtehomoinon kal enefepyoacia oAUATtog yla Tn HeAETn Kal meplypadr TNG NXNTLKAG EKTTOWING
odalplKkwV MNywv MAdopatog Aéllep. Avamtuoostol éva VEO GaLVOUEVOAOYLKO LOVTENO TIOU ETUTPEMEL TNV
EKTINON TOU OUXVOTIKOU GACHATOC TWV NXNTIKWY KUMATWY TIOU TIOPAYOUV OL OKOUOTIKEG TINYEG
MAAoPaTOC amnod To mpodil Tou Bepuikol GWTOG TOU EKMEUTETOL ATIO TOV SleEyEPUEVO OYKO TOU aepiou,
avadelkvuovtag e oadr TPOTIO TN CUCKETLON HETAEY SEUTEPOYEVOUC OTTTLKIG KL NXNTIKAG EKTTOUT G TIOU
akoAouBel tn Sldomaocn agplwv amo Aéwlep. Na tnv e€aywyr tou Bepuikol GwTOC Ao T GUVOALKN
oKtwoBoAia Tou Sleyepuévou GYKoU XpnoLpomoLonkayv TEXVIKEC emefepyaciog oUaToC PACIOUEVES OTN
duotkn Twv StadopeTikwy SLadlkaclwy SeUTEPOYEVOUG OTITIKAG EKTTOUTIAG. OL poPAEYPELS TOU LOVTEAOU
emuPefalwvovtal HEow OUYKPLONG LE TA OTTOTEAECUOTO OXETIKWY OKOUOTIKWY HETPHOEwWV. EmumAéov
peAetatal n emidpaocn G evépyelag Tou TOAMOU AELlEP OTIG XPOVIKEG KALUOKEC TWV PALVOUEVWY
OKTWVOBOALOG HECW TIELPAMATIKWY HETPOEWV KOL TIPOCOUOLWOEWY. ATIO TNV UEAETN TIPOKUTITEL OTL £VAG
Loxupdtepog mMoApoOe Aéllep obnyel oe evtovotepo, Kal, Kupiwg, peyaAltepo oe Sldpkela, Oeppikd
dawvopevo. To yeyovocg auTo €XEL AECO AVTIKTUTIO OTO PACLOTO TWV TTAPAYOLEVWY AKOUCTLKWVY TIOAUWV.
JuyKekpLéva tapatnpeltal pia GacuoTIKl) LETATOMLON TIPOG TIE XAUNAOTEPEG GUXVOTNTEG LE TNV aUEnon
™G evépyelag maAlpwyv Aéllep, n omola propel vo oxetiletol pe TN SLAPKELD TWV SLOSIKACLWY OTTIKAG
oKTwoBoAlag KaL tn cuvoALKr BepuotnTa Tou PeTadEPETAL Ao To AELlep oToV OyKo aAnAemidpaong e
Tov aépa.

210 Kepahalo 5 PeAETATAL TIEPOAUATIKA KOL AVOAUTLKA N EKTIOUTI AXOU Ao vpota MAAoUaTog AELep.
Mapouotalovtal CUOTNUOTIKEG HETPAOCELS TNG NXNTKAC EKMTOUMNG VAUOTOG MAQOHATOC pAkoug 14
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EKOTOOTWY, OSnULoupyolUEVOU amd TOAROUG Aéep 23 GeUTOSEUTEPOAETITWY KOl €VEpyelag 5 ml.
AvamntUooETaL EVO 0KOUOTLKO OVTEAO BACLOMEVO OTO KAQOLKO HLOVTEAO YPOLULILLKIG AKOUOTIKAG TtNYAG (line
source), HUECw TOU oOTOlOU UTOAOYIlETAL N OKOUGCTIKN EKMOUMI TWV VNUATWY TAAOUATOC OTOoV
TPLOSLACTATO XWPO OUVAPTNOEL TNG XWPLKNG KATAVOUNG TNG EVOTOTIOEUEVNG OMTIKAG EVEPYELAC.
AMOSEIKVUETOL OTL N YEWUETPLO TOU TAACUATOC KAl N KATAvOoUn TNG afoViKNC Tieong Umopouv va
MPOCSLOPLOTOUV Ao TO XWPELKO TPOPIA TNG OMTKAG akTtvoPoAiag tou vAuoatog mAdopatog. Ot
TIPOPAEPELG TOU HOVTEAOU ETMLKUPWVOVTAL LECW CUYKPLONG UE AKOUOTLKEG LETPAOELG, Seixvovtag oAU
KOAR oupdwvia. To HOVTEAD YPAUULIKAG OKOUOTLKNG TINYNG XPNOLLOTIOLELTOL YLa TN KEAETN TNG €€APTNONG
NG OKOUOTLKAG EKMOUTAG VNUATWY TAGOUATOC AMO TO YEWUETPIKA XAPAKTNPLOTIKA TOU KOvaAloU
TAQOLOTOG, KOL CUYKEKPLUEVA TO KOG TOU KAVAALOU KOL TNV apXLKA KOTOVOUN TIiEONC KATA UAKOG TOU
afova tou vipatog. TEAog, meplypddeTal Eva GUGLKO LOVTEAD TNG AKOUOTLKAC EKTTOUTING VNUATWVY AéLep
Bdon tou ypappikoU povteAou Bepuikng mnyng tou Kedoahaiou 4. Mapouaotdlovrol MPOKATAPKTLKA
QTMOTEALCHATA OO TNV TIPOCOMOIWaON evog UTTO KAIHOKA HOVTEAOU VAUOTOG MAACUATOC, OO OTou
omoSelKVUETAL OTL £Val TETOLO LOVTEAO UIMOPEL VAL AMTOTUTTWOEL ETITUXWE TA KATEUOUVTIKA XOPAKTNPLOTIKA
TNC AKOUOTLKAG EKTTOUTING TOU VI LATOG.

Y10 Kedpdlalo 6 mapouatdlovral ol BaCLKEG APXEG KALVOTOUOU TEXVOAOYLOC avormapaywyng AXou amo
Aéllep, evw TepLypadeTaL KoL AELOAOYELTAL TIELPAPATIKA KOL UTTOAOYLOTIKA TIPWTOTUTIOC OTITOAKOUGTLKOC
peTaTpoméag TAAOMOTOG Aéllep. O HETATPOTEAG EMITUYXAVEL Qvamapaywyr NXNTIKWV OnNuaTwy
SlopopdwpeEvwy péow Slapopdwong XA evog r oA WV bit, oL omoleg LETATPEMOVTOL OE POEC OKOUOTIKWV
TIOAUWV ameuBeiag oToV ATHOOPALPLIKO AEPA ) TIAVW OE LETOAALKOUG OTOXOUG. TO MPWTOTUTIO £XEL EUPOC
{wvng 1kHz, to omoio emoapkel yla va anodeifel tnv Aettoupyio TOU GUOTAUATOC, VW OMOSEIKVUETAL
ETLONG OTL N eMiteVEN AELTOUPYLOC OTO TIANPEG OKOUGTIKO EUPOC GUXVOTNTWV £lval e€0pTATAL LOVO OTIO TLG
npodlaypadéc tou Afllep. Mapouoldlovtal TMEPAUATIKA OMOTEAECUATA QMO TNV AVOITOPOywyn
SOKLHAOTIKWY NXNTIKWY ONUATWY, OMWC¢ UEUOVWHEVA N TIOAAATAG nuitova, KaBwg Kol TPOYUATIKA
NXNTtika onuato opAlag Kol MOUGCLKAG. EmutAéov, avoamtUoOeTAlL €va  UTOAOYLOTIKO HOVTEAO
pocopolwong OmoloUSATIOTE CUCTAUATOG avaTapaywyns NXou mMAdopato¢ Aélep Paciopévou o€
Slopdpdwon A, CUVAPTHOEL TWV TOPOUETPWY TOU AELep Kol TG Stapdpdwonc. To povtédo Aappavet
w¢ €l0060 TO apXLKO NXNTIKO ONUO KOl TIPOBAETIEL TO AVATIAPAYOUEVO OHUA HECW CUVEALENG TG ZA
OVATOPACTOONG TOU UE TO TPOdIA Ttieong evog akouoTikol TaApoU mAdopatog Aélep. Ot mpoPBAEYELg
TOU HovTéAoU emiBefatwvovtal HECW CUYKPLONG LE TIG TIELPAUATIKEG LETPROELS. EmutAéov, péow Tou
MOVTEAOU TIPOCOUOLWVETAL I OKOUGTIKI EKTIOUTIH €VOG LOOVIKOU CUOTAUATOG NXOU AELlep TTIOU KOAUTITEL
TO TANPEC AKOUOTO GAopa cuxvoTATWY. To clotnua Baociletol os Slapopdwon IA 6-tatng 5-bit pe
unepdelypatoAndio x8, kal pubuo emavainng Aélep 352,8 kHz, mapéxovtag cuVOAIKO AOYO GHUATOG
npo¢ B6puPo kBavtiopol 88,57dB. To cuotnua TeplthapBavel emiong KatdAAnAn mpoensfepyaoia
ONUATOC Yyl TNV Eemiteuén LoooTabulopévng amokplong ouxvotntog HECO OTn CUXVOTIKA {wvn
evbladépovtog, avadelkviovtag Tn duvatotnta oxeSLOCHOU LEAVIKWY CUCTNUATWY avormapaywyng nxou
pHEow TtNywV TIAAopoTog AéLlep. TENOG, yiveTal avaAuon TNG EVEPYELAKNAC amOS00NG TOU MPWTOTUTIOU Kol
ToU L6aVIKOU CUOCTHATOC QVATTApAywYHG NXOU, KOL TOL ATOTEAECLLOTO CUYKPLvOVTAL PE TNV anmodooh Twv
oUYXPOVWVY NAEKTPOUNXOAVIKWY LETOTPOTIEWV.

Télog, oto Kedpdlawo 7 ouvoyilovtal ta KEVIPIKA ONMOTEAECUATO KOl €UPAMATA TNG epyoaoiag,
TaPoucLAlovVTaL OL LOKPOTIPOBECOL GTOXOL KOLL TO OPapLo. TNG Tapoloag EPEUVAG, EVW EMONG avallovtal
TO EMOUEVA EPEUVNTIKA BrApOTA KAl TO avolytd Ofpata mou mpokettal va StepeuvnBolv oto Apeco
MEAAOV.



Abstract

This work presents novel findings on sound reproduction from laser-generated plasma acoustic sources.
It addresses fundamental aspects of the physics behind laser-based optoacoustic transduction as well as
engineering aspects for the utilization of the laser-plasma transduction mechanism in the development
of audio reproduction systems. It presents a joint experimental, theoretical and signal processing
approach for the study and modeling of sound radiation from spherical, omnidirectional but also
cylindrical, directional laser-plasma sound sources. Based on experimental findings, a novel
phenomenological model is developed that allows for the estimation of the frequency spectra of the
plasma-generated sound waves in terms of the thermal light emitted by the heated volume, clearly
demonstrating the correlation between secondary light and sound radiation following laser-induced
breakdown of gases. The model’s predictions are validated by comparison with acoustic measurements,
showing good agreement. Also, an acoustic model based on the classical acoustic line source model is
developed that calculates the acoustic radiation of plasma filaments in 3D space in terms of the spatial
distribution of the deposited optical energy. It is shown that the plasma geometry and axial pressure
distribution can be determined by the spatial profile of the thread’s luminescence. The model’s
predictions are validated by comparison with acoustic measurements, showing very god agreement.
Moreover, the concepts of a novel laser-sound technology are presented and a laser-based optoacoustic
transducer prototype is described and experimentally evaluated. The prototype is capable of generating
1-bit or multibit ZA optical pulse streams, that are transduced into acoustic pulse streams directly in the
ambient air or on metal targets. The presented prototype has an effective bandwidth of 1kHz, which is
sufficient for the proof-of-concept demonstration of the technology, while it is shown that generalization
of the results towards a wider frequency range, such as the audible range, is a matter of laser
specifications. Experimental results from the reproduction of bandlimited test signals, such as single or
multiple sine waves and sine sweeps, as well as real audio signals, particularly speech and music, are
presented. Moreover, a computational model is developed that allows for the simulation of any ZA-base
laser-driven sound reproduction system, in terms of the laser and modulation parameters. The model
takes as input the original sound signal and transforms it into the desired modulation signal via
convolution of its ZA representation with the pressure profile of a single laser-generated acoustic pulse.
The model’s predictions are validated by comparison with the experimental measurements, showing good
agreement. Finally, ongoing work on a complete physical model of the energy deposition through optical
breakdown of gases is outlined and a new method for the prediction of the frequency spectra of uniform-
sampling Pulse Width Modulation signals originating from random modulating signals is demonstrated.
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Foreword

This Thesis brings together well-established digital audio conversion techniques and the physics of
sound generation via laser plasma acoustic sources to introduce a novel laser-based technology for
sound reproduction from pulsed, massless plasma sound sources in the air or on solid targets.
Transformations of analog or digitally sampled audio signals to digital pulse streams are combined with
the strongly non-linear optoacoustic transduction mechanism of laser plasma generation to synthesise a
prototype laser-sound transducer able to reproduce arbitrarily complex sound signals in a highly linear

and predictable manner.

Moreover, this Thesis is the result of fruitful collaborations between three research groups with diverse

scientific expertise:

e The Audio and Acoustic Technology Group (Audiogroup) of the Electrical and Computer Engineering
department of the University of Patras, Greece, with expertise in audio signal processing and sound
transduction

e The Institute of Plasma Physics and Lasers (IPPL) of the Hellenic Mediterranean University, Greece,
with expertise in laser-plasma physics and applications

e The Verbrennungstechnik division of the Engler-Bunte Institute (EBI-vbt) of the Karlsruher Institute
of Technology (KIT), Germany, with expertise in combustion shock waves and laser measurement

techniques

This collaboration enabled and supported the PhD candidate to utilize the complementary expertise of

these research groups via in-situ experiments, exchange of knowledge and remote cooperation.

The interdisciplinary approach to laser plasma sound transduction has led to the development of
compact phenomenological models for the description of the acoustic radiation of laser plasma sound
sources in ambient air. Despite their simplicity, such physical models allow for highly accurate
estimations of the laser radiation characteristics required to achieve a particular acoustic result, but also
to provide a different, potentially insightful, perspective on the involved physical processes themselves.
Also, the study of pulsed audio signals for driving the laser-sound transducer led to the development of
a novel method for the calculation and analysis of the DFT spectra of Uniform-sampling Pulse Width

Modulation (UPWM) signals derived from random modulating signals.
Thus, the contribution of this Thesis can be divided in three directions:

a. The investigation and modeling of physical aspects of laser plasma sound generation
b. The engineering, implementation and evaluation of a novel laser-sound prototype transducer

c. The study of the DFT spectrum of UPWM signals derived from random input signals

The physical and technological framework, the main achievements and the structure of this Thesis are

presented in the next sections of this Chapter.



1.1 Framework and motivation

Currently, sound reproduction in the audible frequency range relies on transducer technology that was
established more than 100 years ago. The technology is mainly based on the electromagnetic moving
coil loudspeakers [1], since alternative implementations, such as electrostatic [2], piezoelectric [3],
thermoacoustic [4][5] and voltage-driven plasma loudspeakers [6], do not constitute viable solutions for
most audio reproduction applications. However, the acoustic power, directivity, response, efficiency and
controllability of the traditional electroacoustic loudspeakers are significantly limited, mainly due to: (a)
the weak coupling of the moving-coil electromechanical driver to the low density air medium, (b) the
inability to digitally control and directly transcode audio data into acoustic waves, (c) the requirement
for local electric power supply to drive low-efficiency transducer units, (d) the need for multiple and

distant transducers to achieve controlled spatial reproduction from distributed sound sources.

In the past, merging optics and acoustics technologies has led to important breakthroughs, such as
optical disc technology (first as the Compact Disc Digital Audio) [7], thermoacoustic imaging [8] and
spectroscopy [9], laser induced breakdown spectroscopy (LIBS) [10], optical wave microphone [11].
Although research prototypes of DVD and Blu-Ray optical drives needed expensive room-filling laser
equipment, commercialization of such systems led to widespread, ultra-compact and inexpensive pick-
up devices. In a similar manner, the proposed technological breakthroughs could allow compact laser-
based devices for audio delivery at home, public spaces and over long distances in the atmosphere even
potentially to generate ablation-based sound to the surface of a distant object, car, a boat or a remote
target in space. Ultimately, the marriage between photonics and acoustics is envisaged to provide a

novel and scalable means of generating audio signals for future consumer and professional applications.

Air breakdown by focusing of short or ultra-short laser pulses of sufficient energy leads to the
generation of strong non-linear sound waves (shock waves), that progressively transform into linear
sound waves as they propagate outwards the focusing area [12][13]. The particular properties of laser-
generated sound waves, such as duration, energy, frequency spectrum and other, strongly depend on
the characteristics of the optical excitation source, for example optical pulse duration (nanosecond to
femtosecond), energy, wavelength and focusing conditions. Regardless of the possible differences, laser-
generated sound waves are very abrupt and are often referred to as N-pulses, due to their shape in the
time domain. The pulses exhibit high acoustic energy in the ultrasonic regime, but also have significant

energy in the lower frequencies, which renders them also useful for audio applications [14][15][16][17].

Although no implementation or model for the laser-driven reproduction of complex continuous sound
was presented so far, such a technology could be practically feasible. The pulsed nature of the laser-
generated acoustic waves indicates the need for a digital audio modulation to transcode complex sound
signals, in analogy to the well-established pulse streams used by digital audio systems. Pulse
modulations such as Pulse Width Modulation (PWM) [18][19] and Sigma-Delta Modulation [20][21]

(SDM or A modulation) are extensively used in contemporary audio devices, for example in audio
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amplifiers [22][23], embedded audio processors [20][24] and Digital to Analog converters [24].
Particularly, A modulation is widely used in analog-to-digital (ADC) and digital-to-analog (DAC)
conversion, transmission and storage of audio data [26][27]. In the ZA modulation, the analog or digital
input audio signal is converted into a stream of rectangular pulses or a bit stream, when considering an
analog or digital modulator output, respectively. The encoding can be either 1-bit or k-bit, the latter
corresponding to pulses with 2¥ — 1 possible amplitudes. The information of the modulating audio
signal, particularly the changes in its amplitude, is encoded in the ZA signal as a pulse density that varies
with time. ZA modulation requires oversampling to distribute the quantization noise across a wide
frequency range, which extends well beyond the frequency range of the input signal, hereafter referred
to as inband range or band of interest). Additionally, a high-pass spectral profile of the quantization
noise is achieved via noise shaping [20], resulting in a further reduction of the quantization noise energy
within the band of interest. The noise shaping profile depends on the order of the modulator, where a
higher order corresponds to a reduced total inband noise energy and a steeper slope of the high-pass

profile (see A modulator structure subsection).

These processes enable the generation of virtual massless sound sources, which can potentially be
formed at arbitrary positions and distances from the driving laser unit with high localization precision.
Moreover, modulated trains of laser pulses emitted by appropriate triggering of the laser can carry
complex sound information and the optical power required for the transduction to strong acoustic
waves at the desired position in space. Laser-driven sound waves can be very rapid and strong, while
they enable the rendering of moving virtual sound sources in space by real-time shifting of the laser
focal spot within the possible beam-focusing area. The generated acoustic pulse trains enable the direct
reproduction of digital sound streams without the need for digital-to-analog conversion, allowing for all-
digital audio reproduction chains. Indicative 1-bit and multibit laser-sound chains are shown in Fig. 1.1 a)
and b), respectively, where EOM represents the Electro-Optic Modulation stage required for amplitude

modulation of the laser pulses. The laser-sound transduction chains are further analyzed in Chapter 3. In

a) pulse audio pulsed control
Audio optical
—» Modulator |—» Laser
source
b) pulse audio pulsed control
Audio

> DSP [ Interface [—» Laser
source

optical

Fig. 1.1: Block diagram of typical laser-sound reproduction chain based on a) 1-bit and b) multibit A audio

modulation.
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addition, laser-generated sound sources do not involve moving parts and as demonstrated in the next
section, they exhibit well-defined and stable frequency response which is not subject to constructional

or material defects.

1.2 Contribution

This Thesis contributes to the study and modeling of physical aspects of sound generation via laser-
induced breakdown in ambient air, as well as to the technological exploitation of laser plasma
generation for the development of laser-sound transducers capable of reproducing complex continuous

sound via massless moving sources with potential directivity control.

1.2.1 Laser-plasma sound emission

Regarding the physical aspects, a clear experimental and analytical demonstration of the correlation
between light and sound following laser induced breakdown is presented, as well as its utility in the
development of qualitative phenomenological models describing the acoustic radiation of laser plasma
sound sources with varying spatio-temporal energy distributions. Both the experiments and the
development of the computational models was carried out in collaboration with the Institute of Plasma
Physics and Lasers (IPPL) of the Hellenic Mediterranean University (HMU).

1.2.1.1 Correlation between light and sound secondary radiation

Measurements

Methodology for simultaneous measurements of the light and sound signals following LIB of the
ambient air from tightly focused, few-millijoules nanosecond pulses over large observation windows
that uncover the evolution of the radiative processes in their full extent, from the early times of the

plasma formation until its complete relaxation.

Signal processing

Novel physics-driven signal processing technique enabling the time-domain analysis of the LIB secondary
light radiation to its constituents, based on the diverse physical processes involved. The analysis
provides a clear profiling of the mechanisms behind the emission of light and sound during laser-induced
breakdown through their signal fingerprints.

Light-sound correlation and model

Calculation of the frequency spectra of the generated N-pulses [28] directly from the thermal radiation
component of the optical signal. This is done by adopting a linear wave equation model in which the
extracted thermal component is introduced as a heat source. The model’s estimations on the frequency

spectra of the LIB acoustic pulses show good agreement with the frequency spectra derived from
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corresponding acoustic measurements. In this manner, the relation between the secondary phenomena

accompanying laser-induced breakdown in gases is demonstrated.

Analysis of LIB frequency spectra

The characteristic acoustic spectrum of the N-pulses with a global spectral peak and consequent dip,
followed by alternating local peaks and dips are accurately reproduced by the thermal model. Moreover,
the dependence of the duration of the thermal phenomenon on the laser pulse energy and its impact on
the respective acoustic spectrum, are clearly identified, with an increase in the optical energy leading to

a spectral shift of the acoustic N-pulses towards the lower frequencies.

1.2.1.2 Sound emission of plasma filaments

This Thesis also demonstrates how such a correlation between light and sound following LIB can be
exploited for the development of acoustic models of the sound radiation of plasma sound sources, in

the case of laser filaments [29].

Adapted acoustic line source model

It is shown that the acoustic radiation of laser filaments can be effectively estimated through a modified
model of the classical acoustic line source [30], in which, the pressure profile of the elementary source
excitation is substituted with the pressure profile of an N-wave generated by a point-like laser plasma
source. The initial pressure distribution along the axis of the line source can be derived from the
luminescent light emitted by the filament. This simple model succeeds in reproducing the acoustic
directivity and the frequency spectra of the radiation of plasma filaments with sufficient accuracy, as

proven by comparison to experimental evaluations.

Acoustic directivity and spectrum analysis
The general characteristics of the acoustic directivity and frequency spectra of plasma filaments in
ambient air are studied experimentally and analytically in both the full observation spectrum as well as

in the audio range and in octave bands.

Radiation dependence on geometrical characteristics

The adapted acoustic line source model is used to systematically study the dependence of the acoustic
radiation of plasma filaments on their geometrical characteristics, particularly their length and pressure
distribution along the filament’s axis. It is clearly demonstrated that the decisive parameter is the length
of the plasma channel, while the initial pressure distribution along its axis has a mild impact within the

studied parameter space.

Radiation physical model
Finally, this work proposes a complete computational model for the estimation of the acoustic radiation
of plasma filaments, based on the wave equation with a heat source. It presents preliminary results

from the evaluation of a scaled model of the filament, indicating the model’s capability to capture the
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main characteristics of the filament’s acoustic radiation. However, a rigorous validation of the model is

left as future work.
1.2.2 Laser-sound optoacoustic transduction

In the engineering part of this Thesis, a novel optoacoustic transducer prototype is presented that is
capable of reproducing arbitrarily complex, continuous and controlled sound signals via laser-induced
breakdown directly in the air or via laser ablation on metal targets. The transducer was developed in the
laboratories of the Engler-Bunte Institute of the Karlsruher Institute of Technology and is based on a
single laser unit that can emit high-energy laser pulses at high repetition rates, consecutively causing
laser breakdown in the air or on solid targets. The prototype achieves audio reproduction only within a
part of the audible range due to limitations in the available laser specifications, however, without

hindering the demonstration of the system’s functionality at a proof-of-concept level.

1.2.2.1 Transducer prototype

Novel laser-sound transducer architecture
The general structure of a novel laser-sound transducer driven via ZA pulse streams is developed and
the requirements of the constituent stages are analyzed, while a real implementation of a laser-sound

prototype is presented.

Laser triggering and pulse modulation

A novel method for triggering the emission of laser pulses through an audio interface is experimentally
demonstrated. This simple triggering method allows for efficient direct transcoding of digital audio
information into trains of laser generated N-pulses. Moreover, amplitude modulation of the emitted
pulses is demonstrated through the well-established electro-optic modulation technique, based on the

Kerr effect.

Acoustic performance evaluation

A method for the evaluation of the optoacoustic transducer in terms of acoustic performance,
predictability and energy efficiency is presented. Results from systematic acoustic measurements of
reproduced test audio signals, particularly sine waves, sine sweeps, speech and music signals are shown,
while recorded audio samples from the experiments are available as complementary material for
auditory evaluation. The main acoustical parameters of the system, namely, its impulse and frequency
response, are calculated in the band of interest both experimentally and analytically from sine sweep
inputs. This work also provides an analysis of the energy loss processes involved in the laser plasma
optoacoustic transduction and preliminary estimations of the energy efficiency are carried out for both
the implemented prototype and the high specifications simulated system. Finally, it discusses the
advantages of a laser-sound reproduction system over the current transducer technology, while it

outlines potential hazards and solutions for its adoption in commercial or end-user applications.
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1.2.2.2 Signal processing techniques

Laser-sound transduction model

A specially developed mathematical model is presented and used for the simulation of the system’s
performance within and beyond the audible frequency range, showing good agreement with the
experimental evaluations. The model constitutes a complete tool for the simulation and design of laser-
sound systems, as it enables the evaluation of the acoustic response of any 2A-based laser-sound system

in the time and frequency domain with high precision.

Ideal laser-sound transducer simulation

This Thesis also investigates the performance and acoustical parameters of an ideal laser-sound system
with a rapid impulse response and perfectly equalized frequency response in a band of interest
extending through the entire audible range. Estimations of the laser and control requirements for the

implementation of such a system are also provided.

1.2.3 Analysis of the DFT spectra of UPWM signals

A novel method for the analysis and derivation of the out-band Discrete Fourier Transform (DFT)
coefficients of Uniform-sampling Pulse Width Modulation (UPWM) signals originating from random
Pulse Code Modulation (PCM) signals is presented. It is shown that, if the input PCM signal can be
modeled as a random signal with its samples being independent and identically distributed (iid) random
variables (RV) generated by an ergodic random process, the DFT coefficients of the resulting UPWM
signal in the out-band range can be calculated from the statistical moments of the underlying random

process.

It is also demonstrated that closed-form expressions of the DFT coefficients of UPWM signals can be
derived, when the samples of the random input signal are iid RVs following known distributions, such as
Gaussian, Laplacian, Arcsine and Uniform. Finally, it is shown that, when statistical independence
between the samples of the input signal does not hold, only the DFT components on the harmonic

frequencies of the PWM carrier can be calculated from the input signal’s statistics.

From the analysis it becomes evident that, the out-band DFT coefficients of the output of a UPWM
modulator with such random inputs can be accurately predicted without knowledge of the particular

time-series of the input signal.

1.3 Publications and awards

A list of the publications related to this Thesis can be found below. Particularly, six (6) papers were
submitted to international peer-reviewed journals, two (2) additional journal papers were under
preparation at the time of writing and four (4) peer-reviewed conference papers were presented and

published in the proceedings. Finally, one (1) patent application was filed to the German patent office.
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1.3.1 Journal papers

[1] Kaleris, K., Orfanos, Y., Bakarezos, M., Papadogiannis, N. & Mourjopoulos, J. Experimental and analytical
evaluation of the acoustic radiation of femtosecond laser plasma filament sound sources in air. The Journal of
the Acoustical Society of America 146, EL212-EL218 (2019).

[2] Kaleris, K., Orphanos, Y., Bakarezos, M., Dimitriou, V., M., Tatrakis, M., Mourjopoulos, J. & Papadogiannis, N.
On the correlation of light and sound radiation following laser-induced breakdown in air, Journal of Physics D:
Applied Physics (2020).

[3] Kaleris, K., Stelzner, B., Hatziantoniou, P., Trimis, D. & Mourjopoulos, J. Laser-sound: optoacoustic transduction
from digital audio streams. Nature Scientific Reports 11, 476 (2021).

[4] Kaleris, K., Stelzner, B., Hatziantoniou, P., Trimis, D. & Mourjopoulos, J. Laser-sound: audio reproduction from
digital ZA streams, Journal of the Audio Engineering Society, in press (2021).

[5] Kaleris, K., Tazes, I., Orphanos, Y., Petrakis, S., Bakarezos, M., Mourjopoulos, J., Dimitriou, V. Tatarakis, M. &
Papadogiannis, N. A. Experimentally validated modeling of the optical energy deposition in highly ionized
ambient air by strong femtosecond laser pulses, European Journal of Physics D, in press (2021)

[6] Kaleris, K., Delibasi¢, H. Petrovi¢ & Papadogiannis, N., Analytical and numerical analysis of the plasma
evolution in air generated by nanosecond laser pulses, under review (2021)

1.3.2 Conference papers

[7]1 Kaleris, K. & Mourjopoulos, J. Dual-band PWM audio coding for ultrasound artefact reduction, proceedings of
the 25th European Signal Processing Conference (EUSIPCO), Kos, 2017, pp. 1829-1863 (2017).

[8] Kaleris, K., Papadakos, C. & Mourjopoulos, J. Dual-Band PWM for Filterless Class-D Audio Amplification,
proceedings of the 144 AES Convention, Milan, pp. 9937 (2018).

[9] K Kaleris, J. Mourjopoulos, J. Orfanos, E. Bakarezos, N. Papadogiannis, Sound reproduction from laser-driven
sound sources (Laser Audio), proceedings of the Hellenic Institute of Acoustics “ACOUSTICS2018” conference
(in Greek), Patras, Greece, October (2018).

[10] Kaleris, K., Orphanos, Y. Bakarezos, M. Papadogiannis, N. & Mourjopoulos, J. The effect of plasma geometry on
the acoustic radiation of laser filaments, proceedings of Forum Acusticum, Lyon (2020).

1.3.3 Patent

[11] Kaleris, K., Stelzner, B., Trimis, D. and Mourjopoulos, J., Vorrichtung und Verfahren zur Wiedergabe
mindestens eines akustischen Signals (DE Patent subm. No 10 2021 200 293.5), Deutsches Patent- und
Markenamt (DPMA), submitted Jan 2021.

1.3.4 Award

The paper “The effect of plasma geometry on the acoustic radiation of laser filaments” [10] presented in
the Forum Acusticum international conference (December 2020) was awarded with the European
Acoustics Association (EAA) best student paper and presentation Award, sponsored by the Head Genuit

Foundation.
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1.4 Thesis Structure

This Thesis is structured as follows. In Chapter 2, the physics principles and applications of laser-induced
breakdown of gases and laser ablation of solids are presented. The general concepts of linear and non-
linear laser pulse propagation, optical energy deposition, plasma generation and sound and light
emission following laser-induced breakdown are discussed and a simple mathematical description of
these aspects is outlined. Moreover, the utilization of laser-generated acoustic pulses in current
technological and scientific applications is briefly presented.

Chapter 3 discusses the principles and applications of current sound and ultrasound reproduction
technology, with emphasis on the pulsed audio modulations. Three such modulations, Sigma Delta
Modulation (ZA), Pulse Width Modulation (PWM) and Pulse Amplitude Modulation (PAM) are analyzed
and their mathematical descriptions are presented. Moreover, Chapter 3 presents the novel method for

the calculation and analysis of the DFT spectrum of UPWM signals derived from random input signals.

In Chapter 4, the work on the correlation between light and sound radiation following laser-induced
breakdown in air is presented, with emphasis on the combined experimental, analytical and signal

processing methodology followed.

In Chapter 5, the experimental and analytical work on the description of the acoustic radiation of laser
filaments is presented, using concepts of Chapter 4. The filament’s parameters affecting its acoustic

radiation are determined and its directivity and frequency spectra are derived.

In Chapter 6, the theoretical and technical aspects of the novel laser-sound optoacoustic transducer are
presented. The developed laser-sound prototype is presented and the methodology and results from its

overall evaluation are discussed.

Finally, Chapter 7 includes a summary of the novel findings and potential impact of this work, along with

a thorough description of the open topics and future tasks.
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Chapter 2

Physics and applications of laser-driven

sound generation: an engineering approach
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Introduction

The breakdown of ambient air or other gases from short or ultrashort laser pulses (Laser Induced
Breakdown — LIB) has been known since the early 60’s [1][2][3], shortly after the invention of the laser in
1960 [4]. Through the years, the evolution of the laser technology has led to the development of laser
systems capable of emitting high-energy short and ultrashort pulses at a broad range of wavelengths.
Nowadays, nanosecond, picosecond and femtosecond laser systems capable of inducing breakdown in
ambient air or other gases are rather compact and affordable and are widely available for use both in
scientific laboratories and in the industry. The accessibility to such lasers and the suitability of laser-driven
plasma generation for various technological and scientific applications has led to an increasing interest

for the study and modeling of the phenomenon.

From an engineering perspective, laser-plasma sound generation can be treated as an optical-to-acoustic
energy conversion process that takes as input a laser pulse and gives at the output an acoustic pulse, with
the characteristics of the acoustic pulse depending on the laser radiation parameters and the attributes
of the targeted medium, as shown in Fig. 2.1. Nevertheless, design and optimization of laser generated
sound applications, such as the laser-sound transducer presented in this thesis [5][6], requires good
understanding of the numerous physical processes involved in the phenomenon. In this section, the
fundamental physical concepts behind laser-induced breakdown are discussed and basic mathematical
formulations of the various aspects of the phenomenon are presented, particularly the laser pulse
propagation in the air, the deposition of optical energy in the medium, the generation of free electrons
and the formation of a plasma volume, the impact of plasma generation on the propagation of the laser
pulse and finally the secondary radiative phenomena following breakdown, namely, the formation of a
shock wave and the emission of light. Fundamental aspects of laser ablation of solid targets are only briefly
discussed, since laser ablation was only used in this work for practical reasons (see Chapter 6). Finally, a
comprehensive summary of establish or proposed scientific and industrial applications of laser-plasma

sound generation is provided.

Laser pulse Acoustic pulse

i
—,\AJWJ=J|!\UI!| J\‘IIW
v I

Target material

Fig. 2.1: An engineering perspective to laser plasma optoacoustic transduction: dependence of the acoustic pulse
parameters on the parameters of the laser pulse and the target material.
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2.1 Laser-induced breakdown of gases

Laser-induced breakdown in ambient air or other gases from short or ultrashort laser pulses is a highly
complex phenomenon that involves a multitude of linear and non-linear physical processes, starting with
the propagation and focusing of the laser pulse that leads to deposition of optical energy in a confined
area of the targeted medium, where the conditions for the generation of free electrons are met. In this
region, the optical intensity surpasses a minimum threshold beyond which, the medium becomes opaque
for the particular laser wavelength. Apart from the parameters of the medium, such as consistency,
humidity, pressure and temperature [7][8], this threshold depends on the duration and wavelength of
the laser pulse [9][10][11][12]. With the exception of filamentation (see subsection 2.1.3), the time scales
at which energy deposition takes place are comparable to the duration of the laser pulse, and in fact are
a portion of it, since only part of the pulse energy is absorbed [10][13]. After the plasma formation, the
free electrons interact with each other and with the heavy particles, namely, the ions, atoms and
molecules, in the ionized region. From the interactions, the heavy particles gain energy, which statistically
leads to a local thermalization of the medium [14]. The increased heat in the confined volume causes a
rapid supersonic expansion that generates high pressure at the boundary with the surrounding air,
essentially forming a shock wave initially coupled to the excited volume. The expansion leads to a
progressive de-excitation of the volume and at the moment when the internal pressure is equilibrated by
the pressure of the surrounding air, the shock wave decouples from the source and propagates through
the medium, progressively transforming into a sound wave [15]. Finally, throughout the relaxation
process, optical radiation is emitted from the excited volume, initially due to Bremsstrahlung of the free
electrons and consequently due to radiative recombinations of free electrons, de-excitations of bound
electrons to less excited states and blackbody-type continuous thermal radiation due to high temperature
of the excited volume [14][13].

2.1.1 Pulse propagation and energy deposition

Energy deposition from short or ultrashort laser pulses in ambient air has been thoroughly investigated
both experimentally and analytically. Experimentally, the amount of the deposited energy can be
calculated relatively easily, by measuring the optical energy before and after the breakdown spot, as
shown in Fig. 2.2. For the analytical study of energy deposition in laser breakdown of gases, complete
models based on the non-linear Schrédinger equation including a wide range of linear and non-linear
propagation phenomena have been presented, as for example in the works of [16][17][18][19][20][21].
Here, a simplified model is presented that provides good insight in the fundamental aspects of laser-
induced breakdown. The model is based on the work of Bulgakova, Bulgakov et al. [22][23][24] and
describes the optical energy deposition in ambient air through the transport equation with a sink.
Thereby, the spatio-temporal evolution of the laser light flux ¢ is described as a result of Gaussian focusing

and optical energy losses through the equation:
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where ¢ = ¢y /n is the speed of light with n the refractive index, s is the Gaussian focusing term given by
s(z) =1+ z%/z3, with zz the Rayleigh length expressed as zz = m wén/A, where 1 is the laser
wavelength and wy is the beam waist at the focal spot, given by w, = 2Af; /mD. Finally, Q is the sink term
representing the rate of energy losses per unit volume. In this model, the pulse is introduced through the

flux € at the initial point of observation z, and is expressed as:

ré2  t?
_ Foexp (— Wz~ t_z) 2)
Vr ctys(2o)

where Fj is the peak laser fluence at the focal spot, which is expressed in terms of the laser pulse energy

E, as:
Fy = 2E,/tw¢ (3)

The sink term depends on the ionization mechanisms, namely, Multi-Photon lonization (MPI), Tunneling
lonization (Tl) and Over-the-Barrier lonization (OBI), as well as on the density of the generated plasma.
The dominating ionization regime is identified by the value of the Keldysh parameter y [25][28], defined

as:

w,/2ml, (4)

V= eF

where m, e are the electron mass and charge, respectively, I, is the ionization potential of the gas atoms
or molecules (N, N, and O, 0, for ambient air [29]) and w, F are the radial frequency and laser field
strength of the optical pulse, respectively. For a value y > 1, MPI dominates and the energy losses due

to photoionization can be expressed as [24]:

Qmp1 = —sWnmpi1(po — pe)khw (5)

where hw is the energy of a single photon, k = ceil(l,/hw) is the number of photons needed to ionize
an atom or molecule (order of ionization), Wyp; is the ionization rate and p, and p,, are the particle density

of neutral air and the free electron density, respectively.

In the tunneling regime (y < 1), the strong field approximation applies, where the influence of the laser
is treated as a potential that is superimposed on the Coulomb potential of the atom or molecule. In this
regime, under conditions also in the MPI regime, plasma absorption becomes significant due to the
increased free electron density. Plasma absorption is the result of inverse Bremsstrahlung, namely, the
absorption of photons by free electrons during their collision with heavy particles. The sink term Q,p,s can

be evaluated via the Drude model [18]:
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Fig. 2.2: Energy absorption in air breakdown by tightly focused femtosecond laser pulses, where E}, E, is the
optical energy before and after breakdown, respectively.

Qabs = 0igPel (6)
where o;g is the inverse Bremsstrahlung cross-section, given by:

e? T,

(7)

O; — .

B eomecn 1+ w?t?
&o is the vacuum permittivity and 7, is the electron collision time, which is ~350 fs for the ambient air
[18]. Both Qup; and Q. depend on the free electron density p,, which can be calculated from the
respective electron rate equation that corresponds to the particular ionization regime and the duration
of the optical pulse. The rate equations of different ionization regimes are presented in the following

subsection.

2.1.2 Plasma generation

In multiphoton ionization, the atom or molecule simultaneously absorbs more than one photon and loses
an electron. It can be roughly considered that this mechanism dominates for intensities I «
5 x 1013 W/cm? [28] which is the typical regime for air breakdown from tightly focused few-nanosecond
pulses with energies of up to a few tens of millijoules. For such longer pulses, apart from photoionization,
electron Cascade lonization (Cl) also is also apparent, in which, bound electrons are released due to impact
with free electrons that have been accelerated under the influence of the electric field of the laser pulse.
The Cl process results in a rapid geometric increase of the free-electron density, significantly affecting the
generated free electron density and the plasma and gas temperature, and thus also the shock wave
characteristics [10][11]. Moreover, the duration of such pulses is comparable to the timescales of the
relaxation processes, particularly, electron recombination, attachment and diffusion out of the interaction
volume [10]. In order to accurately calculate the spatio-temporal profile of the free electron density, all

these processes need to be taken into consideration in a rate equation, which can be formulated as:

dpe
dt

= Wnmp1(po — Pe) + Werpe — Dpe — 1Pe — Rpe® (8)
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where W¢, D,n are the rates of cascade ionization, diffusion and attachment, while the term Rpe2
accounts for the electron recombinations [10][11]. Such a rate equation has an analytical solution [11]
and can be used in conjunction with Eq. (1) to estimate the spatiotemporal profile of the deposited energy
from nanosecond laser pulses in the MPI regime. Analytical expressions for the equation coefficients can
be found in [10].

However, for ultrashort pulses i.e. few picosecond or femtosecond duration, in the MPI regime, Eq. (8)
reduces to [17][18][24]:

dpe

ke Wap1(Po — Pe) = ompil* (o — pe) (9)

where gyp; is the MPI cross-section. Cl does not take place at time ranges in the order of the laser pulse
duration since the pulses are too short to accelerate the free electrons and cause a cascade phenomenon,
while the electron loss processes take place at much larger time scales than the duration of the laser
pulse. Of course, in order to study the breakdown throughout its complete extent, the electron loss
mechanisms have to be included in the rate equation. However, such models require multiscale solutions,
since the phenomena evolve at time scales extending over several orders of magnitude, i.e. from a few

femtoseconds to several tens of nanoseconds.

Furthermore, for higher intensities, tunneling or over-the-barrier ionization takes place, where it can be
considered that the Coulomb potential of the atom or molecule is bent under the influence of the electric
field of the laser pulse, allowing the electrons to either quantum-mechanically tunnel through (TI) or
simply classically diffuse (OBI) to the continuum. In this case, the photoionization rate Wyp; needs to be
replaced with the TI rate Wy, for which, several theories have been developed with main the
representatives being Keldysh [25], Ammosov-Delone-Krainov (ADK) [26] and Perelemov-Popov-
Terent’ev [27]. It should be noted that, since the optical intensity varies along the axis of the laser pulse,
different parts of the pulse can reside in different ionization regimes. For example, the intensity of the
leading and trailing edges of the pulse can lie in the MPI regime, while the intensity of the main part of
the pulse lies in the Tl regime. Although MPI often leads to negligible electron yields compared to TI, for
ionization conditions where y~1, MPI and Tl can be comparable. Analytical formulas of the ionization rate
in this intermediate regime have been developed [28][30], while PPT theory also accounts for this regime
as it applies to any value of y [27]. Furthermore, a combined rate can also be considered, by selecting

Wwupr or Wrp depending on the instantaneous pulse intensity:

WMPI: I < Ithres

e - | 1
PI WTI: IZIthres ( )

which, however, can be inaccurate in the intermediate regime (y~1) and can lead to incorrect estimations

of the free electron rate in cases where this regime has a significant role in the phenomenon.
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Finally, two additional aspects need to be considered for the formulation of the appropriate rate
equations. Primarily, the presented approaches apply to single ionization and do not account for multiple
(double, triple, quadruple etc.) ionization of the same atom or molecule [29]. In the work of Fill et al. [12]
it can be found that the intensity threshold I, for g™ over the barrier ionization can be approximately

estimated via:

1q=4-109-i2-1;} (11)
q
from which the thresholds for double and triple ionization of Nitrogen and Oxygen can be easily
calculated, see Table I. Such intensities are commonly reached by tightly focused few-millijoules
femtosecond pules, and hence, multiple ionization has to be included in the modeling of the free electron
generation rate under the influence of such pulses. However, this task requires both additional rate
equations and the respective ionization rates for g™ ionization. An approach to the modelling of multiple

ionizations can be found in the work of [31].

The second aspect is the involvement of chirp in case of non-Fourier limited laser pulses [32][33][34]. For
a chirped laser pulse, the instantaneous frequency is a function of time (or space, depending on the

description), so that:

2C
w(t) = wy+——=" (t—tp) (12)
Tty

T

———and T is the pulse duration at full width half
21In(2)

where wy is the central frequency of the pulse, t;, =

maximum (FWHM), C is the chirp parameter and ¢, is the time instance corresponding to the center of

the pulse.

In order to account for frequency-dependent differences of the electron yield, the ionization rate
coefficients need to be frequency dependent as well. There are several such expressions for the MPI rate,
for example in the works of Keldysh, Hamam [25][10], while ionization cross-sections for different number
of absorbed photons can also be found, for example in [18] and used in the well-known formula
omp1(k)I%, in which case, the frequency dependence is included in the number of photons k(w) required
for ionization. Respectively for the Tl rates, the commonly used ADK formula cannot be used, as it does
not account for spatio-temporal variations in the laser pulse frequency, and thus, more complex formulas,
such as PPT, are required [32][35].

Table|

1 (W/cm?) N 0
q=2 | 767x10" | 1.52x10%
gq=3 | 224x10" | 405x10'S
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2.1.3 Non-linear refractive index and filamentation

2.1.3.1 Plasma defocusing

Equation (1) accounts for the Gaussian focusing induced by a focal lens but does not account for other
focusing and defocusing mechanisms caused by the non-linear modulation of the refractive index due to
the generated plasma or the electric field of the pulse [17][36]. Particularly, plasma generation has an
impact on the real part of the refractive index of the medium as it effectively changes its consistency, i.e.
from a mixture of neutral N, and 0, molecules to a mixture with additional N and O atoms, N* and 0*

ions and free electrons.

n = |1-Fe (13)
pCI’
where pg, is the critical plasma density. The critical density is defined as the minimum plasma density for
which an electromagnetic wave of a specific wavelength can no longer propagate into the plasma, and is
given by:

gomow?

Por = (14)

o2
From Eqg. (13) it can be easily seen that the refractive index of the plasma always has a lower value than
that of the ambient air. Moreover, for a laser pulse with a typical Gaussian distribution along the radial

dimension:

2
I(r)~exp <— %) (15)

0

the generated plasma density also varies in the radial dimension, and particularly, it exhibits its peak
density in the core while it gradually decreases towards the wings. Hence, according to Eq. (13), also the
refractive index of the ionized medium is modulated in the radial dimension, with the core having a lower
refractive index than the wings, effectively acting as a negative lens. This induces a defocusing effect on
the optical pulse, which is usually non-negligible and leads both to a shift of the focal spot towards the
opposite direction of the pulse propagation and to a larger beam waist at the focal spot. As a result, the
focused pulse never reaches the theoretical peak intensity taken by considering the theoretical beam

waist in vacuum [24]:

2E,

— (16)
TW§T

Ipeak =

The impact of plasma defocusing in the optical energy deposition during laser-induced breakdown can be
accounted for in the presented model be substituting the refractive index of the air with the one

calculated via Eq. (13).
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2.1.3.2 Self-focusing

Strong electric fields can induce changes in the polarization of a medium [37][36], a non-linear
phenomenon that can also manifest under the influence of the electric field of a strong laser pulse itself.
This can be expressed as a change An of the refractive index that is proportional to the intensity of the

laser pulse, so that:
An = n,l (17)

where n, is the second-order non-linear refractive index of the medium. When significant i.e. for laser
intensities higher than 103 W/cm?, this phenomenon, known as the optical Kerr effect, leads to self-
focusing of the pulse, effectively inducing energy transfer from the pulse wings towards the pulse core.
The increase in the refractive index acts in the exact opposite way of the decrease induced by plasma
defocusing. Due to the Kerr effect, the refractive index is modulated in the radial dimension, taking higher
values in the core of the pulse and decreasing towards the pulse wings, leading the medium to act as a
positive lens. It should be noted that the optical Kerr effect also leads to self-phase modulation and
modulational instability [37][18][39], which, however, are beyond the scope of this Thesis and will not be
further discussed.

2.1.3.3 Filamentation

It was shown that plasma defocusing and self-focusing have opposing effects on the propagation of a laser
pulse, acting as a negative and a positive lens, respectively. Under certain conditions, the two phenomena
can coexist during laser-induced breakdown of gases and can lead to the generation of elongated plasma
threads known as laser-plasma filaments [17][18][20][36][38][39]. The mechanism behind filamentation
can be understood by examining the total refractive index of a gaseous medium under the influence of a

strong ionizing pulse:
n=ny + nyl (18)

The term n, has a rather complex inverse relation to the laser pulse intensity, since a higher intensity
generally leads to a denser plasma and thus, to a lower real part of the refractive index; on the contrary,
the second-order term n,I increases proportionally to the intensity. For a high intensity pulse in the
absence of dense plasma, self-focusing dominates leading to an increase of the intensity, which
consequently leads to the generation of a denser plasma. This effectively leads to a decrease in the
refractive n due to the decrease in n,, and to defocusing of the pulse, which results to a lower optical
intensity and, consequently, to a less dense plasma. The recurrent focusing and defocusing leads to a
recurrent tightening and broadening of the plasma channel along the pulse propagation axis, as depicted
in Fig. 2.3. Moreover, it results to the conservation of the breakdown process along the pulse propagation
axis, as it prohibits both a beam collapse towards the core and the optical defocusing after the focal spot.
Filamentation terminates when the laser pulse energy is depleted due to absorption and is insufficient to

induce self-focusing.
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Fig. 2.3: Schematic diagram of the alternating non-linear processes leading to elongated plasma channels
(filaments) during air breakdown from femtosecond laser pulses.

2.1.4 Shock-wave generation

The generation of a shock wave following laser-induced breakdown has been extensively studied in the
past. In general, the modeling of shock waves stems from the studies of blast waves carried out in Los
Alamos by Bethe [41], von Neumann et al. [40][41], while significant contribution was done by Zel’dovich
and Raizer [14]. Pioneering experimental studies of the laser-generated shock waves were carried out by
Bell and Landt [42] Tittmann et al. [43], Edwards et al. [44], while the work of Oksanen and Hietanen
established the commonly accepted formulation of the laser-generated shock waves as N-pulses [45].
Ghosh and Mahesh have developed rigorous fluid dynamics models of shock wave propagation following
laser-induced breakdown, based on the Navier-Stokes equations [46][47]. Temperature-based numerical
models have been proposed for the simulation of the complete phenomena taking place in laser-induced
breakdown, which, however, are extremely complex to develop and solve [19][20][21]. Moreover, the
correlation between the generated acoustic wave and the light radiation following laser-induced
breakdown has been investigated. Point et al. [36] have reported that the initial pressure distribution
along the filament axis is related to the light intensity radiated from the filament, while Kaleris et al.
[48][49] have adopted this relation to develop an acoustic model of the sound emission of plasma
filaments. Moreover, Biagioni et al. [50] have reported a correlation between the generated plasma
density and the resulting acoustic pressure, while Kaleris et al. [13] have developed a phenomenological
model to derive the frequency spectrum of the laser-generated acoustic wave from the light emitted by

the interaction volume.

It is known that sound generation following laser-induced breakdown of gases is the result of the
thermoelastic expansion and consequent collapse of the ionized volume, which is thermalized by energy

transfer from the free electrons to the heavy particles. lonized air can be effectively seen as a mixture of
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an electron gas and an ion/atom/molecule gas, with the two gases initially being out of equilibrium since,
while free electrons generated by strong tightly focused pulses can reach temperatures of several
hundred thousand °C, the temperature of the heavy particles is not significantly affected by the ionization
process [14][51]. The establishment of thermodynamic equilibrium between the two gases is achieved by
progressive energy transfer from the electrons mainly to the ions, as the cross-section of the free electron
interactions with neutral particles is generally small, with the main energy transfer mechanism being
deflection [14]. Due to the huge mass difference between electrons and the heavy ions, energy transfer
to the ions per collision is very low and hence, a very large number of electron-ion collisions is required
for an appreciable energy transfer to take place. This can be easily seen by considering the collision
between an initially still ion with mass m;, and an electron with speed v,. The speed v; of the ion after

the deflection cannot exceed the value:

2m,
v, =———7, (19)
m; + mg
which is extremely small considering that m,/m; is in the order of ~107*. The characteristic energy
transfer time in air breakdown from typical tightly focused few tens of millijoules nanosecond pulses is of

the order of 1078 [14].

With the temperature increase, the interaction volume starts to expand due to the internal pressure
difference with the ambient air. The expansion takes place at supersonic velocities, with typical initial
values being in the order of 3000 m/s for strongly focused nanosecond pulses with pulse energy of several
tens of millijoules [45]. The expansion leads to progressive de-excitation of the thermalized volume and,
as soon as the internal pressure is equilibrated by the ambient pressure, the shock wave decouples from

the interaction volume and propagates through the air.

The main attribute of shock waves is the pressure discontinuities at the edges of the wave which
correspond to the shock front at the circumference of the interaction volume and the elastic reaction of
the medium to the void formed by the radial acceleration of the thermalized particles. The discontinuities
render the description of the propagation medium as a fluid inappropriate and are treated via the
introduction of discontinuity surfaces between the shock wave and the fluid (ambient air) [14].
Nevertheless, the shock wave progressively loses energy by heating the air and ultimately transforms into
a linearly propagating acoustic wave, as shown in Fig. 2.4. Laser-generated acoustic waves are generally
modeled as ideal N-pulses and by adopting the approach presented in [45][48][5], the N-pulse signal

sp(n) can be expressed as:

A
/ _ 20
sp(n) = _Np ‘n- (u(n + Np) —u(n - Np)) (20)
where u(n) is the unit step function, N,, is the number of half the samples of the pulse and A is the pulse

amplitude.
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Fig. 2.4: Generation of a pressure wave following laser breakdown in the air, initially propagating at supersonic
velocity as a shock wave and progressively transforming into a linear sound wave.

The frequency spectrum Sp’(k) of SI’)(n) obtained via DFT can be written as:

N,
A - —i%%kn (21)
Sh(k) = —- Z n-e /N
Ny n=—Np,

Due to the very short duration of the N-pulse, which is typically in the order of a few up to a few tens of
microseconds, N, takes very small values compared to N, so that the spectral magnitude |Sy (k)| of the

sin (27:VNP k>| (22)

Again, for the frequencies in the band of interest (in-band), k < N and %k « 1, Eq. (22) becomes:

laser-generated N-pulse becomes:

[Sp)] =4

21AN,

Nk (23)

[SpC] =

Equation (23) shows that for the in-band frequencies, the laser-generated acoustic pulses exhibit a first-
order high-pass spectral profile, which holds for the vast parameter range of the generating laser pulses
[45][48][5][52]. However, the frequency of the spectral peak varies with the width of the N-pulse, which
depends on the characteristics of the laser radiation, such as pulse duration, wavelength and energy, as
well as focusing conditions, which essentially define the spatio-temporal profile of the deposited energy.
The temporal and spectral profiles described in Eq. (20) and (23), respectively, are depicted in the time
and frequency domain representations of a measured N-pulse generated by a 6 ns, 40 mJ optical pulse
focused with f/8, shown in Fig. 2.5. A more thorough analysis of the dependence of the generated

acoustic wave on the laser parameters is presented in Chapter 4.
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Fig. 2.5: a) Time profile and b) frequency spectrum of an acoustic N-pulse generated by a 40 mJ, 6 ns laser
pulse with f/8 focusing.

2.1.5 Light emission

Apart from the emission of a sound wave, laser-induced breakdown is accompanied by the emission of
light that originates from luminescent and thermal processes. A thorough analysis of LIB light radiation
was done by Zel’dovicz et al. [14], while time-resolved and spectrally-resolved optical measurements of
the emitted light following breakdown of the ambient air are presented in [13] and [53], respectively. For

breakdown from nanosecond laser pulses, three distinct radiative phases can be generally defined:

a. The early phase, where light is emitted mainly due to electron Bremsstrahlung, namely, radiative
deflections of free electrons from ions. These free-free radiative electron transitions have a duration
comparable to the duration of the nanosecond laser pulse and produce a rapid and intense light signal.

b. The intermediate phase, where free-bound and bound-bound electron transitions due to
recombination and de-excitation coexist, while at the same time, thermal radiation develops with the
progressive thermalization of the medium.

c. The late phase, where the plasma has relaxed and only thermal radiation is apparent, until the

complete cooldown of the excited volume.

It should be noted that, for low-temperature plasmas, such as the ones formed in laser filamentation,
light radiation due to Bremsstrahlung and heat are negligible [36], and the emitted light originates
exclusively from electron recombinations and de-excitations. Chapter 4 presents systematic time-resolved
measurements and signal analysis of the light radiation following LIB from tightly focused nanosecond

pulses, along with a more thorough analysis of the discussed radiative mechanisms.
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2.2 Laser ablation of solid targets

Laser ablation of solid materials is the process of removing material from the solid surface by irradiation
from a laser beam. At low laser intensities, the material is heated by the absorbed laser energy and
evaporates or sublimates. At high laser intensities, the material is typically directly converted to a plasma.
Laser ablation through plasma generation is the result of ionization of a solid target due to strong laser
radiation that leads to material etching on the surface of the target. Laser ablation from sufficiently strong
short or ultrashort laser pulses is followed by the emission of a shock wave, and hence, it is of interest for
acoustics or ultrasounds applications. However, the sound generation mechanism essentially differs from
that in laser breakdown of gases. In laser ablation, acoustic pressure is generated mainly due to the
transfer of kinetic energy from the fragments of the ionized material to the particles of the surrounding
air via collisions [54]. The fragments escaping the surface of the material form a hemispherical vapor
plume, effectively pushing the surround air particles and generating a hemispherical shock wave [56] that
progressively transforms into a sound wave as it propagates away from the ablated material [54][55].
Nevertheless, the temporal and spectral characteristics of the acoustic pulses generated by laser ablation
are equivalent to those generated by laser breakdown of gases, as the ones presented in section 2.1.4
and shown in Fig. 2.5. The particular duration of the generated acoustic wave and its frequency spectrum

depend on the parameters of the laser radiation and the characteristics of the material.

Laser ablation can be induced by laser fluences significantly lower than the ones needed for laser-induced
breakdown, and particularly, in the order of 108 — 101° W/cm?, while it can also lead to high light-to-
sound conversion efficiencies, potentially exceeding 30% [45][58]. This is partially due to the generally
stronger optical absorption efficiency from the solid target, but also due to the strong coupling between
the colliding heavy particles of the ablated material and the ambient air [57]. Interestingly, there are
significant differences in the mechanisms leading to sound generation from laser ablation depending on
the duration of the laser pulse, which also lead to differences in the generated sound [59][60].
Particularly, in nanosecond laser ablation, the pulse tail interacts with the fragments of the material
produced by the pulse front, further heating the plasma and leading to a stronger ultrasound. This
phenomenon does not take place for femtosecond pulses, as the plasma plume does not form in such
short time scales and hence, there is no interaction of the plasma with the laser pulse [60]. On the other
hand, shorter pulses lead to less thermal dissipation in the target since thermal dissipation evolves at
longer time scales. Thus, shorter pulses lead to more efficient ablation at a given fluence, and hence to a

more efficient light-to-sound conversion [59][60].

Laser ablation is utilized in this work to limit the required optical intensity for plasma optoacoustic
transduction, in order to achieve multilevel audio transcoding in the laser-sound prototype. Due to the

exclusively practical adoption of ablation, further details on the phenomenon will not discussed here.
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2.3 Applications of laser-driven sound generation

Over the last decades, laser-driven sound and ultrasound generation have been proposed for and adopted
in a variety of scientific fields and applications. One of the first and most widely spread applications of
laser generated N-pulses is the triggering of ink ejection in laser jet printers [61]. Moreover, laser
generated sound has been used early on for remote sensing, material diagnostics and spectroscopy in
scientific and industrial applications. Laser-generated shock waves in liquids have been used for the study
of cavitation bubbles [62], while ablation-generated ultrasonic waves on solids have been used for
material diagnostics [63][64][65][57]. Laser ultrasound generation in the air close to a solid surface has
been used as a non-destructive alternative to ablation for diagnostics but also for the measurement of
the thickness of thin films [57]. An extensive review of laser plasma ultrasound generation in material
diagnostics and characterisation can be found in the work of Davies et al. [57]. Furthermore, laser-
generated sound has been used for remote sensing, often as a complementary method to Laser Induced
Breakdown Spectroscopy (LIBS), as it provides direct information on the targeted material, such as
hardness and consistency, only by auditory evaluation of the generated acoustic signal [67][68].
Interestingly, acoustic LIBS received broad attention with the incorporation of the SuperCam/Mars
Microphone [69][70][71] system in NASA’s Mars 2020 mission.

The broad and repeatable frequency spectrum of laser-generated N-pulses along with the very high sound
pressures achieved, renders laser-generated sound suitable for acoustics applications. Cooper et al. have
proposed the use of LIB N-pulses for the calibration of other ultrasonic transducers, while Hietanen [72]
et al. have proposed their use for the characterisation of capacitive ultrasonic transducers . More recently,
Bolafios, Eskelinen, Delikaris-Manias, Pulkki et.al. have demonstrated the suitability of LIB for acoustic
measurements [73][74][75][76]. Particularly, the suitability of laser-generated N-pulses in ambient air for
the evaluation of room acoustic responses has been shown in [73], while the possibility to synthesize any
acoustic directivity from a point cloud of laser-generated plasma sources in a 3D layout in air (volumetric
array) has been demonstrated in [75]. Moreover, such massless directional acoustic sources have been
proposed for synthesizing and evaluating radiation patterns in reverberant environments [76], for
example reproduced by loudspeakers, while such an application has been experimentally evaluated via a

scale model in [74].

Finally laser-generated sound waves have also been investigated for military / defense applications
[771[78][79], such as the development of non-lethal weapons and the laboratory study of sonic booms,
while they also play a central role in Inertial Nuclear Fusion (INF) as they can be used to ignite the nuclear
reaction [80][81].
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Conclusions

In this Chapter, the basic physical aspects of laser plasma generation in air or on solid targets were
presented. For this purpose, a simple mathematical model describing laser pulse propagation and optical
energy absorption was outlined, along with the rate equations describing the generation of free electron.
For the pulse propagation, linear Gaussian focusing by a lens was considered, while the influence of the
non-linear phenomena of plasma defocusing and self-focusing due to the optical Kerr effect were also
described through the mathematical expressions of the non-linear refractive index. The different
mechanisms involved in gas breakdown under the influence of short (nanosecond) and ultrashort
(femtosecond) laser pulses were discussed and their influence on the electron rate equations was
formulated. The different ionization regimes, particularly multiphoton, tunneling and over the barrier
ionization were described and the main theories deriving the respective photoionization rates were

discussed.

Moreover, in this Chapter the mechanisms behind the secondary radiative phenomena following laser-
induced breakdown of gases, namely the emission of a sound and a light pulse, were described. The
thermoelastic nature of sound generation in laser breakdown was highlighted and the processes involved
in the transfer of energy from the free electrons to the heavy particles in the ionized volume were
outlined. Light emission was attributed to free-free, free-bound and bound-bound processes,
corresponding to radiative electron deflection from heavy particles (Bremsstrahlung), electron
recombinations and de-excitations as well as to thermal radiation. The time scales at which the different
processes take place were also discussed, while the differences in light emission from hot and cold

plasmas were also briefly mentioned.

Laser ablation on solid targets was briefly discussed in a qualitative manner, since it is not thoroughly
studied in in this thesis but only utilized as a practical means for mitigating the energy required to
transduce optical energy into sound in the laser-sound prototype presented in Chapter 6. Finally, the main
scientific and engineering applications of sound generation via laser breakdown of gases / liquids and laser

ablation of solid targets were presented, focusing on applications related to acoustics.
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Sound reproduction and pulsed
audio modulations
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Introduction

As discussed in the previous Chapter, laser-induced breakdown from pulsed lasers leads to the generation
of discrete acoustic pulses with an N-shaped time profile. Due to the pulsed nature of laser-plasma sound
sources, the development of the proposed laser-based sound reproduction system dictates for pulsed
audio signal encoding. Pulsed audio modulations are widely used in state-of-the-art sound reproduction
technology, typically for: digital-to-analog (D/A) or analog-to-digital (A/D) conversion stages
[11[2][3][4][5][6] and audio signal amplification, mainly in class-D audio amplifiers [7][8][9][10] while
they have also been adopted in digital loudspeakers [11], MEMS-based drivers [12] and more recent
systems that allow direct reconstruction of digital audio bitstreams in air, without the need for D/A
conversion. A/D and D/A converters usually rely on Sigma-Delta (2A) audio modulation [1][13][14] and
constitute the basic building blocks of any digital audio system. Class-D amplifiers, sometimes also
referred to as digital amplifiers, are currently used in a broad spectrum of audio applications, from high-
end audio systems to energy-sensitive systems such as mobile phones and hearing aids. Such amplifiers
are driven from pulsed signals mainly obtained via 2A and Pulse Width Modulation (PWM) [15][16][17],
where ZA is implemented either in a 1-bit or a multi-bit (usually up to 5-bits) scheme, while PWM can be

either digital or analog.

This thesis builds upon such well-established concepts of pulsed modulations for sound reproduction to
develop a novel laser-based audio reproduction technology that transcodes digital audio signals into laser-
generated acoustic pulse streams. In effect, the proposed system converts digital audio low-level signal
streams into a power level acoustic waveform. For this reason, in this Chapter the fundamentals of state-
of-the-art sound reproduction chains are presented and compared to a conceptual representation of the
laser-sound reproduction chain. Also, the main pulsed audio modulations of interest for the laser-sound
technology, namely A, PWM and additionally, analog Pulse Amplitude Modulation (PAM) [18], are
presented, along with their mathematical descriptions. The main time-domain characteristics of the
respective modulated signals are presented and their in-band and out-of-band frequency spectra are
analyzed and compared.

Finally, a novel method for the derivation of the out-band Discrete Fourier Transform (DFT) coefficients
of Uniform-sampling PWM signals originating from random input signals with independent and identically
distributed samples is presented. Closed-form expressions of the UPWM DFT coefficients are derived for
input signals following Gaussian, Laplacian, arcsine and uniform distributions. The findings are supported
by computational evaluations of the DFT of UPWM signals via Fast Fourier Transform (FFT), showing good

agreement.
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3.1 Sound reproduction chains

Traditionally, sound reproduction chains consist of an audio source, often a pre-amplifier, a power
amplifier and usually an electromechanical moving-coil transducer, while an additional digital-to-analog
(D/A) conversion stage is added before the pre-amplifier in case of digital audio input signals [19][20].
The block diagram of such a sound reproduction chain is presented in Fig. 3.1 a). However, the
development and widespread deployment of class-D amplifies, due to their simpler circuitry and high
energy efficiency, has brought changes to the traditional chain. A class-D amplifier receives at the input a
stream of rectangular pulses that is derived from the original input signal with the use of a modulation
unit. After amplification, the pulse stream is passed through an output filter (LPF) that removes the high
frequency components of the modulated signal, effectively reconstructing an amplified version of the

original signal and delivers it to the loudspeakers [8].

The sound transduction chain based on a class-D amplifier is shown in Fig. 3.1 b). Note that, depending on
the implementation, digital-to-analog conversion might be combined with the pre-amplification of the
signals. If pre-amplification is not required, the analog or digital input can be directly routed to the
modulator, as common modulators can synchronize with digital streams. Moreover, Class-D amplifiers
can be efficiently driven by either pulse density signals, such as ZA signals, or pulse width signals. Roughly
speaking, they identify two input signal states, a high (1) state, which they amplify, and a low (0) state,
which they leave unchanged, effectively acting as switches providing output pulse streams that are
identical to the input streams, only with amplified pulses. Multi-bit ZA implementations can also be
employed, usually for D/A conversion [10], but they require more complex circuitry and often lead to less
cost-efficient designs.

a)
Audi
uato - Pre-amp —» Power amp —» Loudspeaker
source
T A
————— .
1 1 :
» D/A b
Y |
pulsed audio pulsed audio
b)
Audio —» Modulator | Class-D amp [ LPF |—» Loudspeaker
source
3 A
S AN A —
! 1" pre
' D/A 1
! 1 Voamp 1
(S I 1

Fig. 3.1: Block diagram of typical audio reproduction chain based on a) a traditional analog amplifier and b) a class-

D amplifier.
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The laser-sound system developed here and presented in Chapter 6 follows a rather similar concept to
class-D amplifiers, disregarding the D/A and pre-amplification stages. Indicative sound transduction chains
based on 1-bit and multibit ZA laser-sound transducers are shown in Fig. 3.2 a) and b) respectively
[21][22]. The 1-bit, or equivalently 2-level, ZA implementation is particularly simple to realize via a laser-
sound system by encoding the 0 as a no-pulse and the 1 as a pulse and for this reason, but also due to the
efficiency of its implementation in terms of laser pulse energy, it is used for the proof-of-concept
demonstration of the transducer prototype, as shown in Chapter 6. However, the adoption of multi-bit
ZA, PWM or analog Pulse Amplitude Modulation (PAM) can potentially have advantages over the 1-bit ZA
implementation, leading to significantly reduced laser requirements in exchange for increased system
complexity, non-linearities and added laser radiation control hardware [21][22]. This aspect is further
discussed in Chapter 6, where experimental results are shown from a 1.5-bit (3-level) implementation of

the laser-sound prototype, while simulations of a 5-bit system are also analyzed.

As extensively presented in Chapter 6, the interface is necessary in a 3-level implementation for delivering
the trigger sequence to the external trigger input of the laser and the control signal to the Electro-Optical
Modulation (EOM) [23]. Note that the EOM stage is only required for multi-level implementations. In 1-
bit ZA implementations or other possible implementations discussed in Chapter 7, the laser or the EOM
can be directly driven by the modulator. Nevertheless, it can be argued that in the laser-sound system the
class-D amplifier, low-pass filter and electro-mechanical speaker are replaced by a laser unit with potential
optical pulse amplitude control. It becomes evident that the laser-sound transducer performs both the
required power amplification of the signal and the electroacoustic energy transduction, via an
intermediate conversion to optical energy. Details on the design, implementation and evaluation of the

laser-sound transducer are presented in Chapter 6.

a) pulse audio pulsed control
Audio aptical
—» Modulator [ Laser
source
b) pulse audio pulsed control
Audio

—» DSP || Interface |—» Laser
source

optical

Fig. 3.2: Block diagram of typical laser-sound reproduction chain based on a) 1-bit and b) multibit A audio

modulation.
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3.2 Pulsed audio modulations

Before looking into each modulation separately, it is convenient to describe a common aspect of pulsed
modulations, particularly the formation of out-of-band (OoB) spectral components in the modulated
signal. Starting from a band-limited modulating (or input) signal with a highest frequency component f;,,,
the frequency spectrum of the modulated signal, whether A, PWM or PAM, extends well beyond f;,
[14][16][18]. The frequency range f > fi, is called out-of-band or out-band spectrum and originates from
the pulsed nature of the modulation. In general terms it can be thought of as the result of the discrete
and abrupt nature of the acoustic pulses, which translates in the frequency domain as high-frequency
content beyond the range of the original information signal. Note that, while the characteristics of the
out-of-band spectrum differ between the modulations, the spectral content in the in-band range (IB), also
called the band of interest, remains unchanged —or mostly unchanged —in all modulations. This effectively
means that, in all these non-linear modulations, the original signal can be reconstructed from the
modulated signal via simple low-pass filtering. As shown later, this characteristic of the discussed pulsed
modulations renders them appropriate for sound reproduction via laser-generated acoustic pulse streams
without the need for a receiving or demodulation device, since reconstruction of the original sound signal

is directly done in the human auditory system.

For the existing D/A and class D amplifier systems, the out-of-band modulation artifacts are suppressed
by analogue Low Pass Filters. However, in the proposed system, such a filtering operation is not viable
since the final reconstruction takes place in the air or on solid medium. Hence, an extensive and novel
analysis of out-of-band artifacts — especially for PWM, is also presented in this Chapter with the view of
potential signal preconditioning to control these unwanted components.

3.2.1 Sigma-Delta (£ZA) modulation

As mentioned in the introduction, 2A modulation is widely used in analog-to-digital and digital-to-analog
conversion [1][2][3][4][5][6], transmission and storage of audio data [24][25] as well as amplification and
reproduction of audio signals [7][8][9][10]. It is also used for changing the bit resolution or sampling
frequency of audio or other information signals, between different stages of a signal processing chain. In
A modulation, a band-limited analog or digital audio signal is converted into a stream of rectangular
pulses or a bit stream, depending on whether the modulator output is analog or digital, respectively. The
encoding can either be 1-bit or multibit (k-bit), the latter corresponding to 2¥ — 1 possible pulse
amplitude levels. The information of the input audio signal, manifesting as changes in the signal’s
amplitude with time, is encoded in the ZA signal as a pulse density varying with time. Particularly, a high
signal amplitude is transcoded as a dense sequence of pulses, while a low signal amplitude is transcoded

as a sparse sequence of pulses.

In ZA, signal quantization is carried out with low-resolution quantizers, usually 1 to 5 bits, leading to high

guantization noise levels [13]. The excessive in-band quantization noise of the ZA signal is treated by
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oversampling and noise shaping, through which, a significant part of the noise energy is shifted to the out-
of-band frequency range [13][14]. Particularly, oversampling extends the effective bandwidth of the ZA
signal well-beyond the frequency range of the input signal, thus distributing the quantisation noise energy
along a wider frequency range. In addition, noise shaping provides a high-pass spectral profile to the
guantization noise, leading to a further reduction of the noise energy in the in-band range. To achieve
noise shaping, A modulators entail negative feedback loops that involve integration and consequent
guantization of the input signal. The number of feedback loops used in a particular ZA implementation,
known as the order of the modulator, determines the shape of the noise transfer function and,
consequently, the SQNR in the in-band. Generally, a higher modulation order corresponds to a reduced
total inband noise energy and a steeper slope of the high-pass profile (see A modulator structure

subsection).

Fig. 3.3 presents the block diagrams of the linearized models of a first-order and a second-order ZA
modulator in the discrete-frequency domain [14]. To mathematically describe the behavior of a linearized
ZA modulator, assume an oversampled Pulse-Code Modulation (PCM) input signal x(n) with N number
of samples. The discrete-time PCM-to-ZA conversion can be described as a transformation My, from x(n)

to the modulator output ysa(m):
yza(n) = Mzafx(n)} (3.1)
In the discrete frequency domain obtained by DFT, the output Y55 (k) of the modulator can be written in
terms of the input X (k) as:
Ysa(k) = STF(k) - X(k) + NTF(k) - E(k) (3.2)
where k is the discrete frequency index, STF(k) and NTF(k) are the noise and signal transfer functions
of the modulator, respectively, and E (k) is the quantization noise [13][14]. For a 1*-order A modulator,

27T
STF(k) = 1 and NTF(k) = 1 — e /~*. Thus:

Yea(h) = X() + (1 — e /Y - (o) (3.3)

The spectral magnitude of the first order NTF can be written as:
INTE(k)| = 2 - |sin (Ek)l (3.4)
N

For the in-band frequencies, k < gand, hence, %k « 1. As aresult, Eq. (3.4) can be approximated by:

|NTF(k<<N)| o, (3.5)
2]l N ’

Eqg. (3.5) shows that the quantization noise of a first order A modulator exhibits an approximate first
order high-pass spectral profile in the in-band range. For such a modulator and with a full-scale sine wave

input, the Signal-to-Quantization-Noise Ratio (SQNR) is given by:
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a) b)

Fig. 3.3: z-domain block diagrams of the linearized models of a) a first-order and b) a second order A modulator,

2T
where U,V the input and output signals respectively, E is the quantization error and z = eIk,

913
= 3.6
SQNR 57 (dB) (3.6)

where L is the oversampling ratio. The impact of the order of the modulator on the in-band quantization
noise becomes apparent by comparison of the 1-order to a 2"-order modulator NTFs. The 2"-order NTF

takes the form:

2
@ (k)| = (2sin (= 7
INTF® (k)| = (25in (5 k)) (3.7)
which reduces for the in-band frequencies to:
21 \2
INTF® (k)| ~ (W k) (3.8)

Since for fi,: %”k <« 1 and by comparing Eq. (3.5) and (3.8) it becomes evident that:
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Fig. 3.4: DFT representation of a A modulation signal generated from a sine wave input signal with frequency
fsin = 200 Hz and sampling frequency f; = 44.1 kHz. The signal is modulated with a 1**-order modulator using

4x oversampling.
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INTF® (k)| < INTFD (k)| (3.9)

thus, the 2"-order modulator achieves higher suppression of the quantization noise in the in-band range.
This result can be generalized for n™-order modulators, under the assumption that the modulator’s
functionality is stable [13]. ZA modulator stability will not be further discussed here.

As an example, Fig. 3.4 shows a f5i, = 200 Hz sine wave x4i,(n) = %sin(ansinntS) with sampling

frequency f; = 44.1 kHz, t, = 1/f; and quantized with 8-bit resolution, modulated using 1-bit 1*-order
2A modulation and oversampling M = 4. In the figure, the characteristic noise shaping of 6 dB/oct slope
can be seen. Moreover, the considerable noise energy residing in the in-band range is due to the low bit

resolution and small oversampling factor.

3.2.2 Pulse Width Modulation

Pulse Width Modulation (PWM) is widely used in telecommunications, signal processing, digital audio
technology and power systems. Common PWM applications are signal coding and transmission [26],
wireless power transmission [27], electric motor control [28][29], optical data storage, audio amplifiers
(Class-D digital amplifiers) [9][17][30], power electronics [31][32] and other. PWM encodes the
amplitude of the modulating signal into the pulse duration of the modulated signal. Specifically, PWM
signals constitute sequences of rectangular pulses with fixed amplitude but varying duty cycle, which
depends on the instant amplitude of the modulating signal. In case of discrete-time and quantised
modulating signals with k-bit resolution, the resulting PWM pulses are also quantised with k-bit resolution

in the time domain, to account for the different signal amplitudes.

There are two main PWM categories: Natural-sampling PWM (NPWM), which is purely analog and is
practically the most widely used form, and Uniform-sampling PWM (UPWM), which is mainly used in
digital PWM systems and digital analysis of PWM signals. Both forms introduce strong out-of-band non-
harmonic modulation products [16][17][29] which generally extend to very high frequencies. Moreover,
in contrast to NPWM, UPWM exhibits harmonic distortion due to the quantisation of the pulse duration.
The out-of-band modulation products constitute a problem in both NPWM and UPWM systems, since
they often cause overheating and damage of components, non-linear behavior, noise through
electromagnetic interference, etc. [33][34][35][36]. In many PWM applications, a low-pass filter is
applied to remove the high frequency energy at the expense of increased cost, weight and dimensions of
the system [8][37].

UPWM is particularly useful, due to its digital nature, in computational simulations and for this reason,
this presentation focuses on UPWM signals. Nevertheless, under conditions presented in subsection
2.2.2.1, NPWM signals can be approximated by UPWM signals with sufficient precision, thus rendering
UPWM suitable also for the study of analog PWM systems. To mathematically describe UPWM signals, let

a discrete-time signal x(n): x(n) € [—% ,%],n € [0,d — 1], quantized with k-bit resolution, sampling
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frequency f;, sampling period t; and duration t; = d - tg, be the input signal to a UPWM conversion
process. The resulting discrete-time, double-edge uniform-sampling PWM signal y(m): y(m) € [0,1],
m € [0,D — 1], is a stream of square pulses of equal amplitude and varying width. A schematic
representation of the conversion process from x(n) to ypywm(m) is shown in Fig. 3.5. Each pulse of the
PWM signal corresponds to a single sample of the modulating signal and is centered in the middle of the
sampling interval t¢. The pulses take 2% possible discrete widths, corresponding to the discrete amplitudes

of x,. Each pulse is represented by Mp:2-(2k—1) samples [17], with a sampling period

_ - _ K _
» = 209D is and sampling frequency f,, = 2 - (2¥ — 1) - f; = M,, f;. The total number of samples of

the UPWM signal is D = M,d = E—d while its duration remains the same (t;).
P

The UPWM pulses result from comparison of the instant amplitude of the modulating signal x,, with the
amplitude of a triangular carrier s.,, with fundamental frequency f.,. = f; *. In order to be compared

with Scar, Xy, is upsampled to f,, (see Fig. 3.5)2. In the discrete frequency domain, x,, and y,,, are described

by the DFT vectors X: k € [O,% - 1] and Ypywm(k): k € [0,% - 1] respectively. The vectors X, and Y}

have a frequency resolution f; = ti and Nyquist frequencies % and ];—p respectively. The frequency range
d

s

up to 5 is mentioned as the band of interest, or in-band range, whereas the range %S f <f;p is

mentioned as out-of-band range. The out-of-band components of Y; are here treated distinctly for:

a. the carrier frequencies, namely the carrier fundamental frequency and its harmonics f* =m - f;, a €
N:me [1,%— 1] and,

b. the side frequencies f, ,, with b € (— g,g) defined as the out-of-band frequencies around the carrier

harmonics (not to be confused with the modulation sidebands [16]).

To address an out-of-band frequency, the nearest carrier harmonic £/ and a frequency distance f? from
f& isused, so that fr, , = " + f?. The related DFT index is written as k,,, , = md + b. Fig. 3.6 illustrates
the DFT representation of the sine wave xg;, (1) modulated with PWM. In Fig. 3.6 a), the in-band and out-
of-band components are separated by the frequency % and the carrier components are marked with
crosses. Fig. 3.6 b)-d) presents details from the spectra around the carrier fundamental f, = 44.1 kHz (1%
harmonic) and 2" harmonic f;> = 88.2 kHz. From [17][38], it is easy to see that the Fourier series

coefficients Y (k) of the UPWM signal y(n) at a frequency f = kf,, can be written as:

<k mky  _ 2k, S [k 1) ek,
Y(k)=Ak-Zsm(7-xn+ﬁ>-e d =Ak-Zsm ?(x"-l_f) e ’7d (3.10)

n=0 n=0

1 aAdditional PWM oversampling is here neglected for simplicity, without loss of generality.
Zp thorough description of the digital UPWM modulation process and signals can be found in Floros1998, Floros2007.
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Fig. 3.5: Conversion of a digital modulating signal to a stream of discrete-time UPWM pulses by comparison to

a triangular carrier [33][34].

1k
where 4, = —e Ia,
3.2.2.2 Approximating NPWM with UPWM

To understand the conditions under which UPWM signals approximate NPWM signals, the differences
between the two modulations have to be analyzed. In NPWM, a time-limited analog modulating signal
X4 (t) has effectively an unlimited bandwidth which can potentially lead to spectral folding (aliasing) in
the transition to the discrete-time domain. This issue can be addressed by limiting the energy of x, (t)
within the band-of-interest, i.e. through low-pass filtering, so that the out-of-band spectral energy
becomes almost negligible. It is well-known that in this case the analog signal x, (t) can be represented
by a discrete-time signal x,,, with sampling frequency f; = 2f;,. Moreover, the quantisation introduced
in the digital representation of x,, induces quantisation error. However, with sufficiently high quantisation

resolution, such errors can be negligibly small.

Most importantly, the leading and trailing edges of NPWM pulses are defined by the time instances at
which the amplitude of the triangular carrier equals the amplitude of the modulating signal x,. This, in
contrast to UPWM, leads to pulses that are not centered around the middle of the sampling interval. The

difference in duration between the nt" pulse of a UPWM and NPWM signal can be expressed as [17]:

E(M) = [(tieaa (™) — Mieaq(n) - £) + (terain () — Myrann(n) - )] (3.11)

where tjeaq (1), tiraij () are the time instances of the leading and trailing edges of the n™ NPWM pulse

and Myeaq(n), Mipaip(n) the time indices of the respective UPWM pulse.

52



o
(ws)
=
“

0O0B a)

=
5]
T

amplitude (dB)
g2 38 & 8 8

'

=~

o
T

8

102 0t Ty ' 10°
frequency (Hz)

amplitude (dB)

44100 / 88200
frequency (Hz)
0 = 4 | 3
0 1 c) d)
ey !
FET |
S |
%'_50 nd
%750- ‘ ‘ | ‘ ‘ ‘ ‘ ‘
70 !
@ il |||||‘\I\I. will, |I|ITI|I|.|.I||
44100 88200
frequency (Hz) frequency (Hz)

Fig. 3.6: DFT representation of a sinewave modulating signal with f;, = 200Hz, f; = 44.1kHz and 8-bit
resolution. a) full DFT spectrum, b) detail from 1st and 2nd carrier harmonic, c) carrier fundamental and
surrounding side frequencies and d) carrier 2nd harmonic and surrounding side frequencies. Odd/even
harmonics marked with crosses.

Several methods have been proposed for the suppression of artefacts introduced by digital UPWM
[17]1[39][40]. Here, a method based on the Asymmetric UPWM (A-UPWM) is briefly outlined. A-UPWM
partially suppresses harmonic distortion, eliminating the even harmonics and effectively doubling the
PWM carrier frequency without increase of the oversampling factor. This is achieved by using two
consecutive instances of the input signal to calculate a virtual intermediate sample xZ that will define the
trailing edge of the nt® UPWM pulse. It is easy to deduce that for A-UPWM, Eq. (3.11) can be written in

terms of the digital modulating signal x,, and the corresponding analog signal x, (t) as:
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T,
E() =2 | (%0 = Xa(fleaa®) ) + Cea(toran(@)) — x| (3.12)

E(n) can be minimized by adding appropriately calculated noise (dither) to the analog input signal. The
noise signal is continuous-time, k-bit quantised and is calculated so that the difference between the
resulting dithered digital signal x,, and the dithered analog signal x,(t) is reduced to the level of

quantisation noise:

LSB
| Xn — xtll(tlead(n))l < N (3.13)

For more details on the method, see [17].
3.2.3 Pulse Amplitude Modulation

Pulse Amplitude Modulation (PAM) is a type of analog or digital modulation that is widely used in
telecommunications applications and audio technology. Its most prominent uses are the Ethernet
communications protocol and digital television [18], while in audio technology PAM has been adopted in
class-D amplifiers [41] as well as the conversion of voice signals into PCM signals [18], among others. In
Pulse Amplitude Modulation, the information of the modulating signal is encoded as a stream of pulses,
whose amplitude is proportional to the instant amplitude of the input signal. PAM can exhibit either
continuous (analog) or quantized (digital) amplitude levels, while it can also be continuous-time or
discrete-time. Discrete-time PAM is commonly represented as a stream of impulses with varying

amplitude.

The generation of a discrete-time PAM signal y(m) withm = 0,1, ... D — 1 from an input signal x(n), with
n = 0,1, ...d can be seen as the result of zero expansion of the signal x(n) by a factor M. Mathematically,

the zero expansion can be expressed in terms of a stream of impulses:

ss(m) =Z6(m—pM) (3.14)
P

withp = 0,1, ...,d as [42]:

Ypam(m) = Z x(p)d(m — pM) (3.15)
p
The PAM signal y(m), is itself a stream of impulses appearing every M samples, where the amplitude of

the [*" pulse equals the amplitude of the input signal for n = p. As in Pulse Width Modulation, if the
sampling frequency of x(n) is f, the sampling frequency of y,,,,(m) is f, = Mf;. Moreover, the DFT
Ypam (k) = Flypam(m)] of the modulated signal can be derived from Eq. (3.15):
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Voam(K) = F | D" x(p)8(m = pM)| = > x(p)F[8m — pM)]

p

p

p

.2
B Z x(p) - e B P

14
Since D = Md, we get:

=D @) Y 80m —pM) - e TT = 3 x(p) - e TP

p

Voau () = Y x(p) - 47 = (k)

D

(3.16)

(3.17)

Equation (3.17) shows that the PAM signal has the same DFT spectrum as the input signal, however, there

is a difference that needs to be highlighted. Upsampling increases the sampling frequency by M times and

thus leads to an M-times extended DFT spectrum. Since the DFT is periodic, images of the input signal’s

spectrum beyond the Nyquist frequency reside now within the Nyquist frequency range of the PAM signal.

Fig. 3.7 illustrates this aspect for a sine wave input of 10 kHz, quantized with 8-bit resolution and sampled
at 44.1 kHz, thus having a Nyquist frequency of 22.05 kHz. The PAM signal is upsampled by M = 4 and its

Nyquist frequency is 88.2 kHz. For demonstration purposes, the spectrum is shown here using linear

frequency scale. It becomes evident that the spectral images residing in the out-of-band range of the input

signal, appear in the spectrum of the PAM signal at the frequencies:

f12 = 44.1kHz + 10 kHz = 34.1 kHz and 54.1 kHz

as well as:

f3 = 88.2 kHz — 10kHz = 78.2 kHz

n A o ) L
o o o o o o

magnitude (dB)

&
S

3
o

1
hlld b \I‘u

] IJLII l ‘\!.I

OoB

80 .| Ledled
0 20 fin

40
frequency (kHz)

60

80

Fig. 3.7: DFT representation of a Pulse Amplitude Modulation signal generated by 4-times upsampling of a sine

wave input signal with frequency f;;, = 10 kHz and sampling frequency f; = 44.1 kHz.
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3.3 UPWM spectra from random input signals

Here, it is demonstrated that when the input signal x,, is a random ergodic signal and its samples are
independent and identically distributed (iid) random variables (RV), the expected value of the coefficients
Y, can be directly evaluated from the statistics of the amplitude distribution of x,,, without knowledge of
the particular time-series of the input signal. Note that, if the input signal is random, the DFT coefficients

are random variables as well, and in this respect, their statistical properties need to be identified.

In order to determine the statistical properties of the DFT coefficients of UPWM signals generated by
random input signals, it is necessary to differentiate between the coefficients corresponding to the carrier

harmonics and the side frequencies.
3.3.1 Carrier harmonics
Starting from the carrier harmonics for which the DFT index takes the values k = md, m € N*, Eq. (3.10)
becomes:
d-1 L
Y (8) = Ay, - Z sin (nm(xn(H) 1 E)) . g~jzmmn (3.18)
n=0

where A, = (;;)d

and 6 denotes random variables. By adopting the vector notation for the signal
samples x,,(6):

Xq(6) = [x0(0) x1(8) ... x4—1(0)]*
and since e /2™ = 1 Eq. (3.18) can be written as:

Dm< 1, VO) >
d

Y,,(6) = (3.19)

with <,>, 1 denoting the inner product operator and an all-ones vector of length d, respectively, and

1
V(8) = [vI(6) v (8) ... v (6)]1] = sin <7rm (Xd + E))

The expected value uy, = E[Y,,(8)] of the DFT coefficients ;,,(8) becomes:

_ DMEKLVE(6) >]

3.20
mm d ( )

Uy,

It is known that, the expected value y,, of the linear combination v, of d identically distributed random

variables v:
V:(0) = cop(0) + c1v1(0) + -+ + cq-1Vq-1(6)

is given by:
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d-1 d-1

Hy, = IE[.qu] = Z Cnly, = Hy Z Cn (3.21)

n=0 n=0
while the variance U,fc is given by:
d-1 d-1
ot = E[(0e(0) - )" = Y ciod, =0, > ¢ (3.22)
n=0 n=0

Also, the inner product of VI*(8) with the unit vector 1, divided by the length d, can be written as:

<LVgO)> vi'+vt+ -+ vgy

= = pm 3.23
7 - v (3.23)
and hence:
E[< 1,VZ(O) >
[ dd (©) >] = E[¢#™] = pgm (3.24)
By using Eq. (3.21), Eq. (3.24) can be written as:
E[< 1, Vm 0) >|
[ © Z Upm = [y,m (3.25)

and by substituting into Eq. (3.20), we get for the expected value uy  of the DFT coefficients:

=™
m

ty,, = E[Y(6)] = ym (3.26)

Now, in order to investigate whether uy.  is an unbiased estimator, the variance a%m has to be calculated:

m 2
1. (< LVE©®) > Mvm> ] (3.27)

(mm)?

08, = E[(Ym(8) — 1y, )?] = 2

m 2
It can be seen that E [ M ,u,,m) ] is the variance 0'172m of the random variable ™. From Eq. (3.22)

it can be deduced that:

2
o2 = %" (3.28)
and thus, we get:
O'zm
[(V,. (6 2 L 3.29

Since 02 is bounded, a}?m goes to zero as d goes to infinity:

lim ay =0
d—co
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Hence, it becomes apparent that Y,,(68) are unbiased estimators of the mean values of the DFT

coefficients of the PWM signal y(m).
3.3.2 Side frequencies

On the side frequencies, Eq. (3.10) can be written by using the vector notation as:

mk d < E¥,VE(6) > D
V(@) =e’d——""T""""k=01,..,=—1 (3.30)
K@) =etd g d SR
.2mk .2mk
where EX = [ef ef ..ek_ ] = [1 e a .. e_]T(d_l)]. According to Eq. (3.21), the expected value

ty, = E[Y,(8)] of the DFT coefficient on the side frequencies takes the form:

d-1
Hy, = Hyk 2 ek (3.31)
n=0
where:
Uk = E[v¥]
Moreover, the sum term is zero since:
d-1 d-1 ok K
ek = (e I7a ) =0
n=0 n=0
and hence:
ty, =0 (3.32)

Again, to see if piy, is an unbiased estimator of the side frequency DFT coefficients, the variance cr%k has

to be calculated:

ke d < E*,VE(@©) >|° d\* _[|< E* vE(e) >|°
2 =E[(Y(0) — l=Elle’d —— 24~ =<—)IE - a e 3.33
O-Yk [( k( ) ,Llyk) ] e Tk d k d ( )
Now, since:
E[< E*, VE(6) >]
k yk k yk 2
where w¥ = M, the term E [ <E"Va(6)> ] can be written as:
d-1
< EX,VE(6) > 1 o2 ol
’ _ 2] —
e [T o3
n=
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and finally:
1

2 _ 2
Ovi = zj2 Ok (3.36)
d
21,2 2
However, =2 = 72 (mzd +2mb + %) and:
bZ
6%im (mzd + 2mb + 7) - (3.37)

from which it becomes evident that Y}, (0) constitutes an unbiased estimator of the mean of Y, (8) since,

when d goes to infinity, Y, (8) convergences in probability to the true mean value.
3.3.3 Closed-form formulas for common distributions

We have proved that Y}, (0) are good estimators of the mean of the DFT coefficients of UPWM signals ¥,
originating from random input signals X ; generated by iid random processes. In this subsection we show
that, for particular distributions of the RVs x,,(8) whose probability mass functions can be expressed in
closed-form, the DFT coefficients Y;,,(6) can be expressed in terms of the parameters of the distribution,
such as the variance. Starting from Eq. (3.18) and by using e /27" = 1 distinct expressions can be

obtained for the odd and even values of m:
d-1

_ Zcos(nmxn(e)), Moad
_ =0
Y (0) = —— i (3.38)
Z sin(mrmx,(0)),  Mepen
n=0
By Taylor expansion of the sinusoidal terms, we get:
d—1 oo
(-1 21
o | 122 G @) M
Y (0) = gy Dm0t (3.39)
mmd (-1)! " 2041
z m(ﬂm) (x(0))" ", Meyen
n=0 k=1

and by exchanging the sums:
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o D" 1N, e
1+; iy EnZO(xn(e)) , Moaq

o=
UZ (2(l_+)1)|(7fm)21+1 Z( nO)T ) e (3.40)
_om 1+2((_2—’1))!l(nm)%2[' .
m iol(z(l—Tl)ll)!(nm)zzHszHl, Mepen
where: _
sy = L@ > .

Equation (3.40) can be used to derive closed-form formulas when the RVs x,, (6) follow normal, Laplacian,
arcsine and uniform distributions. Nevertheless, the presented method is not limited to these
distributions and can be applied to other distributions as well. The PMFs of the particular distributions are
symmetric around the mean and have zero odd moments p, 2i+1 = 0. Thus, from Eq. (3.40) it becomes
apparent that, for symmetrically distributed RVs x,,(8), the resulting UPWM signals exhibit odd harmonics
only. To derive the closed-form formulas for the odd harmonics, the even moments p, 21 are required,
which can be approximated with the respective moments of the continuous distributions, considering fine
guantization and sufficiently large observation window [43]. Note that, the amplitude of the quantized
signals is effectively restricted within a limited range, thus, the present distributions are truncated in the
tails. However, this aspect can be neglected considering that the vast majority of the PMF values lies
within the quantization range. The adopted assumptions are also supported by the evaluation results
presented in the next section, showing that the coefficients Y,,,(8) on the odd harmonics can be predicted

with high accuracy from the closed-form formulas.
The n' moment pyn of the normal distribution are expressed in terms of the standard deviation as:

yat = of - (21— D!

and by substituting in Eq. (3.40), we get:

YrglN)(Q) =A,d- (1 + z(—l)l (mm)% TA”')' Modd (3.42)
it i
which leads to:
m-—1 mmno
YN@O) = Apd- (1) Z -e” 2,  myyy (3.43)
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Respectively, for

e the Laplacian distribution: 2t = o' - 21!,

. . _ (=D
e the sinewave distribution pg2i = @D
21
e the uniform distribution p 21 = ﬁ, where v = (@ — ¢)/2 and a, ¢ the upper and lower limits

of the uniform distribution.

The closed-form expressions that occur are written as:

m-1 1

Y,ﬁ(@) = Amd . (—1) 2 - m, Modd (3.44)

Yffl(e) =Apd 'fo(mﬂ)' Moygd (3.45)
sin(mnv

YY(6) = A,,d % Mogd (3.46)

Note that Eq. (3.45) agrees with the relation obtained by the double Fourier series method [15].
3.3.4 Simulation results

In this section, the results of the presented analysis are demonstrated and validated via computational
evaluation of the DFT of UPWM signals originating from random input signals. Particularly, the effect of
the statistical dependence of the input signal’s samples on the UPWM signal’s DFT is investigated. The
effect of the size of the observation window on the side frequency components of the UPWM signal’s DFT
is demonstrated. Moreover, the accuracy of the closed-form formulas presented in section 3.3 is
evaluated by comparison to direct computational evaluations via DFT. Ultimately, an application of the
presented analysis is demonstrated where the DFT components of UPWM signals originating from
different speech signals is predicted from the close-form formula of Eq. (3.44), by assuming statistical
independence of the signal’s samples. All signals used for the evaluations were sampled at 44.1 kHz and

guantized with 8-bit resolution.
3.3.4.1 The effect of statistical dependence

We assume two signals whose samples follow the arcsine distribution, the histogram of which is shown in
Fig. 3.8. The first signal xg;, is a sine wave with f5;, = 200 Hz and is shown in Fig. 3.8 b). The signal xg;,, is
deterministic and thus, statistical independence between its samples does not hold. The second signal
x,(8) is a noise signal obtained via random rearrangement of the samples of the sine wave signal x4,
and is shown in Fig. 3.8 c). The signal x,.(8) has a zero autocorrelation function and its samples are
statistically independent. The two signals are used as inputs in a UPWM conversion process, generating
the UPWM signals ygi, and y,.(6) respectively. The discrete Fourier transform of the UPWM signals are
shown in Fig. 3.8 d) and e), where it becomes apparent that the DFT coefficients on the carrier harmonics

are the same for both signals. This indicates that statistical dependence of the samples of the input signal
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does not affect the DFT coefficients of the carrier harmonics. However, the two signals differ significantly
on the DFT coefficients of the side frequencies: the sinewave signal has prominent components on
particular side frequencies (see also Fig. 3.6), whereas the random signal does not exhibit prominent side

frequency components and has a noise-like side-frequency DFT spectrum.
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Fig. 3.8: a) Histogram of an arcsine distribution, from which b) a deterministic sine wave signal and c) a random
noise signal are generated; d) and e) show the computationally evaluated discrete Fourier transforms of the sine
wave and random noise signals respectively.

3.3.4.2 The effect of the observation window size

In subsection 3.3.2 it was shown that the RVs Y, (8) of a UPWM signal ¥, (6) generated from an input
signal X4(6) with iid RVs x,(08) have a zero mean (Eq. (3.32)). Moreover, it was proven that Y, (6) are
good estimators of the DFT coefficients of ¥, (6) and their value tends to the mean with increasing size
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of the observation window. This aspect is demonstrated here by computational evaluation of the DFT of
Y (0) generated from such a random input signals X;(6) with different PMFs, particularly Normal,
Laplacian, arcsine and uniform distributions [44]. The results are presented in Fig. 3.9, where the out-of-
band DFT spectra of the signals Y;, are shown for two observation windows with d; = 4410 samples and
d, = 44100 samples, corresponding to 0.1 and 1 second respectively. The energy of the signals is kept
constant in order for the results to be comparable.

From Fig. 3.9 it becomes evident that for all signals the DFT coefficients Y,,,(8) on the carrier frequencies
remain effectively unchanged with the change of the observation window, while the coefficients Y, (6)
on the side frequencies are noticeably reduced. The computationally evaluated variance of the DFT
coefficients on the side frequencies:

D
51
’ 2 Y.
o = G5 Zj (%(6) ~ Te(®)’ (347)
k==

k+md

was found to be reduced by a factor of 10 for the larger window, which is in accordance with the

predictions of Eq. (3.36). To demonstrate this aspect, the mean change in the variance of the DFT
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Fig. 3.9: DFT spectra of squared UPWM signals generated from input signals with a) normal, b) Laplacian, c)
arcsine and d) uniform distributions, evaluated for two different observation windows, d; = 4410 (blue) and
d, = 44100 samples (red).
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- d d . . . . .
coefficients over a frequency range [—5,5] around a carrier harmonic f;,, is estimated, by calculation of

the integral:

b2 1
m? (mzd +2mb + 7) db = 2 (mz + E) d (3.48)

Ul -
I
v~ va

According to Eq. (3.48), the relation of the mean variance ac, of the DFT coefficients over the range

[—%,g] for window sizes d; and d, = 10d; becomes:

g, dy

—=—=0.1
proving that the variance of the side frequency DFT components is expected to reduce by 10 times via a

tenfold increase of the observation window.
3.3.4.3 Non-symmetric distributions

In subsection 3.4.3 it was shown that the DFTs of UPWM signals originating from random input signals
with symmetric probability mass functions around the mean, lack the even carrier harmonics (Eq. (3.40)).
Here it is shown that asymmetry in the PMF leads to prominent even harmonics, whose magnitude
depends on the level of asymmetry. To demonstrate this aspect, computational evaluations are presented
for 5 different input signals with samples following different distributions of the Pearson family [45]. For

the distributions, the following parameters were selected:
u=00=1u,.=3
while the skewness p1,.3 took the values:
Uz =02, 04, 06, 08, 1
For the signals, an observation window of 44100 samples was used, corresponding to 1 sec duration.

Fig. 3.11 a) shows the histogram of an input signal generated for p,s = 0.8 while Fig. 3.11 b) shows the
DFT spectrum of the corresponding UPWM signal. It becomes evident that the skewed distribution
exhibits prominent DFT coefficients on the even carrier harmonics, which were completely absent in the

symmetric distributions (see Fig. 3.9).

Moreover, Fig. 3.10 shows the magnitude (in dB) of the DFT coefficients on the 4 first even harmonics for
the 5 different UPWM signals, normalized with respect to the coefficient of the carrier fundamental.
Generally, the coefficients are amplified with increasing skewness, with the only exception being the

coefficient of the 8" harmonic for s = 0.8, which could potentially be due statistical error. Although
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the results for the particular distribution show an increase in the even harmonics with increasing

skewness, no generalization can be made for other skewed distributions.
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Fig. 3.11: a) histogram of a signal X; with samples following a Pearson distribution with parameters u = 0,0 =
1,u,3 = 0.8, U4 = 3andb)DFT spectra of the UPWM signal generated from X.
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Fig. 3.10: DFT coefficients (in dB) of the even carrier harmonics of five UPWM signals generated by an equal
number of random input signals whose samples follow Pearson distributions with parameters u = 0,0 =
L,pu.a=3andp,s =02, 04, 06, 08, 1.

3.3.4.4 Closed-form formulas

Table | summarizes the results from the evaluations of the harmonic DFT components Y,,(8) of UPWM
signals originating from input signals with arcsine, normal, Laplace and uniform distributions, while the
diagrams of the DFTs are also shown in Fig. 3.9. The values in the table correspond to the magnitude in
dB of the DFT coefficients of the first 4 odd carrier harmonics (3, 5, 7 and 9) and are normalized for each
signal with respect to the coefficient of the fundamental frequency. From the table it can be seen that the
results of the DFT are almost equal to those of the closed-form formulas, with deviations less than 1 dB.
The DFT evaluations are susceptible to statistical error, since they are based on a single realization of the

random process, whereas the closed-form evaluations are based on the true values of the generating
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processes’ statistical parameters, here the variance, and do not depend on the particular realization. The
very good agreement between DFT and closed-form evaluations demonstrates that, when the input
signal’s samples are iid RVs with known distribution, the DFT spectra of the UPWM signal observed within
a sufficiently large window can be calculated from the distribution’s statistical parameters, given an
ergodic generating process. If the input signal’s samples are not iid RVs, only the DFT coefficients on the

carrier harmonics can be calculated from the distribution’s statistical parameters.

Moreover, UPWM signals transcoded in real PWM systems often originate from input signals with typical
sample distributions. Such examples are audio signals of speech or music. Speech signal samples, in
particular, are considered to be well described by the Laplacian distribution, as documented in several
works [46][47]. Speech signals do not exhibit zero autocorrelation and thus, their samples cannot be
considered iid RVs. As a result, Eg. (3.32) does not hold and the DFT components Y3 (8) of the side
frequencies cannot be predicted from the statistics of the input signal. Nevertheless, it is demonstrated
that the DFT components Y,,,(8) on the carrier harmonics, and particularly the odd harmonics which are
dominant in the out-of-band UPWM spectra of such signals, can be predicted from the Laplacian closed-

form formula with sufficient accuracy.

Table 1: Amplitude (dB) of the carrier harmonics evaluated via the closed-form formulas

] Harmonic Order (o)
Signal
3 5 7 9

DFT Eq DFT Eq | DFT Eq DFT Eq

Sine -145 | -14.0 | -21.2 | -220.7 | -25.5 | -25.0 | -289 | -283

Normal -13.1 | -13.0 | -24.6 | -244 | -382 | -37.7 | -54.7 | -538

Laplace -10.8 | -11.0 | -173 | -17.8 | -22.6 | -23.4 | -27.1 | -28.2

Uniform -19.2 | -19.1 | -27.8 | -28.0 | -339 | -33.8 | -37.8 | -38.2

To demonstrate this aspect, a female speech extract with duration of 5 sec is used, taken from the
Archimedes anechoic audio library [48]. The histogram of the extract is calculated and fitted via a Laplace
function, to determine the distribution’s width parameter. Then, the coefficients Y,,,(8) are calculated
from Eq. (3.44) and the results are compared with the direct calculation of the UPWM signal’s DFT. Fig.
3.12 a) shows the histogram’s envelope and the fitting curve of the first extract, while Fig. 3.12 b) shows
the DFT spectrum of the respective UPWM signal. In Fig. 3.12 b), the prominence of the odd carrier
harmonics becomes evident. Even carrier harmonics are also present, however, they are significantly
suppressed compared to the odd harmonics. Finally, Fig. 3.12 c) presents the comparative results of the
DFT coefficients via DFT of the UPWM signal and via the closed-form formula of Eq. (3.44). It can be seen
that the Laplace formula predicts the coefficients Y,,,(8) of the odd carrier harmonics with high accuracy,

proving that the proposed analysis can be also applied in real PWM systems.
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Fig.3.12: a) Envelope and Laplace fitting curve of the histogram and b) computationally evaluated DFT spectrum
of a 5s female speech extract; c) comparative estimation of the DFT coefficients via DFT of the UPWM signal

and via the closed-form Laplace formula.

Conclusions

This Chapter covered fundamental aspects of current sound reproduction technology and the basic
concepts of pulsed audio modulations that are widely used in modern sound reproduction systems.
Moreover, it outlined the structure of a sound reproduction chain based on a laser-plasma transducer and
compared it to state-of-the-art class-D amplification and reproduction chains. Particularly, the basic
concepts of ZA modulation, Pulse Width Modulation and Pulse Amplitude Modulation were presented,
which are the most widely adopted techniques in current sound reproduction systems based on class-D
amplifiers and are of interest for the development of laser-sound transducers. The time- and frequency-
domain representations of these modulations were analytically presented, with emphasis to the
distinction of the in-band (IB) and out-of-band (OoB) frequency range of the modulated signals. In all,
three modulations, the frequency content of the input is effectively preserved in the in-band range of the

modulated signal, thus requiring only low-pass filtering for the reconstruction of the original signal.

Moreover, the OoB spectral components of the A, PWM and PAM, modulations were analyzed and
compared for a sine wave, input showing significant differences. It was shown that, ZA modulation, being
the only purely quantized modulation among the tree, and having low-bit resolution, exhibits significant
high-pass noise energy in the OoB spectrum, due to noise shaping. On the contrary, PAM being an analog
modulation - although here simulated digitally - does not exhibit noise but instead exhibits mirrored
images of the in-band content in the OoB spectrum. PWM exhibits modulation products in the OoB
spectrum, generated by a highly complex intermodulation process. All three modulations have strong

spectral components on the carrier frequencies.

Finally, a novel method for the analysis and derivation of the DFT of Uniform-sampling PWM signals
originating from random PCM signals with independent and identically distributed samples was
developed. Particularly, it was shown that the DFT coefficients of such UPWM signals in the out-band

range can be calculated directly from the statistics of the generating random process; the obtained
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random variables are unbiased estimators of the true mean of the DFT coefficients, with their variance
tending to zero when the signal observation window tends to infinity. Thus, it was demonstrated that the
method enables the estimation of the UPWM DFT spectra without knowledge of the particular time-series
of the input signal, given that the generating random process is ergodic. When the samples of the input
signal are identically distributed but not independent, only the DFT coefficients on the harmonic
frequencies of the PWM carrier can be calculated. Finally, it was shown that this approach allows for the
derivation of closed-form expressions for the DFT coefficients when the samples of the input signal follow
common distributions such as Gaussian, Laplacian, arcsine and uniform. The closed-form expression for
the Laplacian inputs was used to estimate the DFT coefficients of a UPWM signal generated from a female

speech excerpt, showing very high accuracy.
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Chapter 4

The correlation between sound and light
radiation following nanosecond laser-

induced breakdown in air
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Introduction

In Chapter 2, the secondary emission of light and sound radiation following Laser-Induced Breakdown
(LIB) in ambient air by short or ultrashort pulses was discussed, while from previous works there has been
some evidence that there is a correlation between the pressure wave and the secondary light emitted
from the laser-matter interaction volume following laser-induced breakdown (LIB) in the air [1][2][3]. In
this Chapter, a novel experimental and computational method for the joint study of the LIB secondary
radiative phenomena is presented and utilized for the development of a phenomenological model clearly
demonstrating the correlation between the emitted optical and acoustic signals. Specifically, the
methodology and results from simultaneous measurements of these signals generated by nanosecond
laser pulses of different energies are presented. In contrast to most existing works, the measurements
presented here are carried out over time windows that are long enough to cover the complete temporal
behavior of the radiative phenomena starting with the plasma formation up to the complete cooldown of
the interaction region. From the measured optical signal, the contribution of the thermal radiation is
isolated and reconstructed using signal processing techniques. The analysis shows that the thermal optical
radiation and the acoustic radiation evolve at the same time scales, a fact that demonstrates the well-
known thermoelastic nature of the LIB-generated sound waves. Based on these findings, a
phenomenological model is developed which allows for the calculation of the frequency spectra of a LIB
acoustic pulse from the thermal radiation signal. The model’s evaluations show good agreement with the
experimental measurements for different energies of the laser pulse, proving that the sound wave
following LIB can be directly evaluated from the respective optical radiation emitted from the interaction

region.
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4.1 Study of light and sound radiation following Laser-Induced

Breakdown in air

The joint study of the secondary radiative phenomena following LIB combines experiments and signal
processing techniques and leads to the development of a phenomenological physical model that allows
for the estimation of the frequency spectra of the laser generated acoustic pulses from the light signal
following LIB. Both the experiments and the model development were a result of the collaboration with
the Institute of Plasma Physics and Lasers (IPPL) of the Hellenic Mediterranean University (HMU). An

overview of the methodology is presented below and is schematically depicted in Fig. 4.1.

(EXP) In the experiments, the LIB light and sound signals generated by laser pulse streams of different
energies are simultaneously captured and recorded. Particularly, the acoustic signals s ;. (t) are captured
by a special microphone with broad frequency response and are routed to a high-sampling rate audio
interface which converts them to digital streams. The streams are recorded in a Digital Audio Workstation
(DAW). At the same time, the optical signals sph(t) are captured by an ultrafast and broadband

photodiode and are routed to a digital oscilloscope, where they are digitized and stored.

(SP) The acoustic signals s.,;-(t) are analyzed in order to segregate single LIB acoustic pulses from the
pulse stream. For the derivation of a representative single pulse, averaging over multiple pulses can be
used if appropriate. Consequently, the frequency spectra S;jg(w) of single LIB acoustic pulses are
calculated using the discrete Fourier transform (DFT). The same segregation approach is used for the
recorded optical signals s}, (t), where averaging can be directly imposed in the oscilloscope. From the
optical signal corresponding to a single breakdown event, the thermal signal sy(t) is estimated by
removing the non-thermal optical components using signal processing techniques.

(PM) Finally, the results of the experimental and signal processing procedures are utilized for the
development of the physical model that effectively correlates the light and the sound radiation that
follows laser induced breakdown. The model is based on the linear wave equation and uses the derived
thermal signal sy (t) as a heat source. The model’s solution in the frequency domain gives the frequency
spectra Sy jg(w) of the LIB acoustic pulses and is validated by comparison with the measured acoustic
spectra. The good agreement between the model’s predictions and the experimental results proves the
correlation between the light and the sound emitted in LIB, demonstrating that the sound can be derived

from the light signal and, vice versa, the deposited heat can be estimated from the acoustic pulse.
4.1.1 Experiments

The experimental setup used for capturing the LIB light and sound signals is also shown in Fig. 4.1. The

laser system was a Quantel Brilliant-B Nd:YAG laser [4], delivering 6 ns optical pulses with energy from
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Fig. 4.1: Methodology and experimental setup for the simultaneous recording of the sound and light generated
in air laser-induced breakdown, the processing of the recorded signals and the development and evaluation of

the physical model.

40 m] to 100 m] at 532 nm wavelength (second harmonic). For the experiments, a pulse repetition rate
of 2 Hz was selected, ensuring that the time window between two consecutive pulses At = 0.5 s is

sufficiently large for the complete phenomenon to evolve [5][6][7]. The large window also ensured that
possible room reflections induced by one pulse do not interfere with the next pulse, so that they can be
eliminated in post processing if required. The initial diameter of the laser beam was 9 mm and it was
focused with a 75 mm lens. The estimated beam diameter at the focal spot was ~17 um resulting to peak
laser intensities between ~3.0 X 1012 W/cm? and ~7.5 x 1012 W/cm? for the 40 mJ and 100 m] pulses
respectively. Note that the air breakdown threshold for these conditions is approximately 4.0 x 1011 W/
cm?, which is well-below the used intensities [8][9]. The abundance of optical intensity renders the
breakdown and the secondary radiative phenomena more repeatable, since close to the threshold, small
deviations in the optical intensity might result to large deviations in the generated sound and light signals
[9][10].

The overall ionization region was measured in the order of a few mm3. The region exhibits a teardrop
shape that is elongated in the propagation direction of the laser and becomes larger with increasing laser
pulse energy. The acoustic signal was captured by a microphone (G.R.A.S 46BE [11] and power module
12AK [12]) with a broad frequency range 3 Hz-100 kHz. The microphone was placed at a distance of 1.2m
from the focal region and at an angle of 90 degrees with respect to the axis of propagation of the laser
pulse. It should be noted that the microphone has to be placed off the axis of propagation of the laser
pulse, in order to avoid the remaining optical energy hitting the microphone membrane. This, however,
does not affect the result of the acoustic measurement, since it is known that, for such small ionization
volumes, the plasma acoustic source is almost omnidirectional (see also Chapter 5, subsection 5.2.3.1).

Finally, the microphone was connected to a sound card (RME Fireface 802 [13]) with a bandwidth 5 Hz-
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92 kHz. The digitized sound pulses were recorded with the Audacity software [14] at a sampling rate f; =
192 kHz.

The light signal was captured with an ultrafast InGaAs photodiode (Alphalas UPD-40-UVIR-P [15]) which
is best suited for measuring optical signals with a bandwidth from DC to 7.5GHz. The rise times of the
photodiode vary from 30 to 500 ps and cover a broad light spectrum from 250 to 1700 nm. From Planck’s
law describing blackbody radiation, it can be derived that this photodiode can capture thermal radiation
from matter with a temperature between ~1700 K and ~11600 K. The capability of the optical sensor to
capture thermal radiation in a broad temperature range is critical in the presented method, as the
accuracy of the physical model’s estimations relies on the accuracy with which the thermal radiation is

captured.

In order to enhance the optical signal, a 10mm light collecting quartz lens was placed between the
breakdown spot and the photodiode, effectively increasing the stereoscopic angle over which the light
was collected. It has to be noted that, under these experimental conditions, the free electron density in
the laser-induced plasma is estimated in the order of 5— 8 x 102*/m3. Such an electron density
corresponds to a plasma frequency of approximately w, = 1.5 X 10'* Hz, which is well below the
maximum light frequency that can be detected in our experiments (w, = 1.1 X 10° Hz ). As a result, the
generated plasma is fully transparent for the optical radiation of interest, and thus, optical radiation
generated in the core of the plasma volume reaches the photodiode without significant losses. Under this
condition, it can be considered that the number of photons collected by the photodiode is proportional
to the total number of photons emitted across the entire plasma volume. The optical signals were
recorded with an oscilloscope at 1 GHz sampling frequency within a 50 us time window. Although the
high repeatability of the phenomenon did not dictate averaging over multiple pulses, both the acoustic

and optical signals presented here were averaged over 25 pulses in order to reduce background noise.
4.1.2 Signal Processing

4.1.2.1 Acoustic signal analysis

In Chapter 2 it was shown that the LIB acoustic waves exhibit a broad frequency spectrum extending from
the lower audible frequencies up to the ultrasounds. Due to the bandwidth limitations of the microphone
and the analog-to-digital conversion system, whose combined cutoff frequency f.,. is approximately
around 90 kHz, the signals could not be perfectly captured in the experiments. Nevertheless, the spectral
peaks of the LIB acoustic pulses, which effectively denote the frequencies with the highest energy content,
lie within the range between 20 kHz and 30 kHz, while a lower spectral peak appears between 60 kHz and
80 kHz. Since these frequencies are well below f,, it can be considered that the acoustic pulses are
captured with sufficient accuracy for the purposes of this study. The frequency spectrum of the LIB
acoustic pulses is calculated via Fast Fourier Transform (FFT) [16]. To preclude spectral folding from

components beyond the system’s cutoff frequency, a sampling frequency of 348 kHz was used for the
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recordings. The observation window for each pulse has a duration of 0.5 s corresponding to 192000
samples. The frequency resolution of the FFT vectors is 2 Hz and the maximum representable frequency
is 192 kHz, however, it is practically limited to 90 kHz due to the abovementioned bandwidth limitations

in the system’s response.
4.1.2.2 Optical signal analysis

The emission of light following laser-induced breakdown is a complex process involving several distinct
radiative phenomena that take place during ionization and consequent relaxation of the laser-matter
interaction region. For the purposes of this work, the optical signal analysis and processing aim at the
isolation and deduction of the thermal component from the total optical radiation, in order to use it as a
heat source in the phenomenological model. The model correlates light and sound emission following LIB
by proving that the LIB acoustic waves can be calculated from the thermal signal. Nevertheless, the
proposed method also offers insight into the radiative phenomena, by revealing the time scales and the
intensities of their manifestation and by extracting the time profile of the radiation generated by each
different process. The signal analysis is based on previous understanding of the radiative phenomena in
LIB, which can be attributed to free-free, free-bound and bound-bound processes and particularly: a)
Bremsstrahlung, b) electron transitions, including radiative recombinations and de-excitations, and c)
heating [1][9][7].

At times comparable to the laser pulse duration, the electron density in the interaction region is high due
to photoionization. In this initial stage, plasma radiation is dominated by the Bremsstrahlung, namely, the
radiative free-free transitions of electrons deflected by other charged particles, such as free or bound
electrons and nuclei [1][9]. Immediately after the laser pulse excitation, the free electron density
decreases rapidly due to electron loss processes [9][10]. The lifetime of free electrons in the air in the
absence of excitation is in the order of several nanoseconds [1][6][9], and thus, Bremsstrahlung radiation
is expected to fade within the first few hundred nanoseconds of the phenomenon. During this stage, light
radiation produced from electron-ion recombinations (free-bound transitions) [9][6] and radiative
electron de-excitations (bound-bound transitions) becomes dominant. Most importantly, these
transitions lead to progressive energy transfer from the excited electrons to the heavy particles (ions,
atoms, molecules) in the interaction volume, resulting to a local rapid increase in temperature. As time
progresses, the free electron density is depleted and the plasma relaxes. At these later stages, radiation
can be attributed solely to the increased heat in the interaction volume and to electron de-excitations.
Light emission continues until the heavy particles in the excited medium cool down to ambient
temperature [17][18]. A conceptual chain of processes behind laser-induced breakdown in air starting

from laser energy deposition to the generation of the mechanical shock wave is shown in Fig. 4.2.

Following this analysis, the sources of light radiation in laser-induced breakdown and the respective

optical signals captured by the photodiode can be categorized into 3 groups [1][9]:
1. Bremsstrahlung radiation sp(t), generated by deceleration of the free electrons in the dense plasma.
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2. Radiation from electron transitions sy (t), including radiative free-bound electron recombinations
and bound-bound electron de-excitations.

3. Thermal radiation sy (t) due to the heating of the heavy particles in the interaction volume.

As described earlier, the rapid local heating of the air leads to thermoelastic expansion of the excited
volume, which in turn leads to the formation of the LIB shock wave. In the model developed here, the
thermoelastic expansion is attributed to a heat source whose time profile is estimated by the optical signal
sy(t) relating to the flow of thermal energy in the interaction region. However, sy (t) is not directly
accessible from the photodiode measurement and needs to be deduced from the total optical signal
including also the sg(t) and sy(t) components. Fig. 4.3 shows a typical photodiode signal sy, (t)
generated by a 40m) laser pulse energy, where the signal amplitude is in logarithmic scale. In the figure,
distinct time regions can be seen that correspond to the different phases of the radiative processes
following LIB. In each interval, the main sources of radiation are marked. Region (I) corresponds to the
early times of the plasma lifetime where the optical signal is dominated by Bremsstrahlung radiation
[19][20]. Radiation from electron transitions is also present at that time, however it is weak compared to
sg(t). Region (Il) marks a transitional time interval where multiple sources of radiation contribute to the
total irradiance. Bremsstrahlung radiation is weakened due to the rapid decrease of the free electrons
after the influence of the laser pulse [6][9] and thus, the measured signal can be mainly attributed to
electron recombinations and de-excitations [1]. Note that, at these times the heavy particles in the ionized
volume are still cold and there is no thermal radiation present in the optical signal. Progressively, the
thermal radiation becomes significant as the heavy particles gain energy through interactions with the
recombining electrons, while the electron density decays. At these later times, light radiation originates
mainly from electron de-excitations and heat in the interaction volume. Finally, region (lll) marks the last
phase of the radiative phenomenon, where radiation from electron de-excitations fades. During this last
time window, only thermal radiation remains until the air cools down to ambient temperature. For the

present analysis, this interval is estimated to be around 10 to 15 ps.

The presented analysis is supported by the findings in other works [6][19]. From [6] it can be seen that,
under similar experimental conditions, the spectral lines of the Nitrogen and Oxygen ions N* and Ot fade
completely within approximately 1 us. This time scale coincides with the interval from the beginning of
Region (IlI) up to the completion of the recombination process. Moreover, the times of the radiative

electron transitions of the neutral Oxygen measured in [6] and [19] are in good agreement with the end

ST Acoustic pulse
eration
Laser energy Free electrons

deposition generation

—» Focusing [—™

Fig. 4.2: Conceptual diagram of the physical processes behind laser-induced optoacoustic transduction

79



of region (ll), which here signifies the decay of the electron de-excitation processes and the beginning of
the purely thermal phase of the phenomenon. Note that, for comparison with [19], the much higher pulse
energy used in that case must be taken into account. Finally, the time scales of the thermoelastic
expansion of the interaction region measured in [6] are in perfect agreement with the time evolution of

the thermal signal sy (t), further validating the proposed analysis.

Having analysed the physical aspects behind the photodiode measurement, here, the mathematical
process for extracting the thermal signal s (t) from the complete photodiode signal Sph (t) is presented.

The signal spp (t) can be expressed as the sum of the contributions from the different radiative processes:
Sph(t) = sp(t) + s7(t) + sx (1) (4.1)
According to Eq. (4.1), the thermal signal can be written as:
su(t) = spn(t) — sp(t) — sp(0) (4.2)

It becomes apparent that, in order to isolate sy (t), the transitions and Bremsstrahlung signals have to be
removed from the total photodiode signal. For this purpose, estimates of the temporal profiles of s (t)

and sg(t) are required.

It is known that at the initial stages of the phenomenon the electrons gain their maximum energy and
consequently exhibit the highest cross-section for deceleration and deflection by other electrons or the
ions. In addition, the total Bremsstrahlung signal sg(t) is proportional to the free electron density p,(t)
[1]. From [9][21] it can be deduced that the time evolution of the free electron density approximately
follows the temporal profile of the laser pulse. Due to these characteristics, it is expected that the
Bremsstrahlung signal is also a Gaussian function, a fact that is also supported by the numerical

evaluations in [9].

Under these assumptions, and due to the symmetry of the Gaussian function around its peak, the

complete profile of the Bremsstrahlung signal can be reconstructed by mirroring its first half as follows:
Spr @) = SB,p )+ SB,p (ZTpeak -t (4.3)

where sg..(t) is the reconstructed Bremsstrahlung signal, T,eax Marks the time instance that the

Bremsstrahlung signal reaches its peak value, and:

sg(t), 0 <t < Tpeak

i (4.4)
0, otherwise

S5 (0 = |
Fig. 4.4a) shows a detail of the measured photodiode signal at initial times of the plasma formation, on

which the reconstructed signal of Eq. (4.3) is superimposed. In the next step, the signal sp,.(t) is

subtracted from spy, (£), resulting to the signal sz, 4 (t):
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Fig. 4.3: Total captured signal of the light radiation s,,(t), where the three distinct regions can be
distinguished: (1) Bremsstrahlung region, (Il) mixed region where recombinations, de-excitations and the rising

thermal radiation co-exist and (lll) radiation from de-excitations fades out and mainly thermal radiation

remains.

sreu(t) = Sph(t) - SB,r(t) (4.5)

The signal sy (t) is shown in Fig. 4.4b) with red and contains only the transitions and heat components

of the total radiation.

Furthermore, to approximate the electron transitions signal sy (t), the following assumptions can be
made. With the arrival of the laser pulse and the initiation of breakdown, a large number of free electrons
is produced. The free electrons exhibit a short lifetime in ambient air, in the order of several nanoseconds,
and thus the recombination process starts approximately in the time scale of the laser pulse. This leads to
a rapid increase in the irradiance from electron transitions s (t), which is clearly distinguishable in the
early times of the signal s, (t) (see Fig. 4.4b)). The transitions signal naturally decays after the influence
of the pulse. However, bound-bound electron transitions from more excited to less excited electronic
states also contribute to the transitions signal and for this reason, it lives on after the end of the

recombinations process, extending up to a few microseconds.

The profile and time scales of the decay of sy(t) can be validated from existing spectrally resolved
measurements of the plasma radiation. Harilal et al. [6] show that singly ionized Nitrogen atoms have a
lifetime of several hundreds of nanoseconds, while neutral Oxygen atoms undergo radiative de-
excitations for more than ten microseconds after the plasma generation. Moreover, from [6] it can be
deduced that the temporal profile of the irradiance due to radiative transitions takes the form of an

exponential decay. Based on these considerations, the transitions signal is modeled as:
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t—Tg

srr(t) = {C1 e T, t =1 (4.6)
0, otherwise

where ¢, is a scaling constant, 7 is the time when s ,.(t) takes its peak value and 7, is the characteristic

time of the decay.

Similar considerations can be made for the thermal signal: with the initiation of the recombination process
immediately after the plasma formation, energy is transferred from the free electrons to the ions and
atoms, raising the thermal energy inside the ionization volume. The thermal energy builds up
progressively, leading to radial expansion of the heated volume. Due to the expansion, pressure is built at
the boundary with the ambient air, which is eventually equilibrated from the ambient gas pressure. At
this time instance, the expansion stops and the generated pressure decouples from the excited volume
and propagates in air as a shock wave. From [6] it is known that, for the range of laser pulse energies

under discussion, the decoupling time is ~10 to 15 microseconds.
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Fig. 4.4: a) Photodiode signal s, (t) (red) and reconstructed Bremsstrahlung signal sp ,-(t) (blue) at early times
of the phenomenon, b) s, 4 (t) signal (red) and estimated transitions signal s (t) (blue) and c) reconstructed

thermal signal sy (t).

It becomes evident that the thermal signal is weak at the initial times of the phenomenon and thus, the
transitions signal is dominant in the optical radiation of the early times of region (ll). For this reason, the
early part of the exponential decay of s;,.y(t) can be used to obtain s(t). Based on the these
considerations, the transitions signal was reconstructed by fitting the signal s,y (t) of Eq. (4.5) with the
exponential decay curve of Eq. (4.6). Finally, by subtraction of sy ,.(t) from sy, 4(t), the reconstructed

thermal signal sy ,.(t) is obtained:
Spr(t) = spyeu(t) — sp ()
The signal sy ,-(t) is shown in Fig. 4.4 c).
An overview of the complete chain of transformations of the measured photodiode signal leading to the

derivation of the spectrum of the LIB acoustic signal is presented in Fig. 4.5. In the last step, low-pass
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filtering of the acoustic spectrum is carried out. This is necessary in order to precisely match the model’s
predictions with the experimental results for the following reasons: the acoustic wave eventually captured
by the microphone undergoes acoustic absorption during its propagation in the ambient air. Air
absorption exhibits a low-pass profile [22][23], since it is stronger in the higher frequencies while it
practically leaves the lower frequencies unaffected. By contrast, the light emitted from the interaction
region does not undergo similar low pass filtering during its propagation in the plasma or in the air.
Moreover, the low-pass profile of the acoustic measurement system has also to be taken into account,
since it is not apparent in the photodiode signal and thus, is not otherwise accounted for in the
phenomenological model. The filter was fine-tuned so that the match between the model’s predictions

and the measurements is optimized.

For the analysis of the digitized photodiode signals, an expanded window was used, corresponding to 1ms
(10° samples) and the resulting frequency resolution of the optical signals is 1 kHz. To reduce the noise in

the measurement, the optical signals were averaged over 25 measurements.

Physical Model

sran(t) su(t) Su(w) |
s (f) Bremsstrahlung Transitions signal Discrete Fourier Transformationto Low-pass S (@)
ph signal elimination elimination Transform acoustic spectrum filtering LIB

Fig. 4.5: Flow diagram of the processing steps of the measured optical signal.

4.2 Physical model

Here, the physical model demonstrating the correlation between light and sound following laser-induced
breakdown is developed. The model is based on the linear wave equation with a heat source [24][25][24],
and allows for the derivation of the spectra of LIB acoustic pulses from the thermal signal sy (t). The
benefit of such a simple model is that the complex processes behind laser-matter interaction, i.e. energy
deposition, plasma generation and relaxation etc., are not modelled in detailed in a microscopic level. Due
to the multitude and complexity of the involved phenomena described in Chapter 2, this task would be
extremely challenging. For this reason, here, these phenomena are represented by the macroscopic
guantity of the heat source. Most importantly though, it directly demonstrates the relation between the
LIB secondary phenomena of light and sound radiation, as it predicts the acoustic signals from the optical

measurements.

Suppose a sphere S with radius R centered at the origin of a spherical coordinates system and surrounded
by an infinite reservoir. The sphere represents the air volume where the laser energy is deposited while
the infinite reservoir represents the atmospheric air. The consideration of a spherical interaction volume
is valid for plasma sources generated by nanosecond lasers under strong focusing. In reality, the plasma

volume exhibits an elongated geometry and an axial temperature distribution described in detail in
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[5][26][27]. However, due to the small length-to-radius ratio of the plasma volume, the acoustic radiation
is identical to that of a spherical source, especially at an angle of 90° degrees with respect to the axis of

the laser pulse propagation where the measurements were taken (see also [28]).

Furthermore, the increase in thermal energy inside the sphere results to a supersonic expansion of the
interaction volume and to the generation of acoustic pressure at the boundary with the ambient air.
Eventually, the shock wave decouples from the plasma and propagates away from the source,
progressively transforming into a sound wave. In the linear wave equation approach, the initial non-linear
propagation of the shock wave is neglected; however, as it is demonstrated also in the Results section,
the accuracy of the proposed analysis is not compromised by this simplification. In the early stages of the
acoustic phenomenon, the temporal profile of the shock wave is approximately that of an ideal N-wave,
also manifesting in sonic booms or “blast waves” [29][30]. In Chapter 2 it was argued that the N-wave is
an appropriate model for the LIB shock wave, as it describes the pressure discontinuity points in the shock
front and tail. With the propagation of the N-wave away from the plasma, its velocity and pressure
progressively decrease and its temporal profile becomes smoother around the edges. The smoothing is
further enhanced by the characteristic absorption of the air, which is strong in the very high frequencies
while it is negligible in the lower end of the spectrum. As a consequence, disregarding the physical aspects
of propagation velocity and medium discontinuity, the shock-to-sound transformation can be seen as a
suppression of the acoustic energy in the high frequencies, in proportion to the effect of a low-pass filter.
However, the focus of the present analysis and experimental measurements is limited to the audible and
near ultrasound frequency spectrum, which can be argued that remains unaffected by this low-pass
filtering effect. Hence, the non-linearity of the acoustic phenomenon in the initial stages of the shock

formation and propagation does not influence the accuracy of the presented results.

The pressure p(r, t) at a distance r and time t generated due to the heat source H(r,t) takes the form
[24]:

L0 n=-r"1.9 y0, (4.7)
c20t? p(r,t) = c2 ot (r0) '

. C - . .
where c is the speed of sound, y = C—” , Where cp, cy the specific heat capacity of the air under constant
v

pressure and constant volume and H(r, t) is the rate of heat evolution per unit volume. Equation (4.7) is
mainly used for calculations of the pressure generated due to the photoacoustic phenomenon, in which,
the source term can be directly associated to the energy deposited by the laser pulse to the interaction
medium. In this case, the source term maintains the temporal and spatial characteristics of the laser pulse
[24]. Conversely, since sound generation following laser-induced breakdown of gases is a secondary
phenomenon, the energy deposited by the laser cannot be directly used as the heat source. The signal
processing methodology described in the previous subsection provides the necessary transformations to

derive an appropriate source term for this particular model.
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Furthermore, by taking the Fourier transform of Eq. (4.7), we get [24]:

2 _
<V2 — (2)—2> p(r,t) = iw (ycz D) H(r,t) (4.8)

The Green’s function solution of Eq. (4.8) in the far field is [24]:

-1 R
p(r,w) = ﬂw(yc—z)‘ﬂél)(kr) . f Jo(kp) H(p, w)pdp (4.9)
0

where Hél)(kr), Jo(kp) are the zero-order Hankel and Bessel functions respectively, k is the wave

number, 7 is the distance from source and w is the angular frequency.

It is known that the thermal radiation exchanged between the sphere and the bath can be expressed as
the radiation P, (t) reaching the sphere from the outside and the radiation P,,:(t) emitted from the

sphere to the surrounding environment:

Sp() = Pout(t) — Pin(t) (4.10)

According to the Stefan-Boltzmann law, the radiant intensity of the thermal radiation is proportional to

the fourth power of the temperature:
Pin(t) = 0ATS,  Pour(t) = oATS (1) (4.11)

where o the Boltzmann constant, A is the surface of the heated volume, T is the temperature of the

sphere and Ty;, is the room temperature. At this point, the following assumptions are made:

a) the radiating volume has an emissivity equal to one, or similarly, it behaves as a black body. This
assumption does not compromise the accuracy of the model, since the emissivity and the other
constant factors contributing to the scaling of the generated pressure are not of interest here; the
analysis aims at the derivation of the normalized frequency spectra of the acoustic pulses and not the
absolute acoustic pressure.

b) the volume of the plasma in the time window of the thermal radiation does not change significantly,

which is in accordance with the findings in [14].

Moreover, by definition, the temperature T,;, of the reservoir remains constant during the phenomenon,
while Ts is a function of time. Substituting P;,, and P, ,; of Eq. (4.11) into Eq. (4.10), the rate of heat transfer
becomes:

si() = oA (T$(®) — Tai) (4.12)

However, the thermal radiation of the air at room temperature (T,;, = 300K) is beyond the wavelength

range of the measuring photodiode and, hence, it is not present in the photodiode signal spp, ().
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Moreover, as mentioned in subsection 4.1.1, the plasma volume is transparent for the wavelengths visible
by the photodiode and thus, the thermal signal sy (t) is proportional to the radiation emitted by the whole
volume. Due to these facts, the signal s, (t) can be considered to be proportional to T¢'(t) and can be

expressed by:
sy(t) = AT () (4.13)

In order to obtain the heat source H(t) for the wave equation model, the time evolution of the internal
energy in the interaction volume needs to be obtained from Eq. (4.13). It is known that the energy
deposited by the laser in the volume is proportional to the change of its internal energy. In turn, and by
treating the air as an ideal gas, the change in the internal energy can be considered proportional to the

change in temperature:
H(t)~AT = Tg(t) — Ty, (4.14)

The temperature Tg(t) of the volume can be found from Eq. (4.13), as:

To(t) = fs’; f:) (4.15)

Hsu@® (4.16)
O_A air

and thus:

H(t)~

Taking the Fourier transform of Eq. (4.16) and by disregarding the constant term T,;,. (DC term), we get
the frequency domain heat source:

Hg(w) = f H(®) - e7mt = 2 Ts(w) (4.17)

where b is a scaling constant. Now, the spatial distribution of the heating function in the radial dimension
can be approached by the radial distribution of the intensity of the laser pulse. In this case, the radial heat

distribution follows a Gaussian shape:

r2

Hs(r,w) = €™ . ¢ 2R% . Ts(w) (4.18)

where ¢(r) is a function of the radial distance from the center of the volume. From the numerical
simulations it becomes evident that, due to the very small dimensions of the source compared to the
distance of evaluation, the radial distribution of the heat does not significantly affect the calculations. As
a result, a homogeneous heat distribution within the volume can also be used, in which case the

frequency-domain heat source H(p, w) in the integral of Eq. (4.9) reduces to H(w). However, for reasons
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of completeness, the Gaussian approach was used here. Furthermore, in reality, different pulse energies
lead to different interaction volumes; particularly, as expected, stronger pulses lead to larger volumes.
However, it was found that the exact size of the interaction volume does not significantly affect the
simulation results, especially for the calculation of normalized acoustic spectra. For this reason, a radius
R = 1 mm was used for all the simulations, which corresponds to an average radius of the generated

plasma volumes, as measured by the authors in preliminary experiments.

By substituting the heat term obtained by Eq. (4.17) and (4.18) into Eq. (4.9) and by neglecting any

constant scaling factors, we get:

R , _p?
p(rw) =w - Hél)(kr) T(w) - f Jo(kp) - eiwcP) . e 7282 . pdp (4.19)
0

Equation (4.19) gives the normalized frequency spectrum of the LIB acoustic wave after propagating for a
distance r away from the plasma and was solved numerically in MATLAB [16] by conversion of the integral
into a sum using the rectangular integration method. The radius R of the interaction volume was
discretized with 100 equal elementary intervals, although, the results were found to be insensitive to the
discretization resolution. Moreover, for the light signals described in the previous subsection, a frequency

resolution of 1kHz was used, with a maximum representable (Nyquist) frequency of 500 MHz.

4.3 Results

This section presents results from the experimental measurements and the simulations of the secondary
radiative phenomena following laser-induced breakdown. In Section 4.3.1, the measured optical and
acoustic signals s, (t) and sp;g(t) are presented and compared for laser pulses of different energies. In
Section 4.3.2, the frequency spectra Sp;g(w) of the LIB acoustic pulses are evaluated via the
phenomenological model (Eq. (4.19)) and compared to the acoustic spectra derived from the acoustic

measurements.

4.3.1 The effect of the laser pulse energy

As described in the previous sections, the thermoelastic expansion and consequent pressure generation
in laser-induced breakdown is caused by the kinetic energy gained from the ions, atoms and molecules
via the interactions with the free electrons of the plasma. The amount of deposited energy depends,
among others, on the energy of the laser pulse, with the relation being highly complex and non-linear.
Nevertheless, it is known that for nanosecond pulses with intensities well above the ionization threshold,
an increase in the laser pulse energy leads to an increase in the absorption efficiency, until a maximum
efficiency is reached. In any case, for laser pulses of the same duration and wavelength but different
energies, the stronger pulse leads to more energy deposited in the interaction volume (see for example
[9][10][30]). For the energy range of interest in this work, the generated free electron density in the

volume is higher, while at the same time the ionization volume is larger. This can be explained by
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considering a minimum intensity threshold for the ionization to initiate; for the stronger pulse, the optical
intensity is above the threshold in a wider length across the axial and the radial directions, leading to a
larger ionization volume. As a result, the volume of the interaction region increases with increasing laser
pulse energy, while it also reaches higher temperatures, due to the higher free electron density that
transfers energy to the heavy particles of the gas. These combined effects lead the excited volume to a
broader thermoelastic expansion; most importantly though, the broader expansion dimensions translate
to longer durations of both the expansion and collapse phases. The increase in the duration of the
thermoelastic phenomenon is of particular interest, as it affects the duration of the secondary phenomena
of light and sound emission. This fact is reflected in the duration of the thermal radiation and the duration
of the acoustic pulse, especially in the part of the negative pressure corresponding to the elastic collapse
of the medium.

The aspects described above can be seen in Fig. 4.6 where the measured acoustic signals s ;g(t) and
photodiode signals sy, (t) are presented for laser pulse energies of 40, 60, 80 and 100 mJ. It becomes
apparent that the sound and light emission exhibit longer duration with increasing laser pulse energy.
Also, from comparison of Fig. 4.6 a) and Fig. 4.6 b) it can be seen that both radiative phenomena have a
duration in the order of several microseconds. It can be observed that the sound pulses have
approximately double the duration of the respective photodiode signals. This can be understood by
considering that the thermal radiation is emitted only during the expansion phase, which corresponds to
the positive part of the acoustic pulses. The negative part of the pulse is generated by the reaction of the
elastic medium to the expansion and takes place after the interaction volume has cooled down to
temperatures close to Tyj. For this reason, it is expected that the optical radiation will approximately
coincide in time with the positive acoustic pressure, which is validated by the graphs of Fig. 4.6. Finally,
the time scales of the thermoelastic phenomenon have a direct impact on the frequency spectra of the

generated acoustic pulses. In the next subsection it is shown that, an increase in the laser pulse energy
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Fig. 4.6: The correlation in the duration of a) the acoustic signals s;;5(t) and b) photodiode signals s, (t) and

their dependence on the laser pulse energy. Note the difference in the time scales of the figures.
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leads to a shifting of the acoustic frequency spectrum towards the lower frequencies. This is an immediate

consequence of the increase in the duration of the thermoelastic phenomenon.

4.3.2 Frequency spectra of LIB sound waves

As described in the previous section, from the measured optical signals sy, (t), the thermal radiation
component sy (t) relating to the kinetic energy of the heavy particles in the interaction volume is deduced
(Eq. (3)). The signal sy (t) is transformed using the discrete Fourier transform and produces the frequency-
domain signal S(w). The signal S(w) is introduced into Eq. (4.19), from which the frequency spectrum
S1ig(w) of the acoustic pulse is calculated. The respective frequency spectrum is also calculated from the
measured acoustic signal s;g(t) via Eg. (4.19). The comparative results of the analytically and
experimentally evaluated frequency spectra for laser pulse energies of 40, 60, 80 and 100 mJ are
presented in Fig. 4.7. It becomes evident that the model reproduces the shape of the LIB acoustic spectra
[30][31] with high accuracy. Small deviations between the measurements and the model can be
attributed to the limited optical bandwidth of the photodiode, due to which, a part of the thermal signal
is not captured in the experiment. It should be noted that, preliminary spectrally resolved measurements
of the thermal radiation generated with the laser energies under consideration, showed emission peaks
at wavelengths significantly lower than 1000 nm. This is expected since, according to [32], the plasma can

momentarily reach temperatures of 20000 K or higher. Additionally, as discussed in the previous section,

a) b)
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Fig. 4.7: Comparative acoustic spectra Sy ;g (w) of the LIB sound pulses for a) 40mJ, b) 60mJ c) 80mJ and d)

100m)J laser pulses, as obtained from the proposed model and the acoustic measurements.
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there is also a small contribution of narrow spectral lines superimposed on the continuum of the thermal
radiation, which might affect the precision of the method, especially for higher laser pulse energies.
Finally, the non-linearities of the phenomenon, which are not accounted for in the model, might also
contribute to the small deviations, especially in the higher end of the frequency spectrum. Nevertheless,
the comparative results demonstrate clearly that the main characteristics of the LIB acoustic spectra,
namely, the overall shape and the position of the spectral peaks and dips withing the observed bandwidth
are reproduced with satisfactory accuracy for the used laser pulse energies. Interestingly, by comparison
of the graphs a)-d) of Fig. 4.7 it can be argued that the model’s accuracy is higher for the weaker pulses.
This fact highlights the role of the photodiode’s bandwidth in the capturing of the thermal signal: an
increasing pulse energy leads to higher temperatures in the interaction volume, causing a shift of the
Blackbody radiation towards shorter wavelengths. With the lower limit of the photodiode being 250 nm,
as the laser pulse energy increases, an increasing part of the thermal radiation is not captured, resulting

to inaccuracies in the calculation of the generated acoustic spectrum.

From Fig. 4.7 it becomes evident that the acoustic spectrum is shifted towards the lower frequencies as
the optical energy increases. For example, the spectral peak as well as the first spectral dip of the N-pulse
generated by the 40 mJ laser pulse appear at 30 kHz and 60 kHz respectively, while for the 80 mJ laser
pulse, the spectral peak is at 23 kHz and the spectral dip at 52 kHz. This shift is clearly shown in Fig. 4.8,
where the frequencies of the spectral peaks and dips of the LIB acoustic pulses are plotted versus the
energy of the generating laser pulses. As described in subsection 4.3.1, the spectral shift can be attributed
to the increasing duration of the thermoelastic process leading to the acoustic emission with increasing

laser pulse energy.
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Fig. 4.8: Experimentally and analytically evaluated frequencies of the spectral peak and the first spectral dip of

the LIB acoustic waves in terms of the laser pulse energy.
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Conclusions

In this Chapter, a joint study of the light and sound radiation following laser-induced breakdown in
ambient air is presented, demonstrating correlation between the two radiative phenomena.
Simultaneous measurements of the light and sound signals were carried out using large observation
windows in order to capture the complete evolution of the radiative processes from the early times of the
plasma formation until the termination of the phenomenon. The measurements, and especially the
correspondence in the time scales of the light and sound signals, provided evidence of the relation
between the light and the sound radiation in laser-induced breakdown. To prove this aspect, a
phenomenological model was developed that allows for the estimation of the frequency spectra of the
acoustic signal from the measured optical signal. For this purpose, the signal component corresponding
to the thermal radiation was isolated from the total optical signal, by identifying the different light
radiative processes. This physics-driven signal analysis process clearly revealed the mechanisms behind
the emission of light and sound during laser-induced breakdown and allowed for the isolation and
reconstruction of the distinct optical components. The derived thermal signal was used as a heat term in
a linear wave equation. The equation was solved computationally in the frequency domain, giving the
frequency spectra of the generated sound waves. The model’s predictions were compared to the
experimentally evaluated acoustic spectra showing good agreement, and effectively proving the

correlation between light and sound radiation following LIB.

Moreover, the impact of the laser pulse energy on the time scales of the radiative phenomena was studied
through the experimental measurements and the simulation results. The study demonstrated that a
stronger laser pulse leads to a stronger, and, importantly, longer in duration, thermal phenomenon. This
was found to have a direct impact on the spectra of the generated acoustic pulses; a spectral shift towards
the lower frequencies was observed with increasing laser pulse energy which can be associated to the
duration of the optical radiative processes and the total heat transferred from the laser to the interaction
volume. This association will be further studied in the near future, by developing a physical model of the
laser pulse absorption and energy deposition, with detailed and quantitative description of the involved
physical processes. Finally, another goal is to further study the Bremsstrahlung signal and investigate its

relationship to the amplitude of the generated acoustic pressure.
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The acoustic radiation of femtosecond

laser plasma filaments in air
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Introduction

In Chapter 1, the possibility to create directional sound sources via multiple laser-driven acoustic point
sources in 3-dimensional (volumetric) arrangements was presented [1][2][3]. This Chapter studies the
sound radiation of laser plasma filaments with respect to its directional characteristics. Laser plasma
filaments are elongated plasma threads generated by the non-linear propagation of ultrashort laser
pulses, sufficiently strong to evoke self-focusing effects in the air [4][5][6]. Due to the cylinder-like
geometry of the plasma volume, laser filaments emit cylindrical waves that are inherently directional and
depend on the particular geometrical characteristics of the plasma thread. This relation of the filament
acoustic radiation to the plasma thread is systematically studied here via a parallel experimental and
theoretical method, mainly focusing on the audible and near ultrasounds frequency range that are of
interest for audio and acoustics applications. Particularly, a new phenomenological model is presented
where the filament is modeled as an acoustic line source [7][8] consisting of infinitesimally small
(elementary) omnidirectional sources. The elementary sources emit acoustic N-waves in a coherent
manner while the pressure amplitude of each source is weighted according to its position on the line, to
account for the differences in the amount of the deposited energy along the filament’s axis. In accordance
with the findings of Chapter 4, the weighting is estimated from the axial distribution of the filament’s light
radiation intensity. The phenomenological model allows for the evaluation of the acoustic radiation of

laser filaments in terms of:

a. the length of the plasma thread
b. the distribution of the deposited energy along its axis

c. the pressure profile of the elementary source excitation

The model is validated by comparison with systematic acoustic measurements of the sound generated by
filaments at different angles with respect to their axes, showing good agreement. Furthermore, the model
is used to evaluate the impact of the filament’s characteristics, particularly the length of the plasma thread
and the axial distribution of the deposited energy, on the emitted sound. Finally, a complete
computational model based on the wave equation with a heat source is proposed for the evaluation of
the acoustic radiation of plasma filaments and preliminary results from a scaled filament model are

presented.

Again, the experiments and the development of the model were carried out in collaboration with the
Institute of Plasma Physics and Lasers (IPPL) of the Hellenic Mediterranean University (HMU).
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5.1 Acoustic model of laser plasma filaments

5.1.1 Laser filaments as acoustic line sources

Suppose an acoustic line source with length L residing on the x axis of the XY plane and centered at the
origin. The source consists of infinitesimally small acoustic sources arranged one next to the other. The
total acoustic pressure p(r, ¢, t) produced by the line source at time t at any point (r, ¢) of the polar

plane, where 7, @ the radius and angle of the polar coordinates respectively, is given by [8]:

L/2

p(r,d,t) = f I:j‘T(;C)).nG—T'Ex)) dx (5.1)

-L/2

The function n(t) gives the pressure excitation of the elementary sources, H, (x) is the pressure scaling,
or distribution function along the axis of the source and r'(x) is the distance of an elementary point

source located at point x from the point (7, ¢), given by:

r'x)=r- (cos ¢ — ;)2 + (sin ¢)? (5.2)

A schematic representation of the acoustic line source model is shown in Fig. 5.1. As the geometry of
plasma filaments can be approximated by a line, since the radius of filaments is typically more than one
order of magnitude smaller than the length, the use of the acoustic line source model is proposed here to
describe their acoustic emission. To accurately model the acoustic radiation of a plasma filament as a line
source, the characteristic functions n(t) and H, (x) have to be determined by examination of the physical

aspects of laser-induced breakdown and consequent sound generation.

It should be noted that, any physical interactions between the elementary acoustic sources as well as
potential sound diffraction around the edges of the filament can be neglected [9]. Since sound generation
via LIB is a purely thermo-elastic effect, the plasma acoustic source is practically massless and, as a result,

filament acoustic sources can be very well approximated as having no boundary to the surrounding air.
microphone

laser —(:0%

OO0 | ©C
-, N/ !\ e &
elementary  filament center
sources

Fig. 5.1: Plasma filament acoustic source model and experimental setup.
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Moreover, the assumption of coherence of the elementary sources has to be assessed in the case of
plasma filaments. Since the optical pulse is progressively absorbed as it propagates through the medium,
the energy deposition leading to the generation of acoustic pressure is also progressive. In this respect,
the elementary sources are formed at different time instances and, therefore, their emission is not
perfectly coherent. However, considering that the pulse propagates at the speed of light, the time
difference in the plasma formation for the most remote points, the two edges of the plasma thread, is
very small, i.e. for a 1-meter-long filament, At = 3.33 ns. Although such time differences could be
relevant regarding ultrasounds in the MHz frequency range, they are practically negligible for the audio

and near ultrasound frequencies that are of interest here.

Furthermore, the pressure excitation n(t) of the elementary laser-induced plasma sources is difficult to
model; femtosecond laser pulses undergo linear and non-linear transformations that depend on a
multitude of optical parameters, such as optical pulse energy, duration, wavelength, as well as acoustic
parameters, such as air temperature, humidity, and amplitude of the initial acoustic pressure and
propagation velocity. For this reason, a phenomenological approach is adopted here. In Chapter 3 it was

shown that laser-generated acoustic pulses are effectively modeled as triangular N-shaped pulses:
t
n(t) = T [ut+T)—u(t—T)] (5.3)

where u(t) is the unit step function and T is the half duration of the pulse. With the use of Eq. (5.3), Eq.
(5.1) takes the form:

L/2
p(r,¢,t) = — f Zf‘((;)) Lz TT(x)/C - [u <t L Ex) + T> —u (t T Ex) - T)] dx (5.4)
-L/2

The model of Eq. (5.4) has also been proposed by Wright and Medendorp [10] for the study of sound
generated by weak discharges (sparks), a phenomenon which is very similar to sound generation following
laser-induced breakdown. As will be shown later, the assumption of ideal N-waves is particularly practical
when the filament acoustic radiation is studied within a limited frequency range, such as the audible
range, where acoustic N-pulses generally exhibit the characteristic 1**-order high pass profile.

Moreover, here, the initial pressure distribution H, (x) of the filament is estimated phenomenologically
via the total irradiance of the light emitted from the plasma thread, as captured by a CCD imaging sensor.
In Chapter 4 we showed that the photodiode measurements of the light signal following breakdown from
nanosecond pulses consists of three main components: Bremsstrahlung, electron recombinations /
deexcitations and thermal radiation. However, the plasma channels formed under the discussed
experimental conditions are low-temperature and usually do not exceed temperatures in the order of
2000 K [11], in contrast to the plasmas discussed in Chapter 4, where the temperature can exceed 20000
K [12]. Therefore, there are essential differences in the light radiation following filamentation from
femtosecond pulses, and particularly that the Bremsstrahlung and thermal components are almost absent

[11]. As a result, the light captured by the CCD camera exclusively originates from electron
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recombinations; specifically, it is proportional to the time-integral of its radial intensity. In addition, Point
et al. have carried out spatially resolved optical and acoustic measurements demonstrating that the
filament’s luminescence mainly originates from electron recombinations, which are strongly correlated to
the acoustic pressure measured by a microphone [11]. Hence, the measured signal can be directly

associated to the distribution of the acoustic pressure along the filament’s axis [11][14].

Moreover, it is known [13][11][15] that the light intensity emitted from electron recombinations in laser
plasma filaments exhibits a bell-curve or a flat-top distribution along the plasma channel, depending on
the pulse energy and focusing conditions. As shown in the next subsection, for the optical parameters
used in this work, the distribution adequately matches a bell curve, expressed mathematically by a
Lorentzian function:

1
1+ (x/y)?

where y is the parameter of the distribution. Note that, Eq. (5.5) gives the normalized longitudinal
intensity of a Gaussian beam at zero radial distance from the core [16][17].

H,(x) - (5.5)

5.1.2 Experiments

Fig. 5.2 shows the experimental setup used to measure the acoustic waves generated by a laser plasma
filament acoustic source in different angles with respect to the propagation axis of the pulse. A Ti:Sapphire
laser (Amplitude Technologies, Pulsar PW [18], probe beam) delivering in these experiments 5.4 mJ optical
pulses with ~23 fs duration at Full Width at Half Maximum (FWHM) and A = ~800nm central
wavelength was used for the generation of the filament. The pulses were loosely focused using a lens of
f =120 cm focal length, corresponding to f/100 focusing, to achieve self-guided plasma filament

propagation via the interplay between Kerr self-focusing and plasma defocusing, as described in Chapter
2.

Lens

(:0 Optical pulse Filament X

' | Propagation axis 0°

! Transv. axis 90°

Fig. 5.2: Experimental setup of the acoustic measurements of the filament’s sound radiation.

5.1.2.1 Optical measurements
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An indicative plasma filament generated in the laboratory is shown in Fig. 5.3 a). The filament’s
luminescent light was captured with a CCD camera and the images were processed with image-processing
software to extract the intensity distribution of the light emitted from the plasma thread along its axis. As
illustrated in Fig. 5.3 b), the normalized plasma luminescence follows a bell-shaped curve with a single
peak point which can be approximated by the Lorentz function of Eq. (5.5). By fitting the measured
luminescence with Eq. (5.5), the distribution parameter was found y = 0.0149 m. The FWHM of the
filament was 3.2 cm and the total length of the thread was approximately 14 cm. These results are in
agreement with the findings in [11], where measurements of the plasma luminescence from filaments

generated under similar experimental conditions (5 mJ, 50 fs, f/80) are presented. The axial distribution

of the intensity was used as the pressure scaling function H, (x) of the acoustic source, as shown in Fig.
5.3 b).

measurement
= = ~fitting curve

o (=
=) ®

normalized light intensity
o
=N

0 - : : : ; :
-0.08 -0.06 -0.04 -0.02 0 002 004 006 0.08
a) b) length (m)

Fig. 5.3: a) Plasma filament generated by 23 fs, 5.4 mJ, 800 nm laser pulses, focused with /48, captured by a
CCD camera and b) distribution of the intensity of the plasma luminescence along the filament axis extracted

from a) using the ImagelJ® image processing software [19].

5.1.2.2 Acoustic measurements

The acoustic signals were recorded using a GRAS 46BF-11/4-inch microphone (GRAS Sound & Vibration
A/S, Holte, Denmark [20]) with a GRAS 12AA power module [21]. The data were acquired by an RME
Fireface 802 sound card (Audio AG, Haimhausen, Germany [22]) at 192 kHz sampling rate and 24 bits
resolution and they were recorded with the Audacity software [23]. The effective bandwidth of the
measurement resulting from the combined frequency responses of the microphone and the sound card
was approximately 5 Hz - 90 kHz. This bandwidth is not sufficient for the acquisition of the full frequency
spectrum of the plasma filaments generated under these experimental conditions. From unofficial optical
measurements carried out also in IPPL, it occurs that the acoustic spectrum extends deep into the
ultrasounds, in contrast to the spectrum of the acoustic pulses generated by nanosecond lasers, whose
energy is concentrated mainly in the high audible and near ultrasound range (see also Chapter 4).
Nevertheless, this study focuses in the audible and near ultrasound spectrum, which is well covered by

the measurement system.
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To derive the acoustic directivity of the filament within the frequency range of observation, multiple
measurements were carried out at different positions around the plasma thread, as shown in Fig. 5.2. The
selected microphone spots formed a semicircle of 30 cm radius around the center of the filament, with a
step of 15° degrees. The measuring distance was selected to be sufficiently longer than the length of the
plasma channel and at the same time short enough for the acoustic signal to be well above the noise floor
of the measurement environment. Also, the measurements are in the far field of the acoustic source for
the major part of the observed spectrum (f > 2000 Hz). The recordings at each spot contain 150
consecutive acoustic pulses; for each recording, the 150 individual pulses were isolated using Hanning
windows wy (t) centered on the zero crossing of the pulse between the positive and the negative lobe.
The individual pulses were averaged in order to derive representative acoustic signals payg(t, @) for each
measuring angle. This was necessary here because the filament formation under the loose focusing
conditions and the relatively small pulse energy is moderately repeatable.

5.1.3 Excitation pressure modeling

As a final step, the exact profile of the elementary pressure excitation function n(t) had to be determined
and, particularly, the duration of the N-pulse, which has a direct impact on the distribution of the acoustic
energy across the frequency spectrum. With the use of tight focusing (f/6), the laser pulses formed a
roughly spherical plasma volume with a sub-millimeter radius. Such a plasma volume can be considered
as pointlike compared to the size of the filament. With this assumption, the pressure excitation of the
elementary sources of the acoustic line was acquired by fitting the ideal N-wave of Eq. (5.3) on the acoustic

signal captured from these pointlike sources.

In order to derive an analytical expression for the elementary source excitation, hereafter called the

modeled pulse, the following aspects have to be considered:

a. The measured acoustic signal is the result of low-pass filtering of the ideal N-pulse with the
microphone response and the anti-aliasing low-pass filter of the sound card, which effectively limits
the upper frequency to 90 kHz range.

b. The effect of the Hanning window wy (t).

The combined linear band limiting effect of point a. can be described by convolution of the ideal pulse
with the impulse response h.(t) of the acoustic measurement system, while the effect of the Hanning

filter corresponds to a multiplication with wy (t). Hence, the modeled pulse n,, (t) is expressed by:

Ny (t) = wy(t) - [n(t) * he(t — 1] (5.6)

where * is the convolution operator. Fig. 5.4 a) illustrates the process followed for the derivation of the
signal n,, (t) from the ideal pulse n(t) by fitting of the transformed pulse of Eq. (5.6) to the measured
pulse. Fig. 5.4 b) shows the spectra of the measured, ideal, and modeled pulse obtained via fast Fourier

transform, showing the very good agreement between the measured and the modeled pulse.
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As a note, the pressure produced by the filaments in the described experiments is relatively low
[11][27][28] compared to pressures from the tightly focused pulses [24][25][26]. However, quantitative
analysis of the pressure amplitude generated by plasma filaments is beyond the scope of this work and
will be studied in the future. Also, it can be easily seen that this precise modeling of the measured N-pulse
is not necessary if the calculation of the filament’s acoustic radiation is carried out for a limited frequency

range where the experimental N-pulse exhibits the characteristic 1**-order N-pulse profile.

Finally, by substituting Eq. (5.5) and (5.6) into Eq. (5.7), the analytical expression of the pressure p(r, ¢, t)
becomes:

L/2
1 r'(x)
) ¢I = *Hm ( - —> d .
PO —i[Z r'(x) - (1 + ({)2) S ‘ ' °7

The simple phenomenological model of Eq. (5.7) can be used to evaluate various characteristics of the
acoustic emission of plasma filaments, given that their basic geometrical characteristics are known. By
providing the full width of the filament and the distribution of the axial pressure distribution, the
normalized acoustic pressure can be calculated at any point in the 3D space. In the next subsection it is
demonstrated that the model is especially suitable for the estimation of the filament’s acoustic emission
in the frequency domain, but also for the calculation of its directivity.

30F ; ; ' — 0 ; : .'/'”T T
| ——— measurement — R
e I --=-~ modeled pulse| m o !
g_(i = = = ideal pulse 8, -5
o g /
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2 g
o S SN o
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8 § modeled pulse
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30t ‘ 2 ‘ . . . . . .
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Fig. 5.4: a) Acoustic pressure in the time domain and b) frequency spectra of measured (blue line), ideal (red
line), and modeled (dashed gray line) LIB acoustic pulse generated by 23 fs (FWHM) laser pulses with 5.4 mJ

energy under tight focusing. The modeled pulse is used as excitation for the spherical elementary sources.
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5.2 Characteristics of the filament sound emission

To validate the proposed model of Eq. (5.7), the directivity plots of the plasma filament with 14 cm length
were derived via simulation and measurements and the results were compared. Since filamentation is
only moderately repeatable in the parameter range of the experiments, there are pulse-to-pulse
differences in the measured waveforms, rendering single acoustic pulses inappropriate for the validation
process. For this reason, the comparisons were based on the acoustic energy emitted at different angles
with respect to the axis of the filament. It is shown that this directivity-based approach provides concrete

results, especially by averaging over a large number of acoustic pulses.

Eqg. (5.7) was solved using numerical integration inside a semicircle of radiusr = 30 cm. A time window
of 10 ms was used with 200 ns time discretization, corresponding to a sampling rate of 5 MHz and a
Nyquist frequency of 2.5 MHz. The spatial resolution was 200 um, resulting for the 14 cm plasma
channel to 780 elementary sources. Due to the cylindrical symmetry of the plasma filament, evaluations

on the polar plane are sufficient for the deduction of the directivity in the full 3D space.
5.2.1 Model validation and acoustic directivity of laser filaments

Fig. 5.5 a) presents the directivity plot of the measured and modeled laser filament acoustic sources within
the observable frequency range. As for classic acoustic sources, the acoustic directivity of laser filaments
can be represented by the polar diagram of the normalized equivalent Sound Pressure Level (SPL) Leg
plotted on a logarithmic scale. Due to the approximately symmetric geometry of the plasma threads
around the origin, the polar plots are confined to the half polar plane while a mirrored directivity is implied
for the hidden half-plane. The measurements correspond to angles 90°,75°,60°,45°, 30° and 15°
degrees. The sound pressure levels for each emission angle were obtained by averaging over the Leq of
the measured 150 individual pulses. It can be seen that the simulations are in excellent agreement with

the experiments, demonstrating the validity of the acoustic model.

In analogy to the acoustic line source [8][10] the radiation of the plasma filament is maximum on the y
axis (¢ = 90°), while it significantly weakens towards the x axis (¢ = 0° or 180°). It is known that the
high acoustic frequencies tend to be strongly directional, with classical examples being the high-frequency
electromechanical transducers (tweeters) and the piezoelectric transducers. Since most of the acoustic
energy of the plasma filament lies in the ultrasound range, it is expected that the source will have an
overall directional emission. In order to identify the behavior of the filament in different frequency ranges,

the acoustic pulses were analyzed in frequency bands.

This was done here for the audio bands with central frequencies 2kHz, 4kHz, 8kHz and 16kHz. The band-
related pressure ps (7, ¢,t) was taken by convolution of the total measured and evaluated pressure
p(r, ¢, t) with the impulse response hf(t) of a band-pass filter. Digital filters from a filterbank complying
with the ANSI S1.11-2004 standard were used [29]. Fig. 5.5 b) presents the acoustic directivity of the

source in distinct octave bands at the mentioned central frequencies. It becomes apparent that the
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filament's radiation is moderately directional in the 2 kHz band, with the difference between the
strongest and weakest pressure level at 90° and 0° degrees respectively being less than 10 dB. In
contrast, for the 16 kHz band, the filament becomes strongly directional with a highest L¢q difference of
30 dB. Fig. 5.5 b) also demonstrates the good match between the model and the measurements for all
the octave bands. Finally, Fig. 5.6 presents the directivity of the 14 cm plasma channel in the full audible
spectrum (20 Hz — 22.05 kHz). It can be seen that the filament is a directional source in the audio range,

with a maximum Lq deviation of more than 20 dB.
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Fig. 5.5: Polar diagrams of the acoustic radiation of the 14cm laser filament: measurement and model evaluation
based on: a) the total Lq and b) the L¢q calculated in ANSI S1.11-2004 octave bands [29]. The filament lies along

the horizontal axis.
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Fig. 5.6: Polar diagram of the acoustic emission of the 14cm laser filament in the audible spectrum (20Hz-20kHz).
5.2.2 Acoustic spectrum of laser filaments

As with the acoustic energy, the acoustic spectrum of laser filaments depends on the angle of emission.
The polar diagrams of Fig. 5.4 b) already provide clear indications about this dependence: in the lower
frequencies (i.e. 2 kHz octave band), the radiation is almost omnidirectional while in the higher
frequencies (i.e. 16 kHz octave band) the radiation fades out in the directions close to the filament’s axis.
This can be explained by the fact that the high-frequencies are present only for larger emission angles,

while the low-frequencies are omnidirectional and do not exhibit a strong dependence from the emission
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Fig. 5.7: Measured frequency spectra of the filament’s acoustic radiation at different angles.

angle. This can be clearly seen in Fig. 5.7, where the acoustic spectra of the averaged pulses payg(t, )
are plotted. It becomes evident that the high frequencies are significantly suppressed with decreasing

angle of emission, while the low frequencies are less affected by the emission angle.

In the previous subsection it was shown that the presented phenomenological model is very accurate in
the prediction of the acoustic energy emitted by plasma filaments, also for specific frequency bands.
However, the prediction of the acoustic spectra is more challenging due to the moderate repeatability in
the formation of the plasma channel that leads to significant differences in the pulse-to-pulse acoustic
profiles. This can be seen in Fig. 5.8, where 3 consecutive acoustic pulses measured at 60° are shown
along with their frequency spectra. Despite the obvious differences in the time- and frequency-domain
profiles of the pulses, there is consistency in the lower end of the spectrum, from the very low audible
frequencies and up to the near ultrasounds. This is reflected also in the predictions of the acoustic model.
Fig. 5.9 presents the normalized acoustic spectra of the averaged measured pulses p,yg(t) compared to

the predictions of the model at 90°, 75°, 60° and 45° degrees. It can be seen that prominent spectral

normalized pressure

pulse 1 pulse 1
pulse 2 pulse 2
pulse 3

0.0135 001355 0.0136 0.01365 0.0137 0.01375 0.0138 0.01385

Time (sec)

normalized magnitude (dB)

pulse 3

20
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40 50 60
frequency (kHz)

Fig. 5.8: a) Consecutive acoustic pulses following filamentation measured at an angle of 60° and b) their

frequency spectra.
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Fig. 5.9: measured and calculated normalized frequency spectra of the filament’s acoustic radiation at a) 90°, b)
75°, ¢) 60° and d) 45° degrees.

features of the acoustic pulses, such as the main lobe in the lower end of the spectrum, are predicted with
an approximate deviation of 5 dB, while in the low frequencies, some ripples appear in the model that are
independent of the resolution used for the evaluation.

5.2.3 Dependence of the acoustic emission from the filament’s geometry

Having proved that the acoustic model is appropriate for the estimation of the main acoustic
characteristics of plasma filaments, this subsection investigates the impact of the filament’s geometry on
its acoustic emission. Considering that the elementary pressure excitation obtained by Eq. (5.3) and (5.6)
does not depend on the characteristics of the filament, the filament’s acoustic emission can be fully

determined by (see Eq. (5.7)):

a. thelength L of the plasma thread,
b. the axial distribution H, (x) of the deposited energy

In the following paragraphs, different lengths and distribution functions are investigated with respect to
their impact on the filament’s acoustic directivity and spectrum [28]. It should be noted that the study
presented here is limited to computational results and will be complemented in the near future with

experimental evaluations.
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5.2.3.1 Length of the plasma thread

In order to study the impact of the length of the plasma thread in the filament’s acoustic radiation, the

directivities of four filaments with identical Lorentzian axial distributions but different lengths are

evaluated through the line source model of Eq. (5.7). Table | shows the parameters of the four filaments

with lengths of 3.5, 7, 14 and 28cm respectively. The simulation distance was increased to 70 cm in order

to be in the far field even for the longest filament. The directivities within the audible frequency range

and the full observation range are shown in Fig. 5.10 a) and b) respectively. It becomes evident that the

length of the filament is a decisive factor for the filament’s directivity and, as also expected from the

classical acoustic line sources, the longer the filament, the more directional its acoustic emission.

Interestingly, the shortest filament is almost omnidirectional within the audible frequency range while

the longest filament is strongly directional. From the simulations it arises that the acoustic behavior of the

filaments is highly dependent on their length.

Table I: filament parameters

Length (cm) | FWHM (cm) | y parameter (cm)
3.5 0.75 0.37
7.0 1.49 0.75
14.0 2.98 1.49
28.0 5.96 2.98
a) 9 —:73.5cm 90 B)
——— cm
120 60 s 120 7\ 60
28cm
150 30 150 30
180 0 180 0
-40 -30 -20 -10 0 -40 -30 -20 -10 0

normalized L, (dB)

normalized L, (dB)

Fig. 5.10: simulated directivity plots of the acoustic radiation of plasma filaments with different lengths within:

a) the audible spectrum and b) the full observation spectrum.

5.2.3.2 Distribution of the deposited energy

It was mentioned earlier that the distribution of the deposited energy along the axis of laser filaments can

be approximated by bell-shaped or flat-top functions [11][13][15][28]. To evaluate the effect of the axial
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distribution of the deposited energy on the filament’s acoustic emission, three additional plasma channels
with 14 cm length are simulated with a) a Gaussian function:

x 2

HY (x)~e 207 (5.8)

which is bell-shaped and b) 4" and 6™ order Super-Gaussian functions:

x2

Hg"(x)~e_ﬁ, n=4,6 (5.9)

which are flat-top. For the results to be comparable, the distribution parameters were calibrated so that
the integral:

L/2
Em=f H,(x)dx (5.10)
—L/2

of the normalized deposited energy over the length of the filament was equal for all the distribution

functions. The distribution functions are shown in Fig. 5.11.
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Fig. 5.11: simulated distribution functions representing the optical energy deposition along the axis of the

filament.

Fig. 5.12 a) and b) show the comparative directivity plots for the audible frequency range and the full
observable range, respectively. It can be seen that the distributions with heavier tails lead to more
directional acoustic emission than the flat-top distributions. This is expected since the flat-top
distributions effectively confine the area of the acoustic emission and lead to sound sources with smaller
dimensions, which, as shown in the previous subsection, have a less directional emission. Finally, from Fig.
5.12 it becomes evident that the particular shape of the pressure distribution H, (x) has a much smaller

impact on the acoustic emission of the filament, compared to the length of the plasma channel.
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5.3 Enhanced filament acoustic radiation model

In this section, a more detailed physical model for the calculation of the acoustic emission of plasma
filaments is outlined, based on the heat-source model presented in Chapter 4. Preliminary results from
the evaluation of a scaled plasma filament show that the model captures the basic characteristics of the
acoustic emission of plasma filaments and allows for the precise calculation of their acoustic spectra at

any position in 3D space.

To develop such a model, the geometrical characteristics of the filament plasma channel have to be
imposed on the geometry of the heat source. Due to cylindrical symmetry, the wave equation with a heat

source presented in section 4.2 (Eq. (4.7)) can be written in cylindrical coordinates (x, 1, ¢) [30]:

1 02 y—1 0
2_ . = — - A1
<V =z 6t2> p(x,7,t) =z atH(x,r, t) (5.11)

The filament heat source H(x,r,t) can be expressed in terms of three functions:
H(x,7r,t) = He(x) - H-(r) - He(t) (5.12)

where H,(x) and H,(r) describe the spatial distribution of the thermal energy along the axial x and
radial r dimension and H,(t) describes the time evolution of the thermal energy in the heated volume. In
order to determine the function H(x,r,t), some further considerations have to be made. For the axial
distribution H,(x) of the thermal energy it was demonstrated earlier in this chapter that it can be
approximated by a Lorentzian function:

1
T+ (x/y)?

In the radial dimension, according to Eq. (4.18) of Chapter 4, the thermal energy distribution can be

H, (x) (5.13)

considered to be a Gaussian:

Lorentz
a b
) %0 Gaussian 0 )
120 60 super-Gaussian4 120 \ 60
super-Gaussian6
150 30 150 30
180 0 180 0
-40 -30 -20 -10 0 -40 -30 -20 -10 0
normalized L, (dB) normalized L,, (dB)

Fig. 5.12: simulated directivity plots of the acoustic radiation of four filaments with different axial pressure

distributions within: a) the audible spectrum and b) the full observation spectrum.
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T2
H, (r)~e 297 (5.14)

with g, the width parameter of the distribution. Ultimately, for the time evolution of the thermal energy
either a bell-shaped or a flat-top function can be used. In the presented simulations, a 4™-order super-

Gaussian function was selected [13]:

2 2

H, (y)~6—<2%2) (5.15)
This is in accordance with the findings presented in subsection 4.1.2.2, where the analysis of the optical
signal captured by a photodiode resulted to the isolation of the component of the thermal energy. Fig.
5.13 shows a 4"-order super-Gaussian function fitted to the measured temporal profile of the thermal
energy, obtained from Eq. (4.16). The good match proves that the function of Eqg. (5.15) is an adequate
qualitative approximation of the time evolution of the thermal energy. It should be noted that, although
the thermal signal is obtained by air breakdown from nanosecond pulses, the temporal profile of the
thermal energy does not significantly change in case of femtosecond lasers. This is due to the fact that the
thermalization of the targeted medium is a secondary phenomenon which results from the interactions
of the free electrons with the heavy particles in the interaction volume [31]. The time scales of these
interactions are largely independent from the duration of the laser excitation, and thus, it can be

considered that the thermal energy has qualitatively an identical temporal profile.

Under these assumptions, the heat source is finally written as:

1 _(y_2+i>
H -~ . \205 40¢ (5.16)
&Y= TGy
and Eq. (5.12) becomes:
2 4
1 02 > y—1 -(y—z+t—4>

V- o) by, = 3o 23"t (5.17
( c20t? (1 + (x/y)?)c2af

Eqg. (5.17) was solved numerically in MATLAB [32]. The parameters of the scaled model used in the
simulation are shown in Table Il and the simulation results are shown in Fig. 5.14. Fig. 5.14 a) presents a
two-dimensional heatmap of the pressure generated by the filament at the early stages of its acoustic
emission. The strongly directional emission in the direction perpendicular to the axis of the filament can
be clearly identified from the bright red color on the upper and lower sides of the filament and the faded
red color on the right and left sides of the filament. Fig. 5.14 b) shows the frequency-domain
representation of the acoustic pressure of the filament as obtained from the model at 3 different angles

of the polar plane.
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Fig. 5.13: 4™"-order super-Gaussian fitting of the measured temporal profile of the thermal energy from obtained

from Eq. (4.16) of Chapter 4.

Table II: scaled model parameters

parameter value
y 0.081 (m)
oy 6.910 X 10™* (m)
ot 2.001 X 107* (s)

As expected, the sound pressure is stronger on the transverse axis y (¢ = 90°) and fades for smaller

angles with respect to the filament axis. Also, for the smaller angles, the characteristic spectral dips

acoustic pressure (arb. units)

normalized spectral magnitude (dB)

normalized frequency

Fig. 5.14: Results from a scaled filament model, simulated via the heat source model, a) two-dimensional

heatmap of the pressure generated by the filament at the early stages of its acoustic emission and b) frequency-

domain representation of the acoustic pressure of the filament as obtained from the model at 3 different angles

of the polar plane.
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appearing in the measured frequency spectra are present (see also Fig. 5.7). These qualitative results
demonstrate that the physical model of Eq. (5.17) can successfully capture the main characteristics of the
filament’s acoustic radiation. In the near future, a real-scale model will be developed and compared to

the acoustic model and the measurements.

Conclusions

In this Chapter, the acoustic radiation of plasma filaments generated by femtosecond laser pulses was
systematically studied experimentally and analytically. A set of acoustic measurements was acquired for
plasma filaments of 14 cm length and 3.2 cm length at FWHM through which, the acoustic directivity of
these elongated plasma sound sources was experimentally evaluated. Moreover, a simple
phenomenological model was developed for the estimation of the acoustic directivity and frequency
spectra of plasma filaments based on the classical acoustic line source model and utilizing concepts of the
physics of laser filament generation and the correlation between light and sound following laser-induced
breakdown, presented in Chapter 4. The predictions of the model on the acoustic directivity and the
frequency spectra of plasma filaments at various angles were validated by comparison with the
measurements, showing good agreement both within the audible frequency range and in the complete
frequency range of observation. This parallel experimental and computational study demonstrated that

the acoustic radiation of plasma filaments can be modeled using principles of linear acoustics.

The acoustic line source model was used to study the dependence of the acoustic radiation of plasma
filaments from the geometrical characteristics of the plasma channel, particularly the initial pressure
distribution along the filament’s axis and the length of the channel. Typical bell-shaped (Lorentzian and
Gaussian) and flat-top (super- Gaussian of 4™ and 6™ order) were used to represent the thermal energy
distribution along the axis of the plasma thread. The simulations showed that the acoustic radiation of
filaments with a flat-top distribution is less directional than that of filaments with bell-shaped
distributions; however, the dependence was found to be relatively weak. On the contrary, it was shown
that there is a strong dependence of the filament’s acoustic radiation from the length of the plasma
thread. As expected from the classical counterparts, longer plasma threads exhibit stronger acoustic
directivity in the far field, while shorter threads are less directional, with the emission becoming

omnidirectional in the audible frequency range for plasma channels in the order of a few centimeters.

Finally, a physical model describing the acoustic radiation of laser filaments based on the heat-source
model of Chapter 4 was outlined. Preliminary results from the simulation of a scaled plasma thread
demonstrated that such a model can successfully capture the directional characteristics of the filament’s
acoustic emission. In the near future, experiments with filaments of different lengths and real-scale

simulations will be carried out in order to validate the physical model.
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Chapter 6

Laser-sound: optoacoustic transduction

from digital ZA audio streams
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Introduction

Laser-sound is a proposed novel transduction technology for the controlled reproduction of arbitrary
sound signals via virtual massless plasma sources generated by intense laser pulses in ambient air or
liquids or on solid targets. It aims to provide an alternative solution and address limitations of the current
moving-coil transducer technology through the realization of flexible compact sound reproduction
systems with ample acoustic power, equalized frequency response, improved efficiency and potentially
controllable directivity, that are suitable for generating rapid acoustic signals and for rendering moving

sound sources or holographic auditory scenes.

In Chapters 1 and 2, the concepts and techniques for sound generation from laser-plasma acoustic

sources were presented, including:

a. the audio encodings for sound reproduction from pulsed audio streams

b. the physics behind laser-plasma sources generated in ambient air or on solid targets

Based on these aspects, in this Chapter a novel optoacoustic transducer prototype is presented, capable
of reproducing arbitrary continuous and controlled acoustic signals via laser-induced breakdown directly
in the air or via laser ablation on metal targets. The transducer is based on a single laser unit emitting
intense laser pulses at sufficiently high repetition rates, allowing for fast consecutive optical excitation of
the target medium. The laser system is driven by Sigma-Delta (2A) or Pulse Amplitude Modulation (PAM)
digital audio signals, which allow for the transcoding of complex audio information into streams of laser-

generated acoustic N-waves.

Experimental evaluations of the prototype transducer were carried out at a proof-of-concept level by
reproduction of test audio signals, particularly single sine waves, sine sweeps, speech and music signals.
The measurements are supported by evaluations from a linear computational model, which calculates the
output of the optoacoustic transducer as a function of the driving audio stream and the profile of the
laser-generated acoustic N-wave. Due to limitations in the available laser repetition rate and optical
power, the current prototype achieves reproduction within a restricted frequency range of the audible
spectrum. However, the excellent agreement between the experiments and the predictions of the model

allow for generalization of the results to the full audible range, given a laser with adequate specifications.
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6.1 System overview

Laser-sound deploys well-established pulsed audio modulation techniques for the reproduction of
arbitrary sound signals from laser-generated plasma sound sources. The general schematic diagram of a
laser-sound optoacoustic transducer driven by digital ZA streams is shown in Fig. 6.1. The core of the
system constitutes a high energy, high repetition rate pulsed laser, producing intense short or ultrashort
pulses capable to induce breakdown in air or on solid targets [1][3][4]. The laser unit is driven and
controlled by a radiation control system which enables the modulation of the optical pulse stream over:

a. pulse-to-pulse time distance and

b. pulse energy

Through the control system, instant variation of the generated acoustic pulse density and per-pulse
produced acoustic pressure is achieved, so that the appropriate pulsed audio coding is realized. For this
purpose, the laser unit is driven by two control signals, namely a laser trigger signal (s g) and a radiation
modulation signal (syoq), which are delivered by a control interface. The sy signal evokes laser pulse
emission, essentially constituting a pulse / no-pulse control, while the s;,,4 signal constitutes a real-time
modulation of the emitted optical energy, achieved via an electro-optic modulator (EOM). The signals Sjg
and s;,0q are deduced from a ZA audio bitstream (sxa) produced by A modulation of the input audio
signal S,u4io- The signal s,u4i0 can either be analog or digital (PCM) and contains the original band-limited
audio stream to be reproduced by the laser-sound transducer. Potentially, signal pre-processing can be
applied on s,,4i0 before modulation, for equalization of the system’s frequency response (see Section
6.7.2). Finally, the emitted optical pulse stream is focused by a lens on a targeted medium, which can

either be ambient air or a liquid or solid material placed at the laser’s focal spot.

The adoption of the ZA modulation emerges naturally from the physical characteristics and requirements
of the laser-sound system and its suitability to produce acoustic pulse streams. From a physics point of
view, the N-shaped acoustic pulses generated by gas breakdown or ablation of solids have a duration of
several tens of microseconds [5][6][7], allowing for the formation of dense acoustic pulse streams with
real-time controllable pulse-to-pulse time intervals. Similarly, from a signal point of view, although the
frequency spectrum of such laser-generated A streams extends well beyond the frequency range of the

input signal, the spectral content of the input signal is maintained in the in-band range of the modulated

S S S electrical ———
audio | pepgs/a | "** | Control mod optical
modulation interface acoustic ——
"Stl'ig A4
LASER Electro-optic Focusing | “LIB
modulator & Target

Fig. 6.1: Conceptual diagram of the laser-sound optoacoustic transducer.
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signal with negligible distortion. Consequently, demodulation of the laser-generated acoustic pulse
stream solely requires low-pass filtering to remove the spectral components outside the audible
frequency range, a process that is naturally done by the human auditory system. This effectively enables
sound reproduction directly in the air or on solid targets at any position in space by optical pulses carrying
both the information signal and the power required for the transduction, without the need for in-situ

receiver or demodulation devices [8][9].

6.2 Technical description of the laser sound prototype

The laser-sound prototype was developed in the laboratories of the Engler-Bunte-Institute (EBI) of the
Karlsruhe Institute of Technology (KIT) [10][11][12]. The schematic diagram of the transducer prototype
is shown Fig. 6.2, while photographs of the real experimental platform are shown in are shown in Fig. 6.3.
Two distinct 2A-based implementations of the prototype were tested:

a. 1-bit (2-level) implementation
b. 1.5-bit (3-level) implementation

The 1-bit implementation only requires pulse density control [13][14][15], which can be implemented as
a pulse / no-pulse scheme through the laser triggering mechanism, without optical amplitude control. In
this respect, a train of acoustic pulses with identical pressure profiles is generated, where the audio
information is exclusively encoded in the variations of the pulse density. In the 3-level ZA implementation,
apart from the pulse / no-pulse scheme, two distinct optical pulse energies are required to transcode the
three acoustic pressure levels, namely zero pressure, maximum pressure and half pressure [13][14]. For
this purpose, each pulse emitted by the laser is initially directed into a polarizer (P1) which cleans the
laser beam from unpolarized components by only allowing the horizontally polarized light to pass
through. Then, a quarter wave plate ensures that the light entering the Pockels cell is circularly polarized.
At the exit of the cell, the pulse polarization is altered to either linear, circular or elliptical, depending on
the amplitude of the applied voltage V,. Finally, the pulse is directed into a second polarizer (P2) allowing
the vertical polarization component to pass, while blocking the horizontal component. As a result, the
amount of light transmitted through the second polarizer depends on the light polarization at the exit of
the Pockels cell which, in turn, depends on the voltage applied on the Pockels cell. In the presented setup,
a full-scale negative voltage Vj, = —Wjhax l€ads to a pulse block, while a full-scale positive voltage V}, =
+Vax leads to the transmission of the full optical energy of the pulse. Finally, a zero voltage V, = 0 leads
to the transmission of 50% of the optical energy. This approach was chosen in order to reduce the

maximum applied voltage to the non-linear crystal [10][11].

For the 3-level XA implementation presented here, these three different optical energy levels are
sufficient while, for n-bit implementations, 2™ voltage levels are required and thus intermediate voltages

within the range V, € (—Viax, +Vmax) must be selected. For such multilevel 2A coding, the fidelity of the
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Fig. 6.2: Schematic diagram of the optoacoustic transducer prototype.

sound reproduction is susceptible to the accuracy of the reproduced pulse-to-pulse pressure amplitude,
since the in-band frequency content of the generated acoustic ZA stream depends on the acoustic
pressure of each individual pulse. It is well known that the relation between acoustic pressure and optical
energy is non-linear [16][17]; if this fact is neglected, the demodulated sound wave will potentially
contain perceptible distortion in the band of interest. Hence, initial calibration is required for each
particular setup, in order for the appropriate driving voltage levels to be selected to achieve precise
reproduction of the pulse-to-pulse acoustic pressure levels. Nevertheless, since this aspect is not critical

for the 3-level and 3-level implementations, the calibration process is not further discussed here.

Regarding the hardware components of the system, an Nd:YAG laser (EdgeWave, IS 200-2-L [19]), capable
of emitting 532 nm pulses of ~ 9 m] energy and ~10ns duration at a repetition rate of up to 8 kHz. For
the optical amplitude modulation, a high damage threshold Pockels cell was used (BBO-4-40-AR532
double BBO crystal, EM500, Leysop [20]), driven by a high-voltage generator (HVG) (M2500, Leysop,
[21][20]) with a full-amplitude frequency response of over 250 kHz and rise/fall times below 600 ns. An
indicative test of the pulse amplitude modulation system for sine wave modulation of the optical pulses
is shown in Fig. 6.4. With these specifications, the used EOM system could modulate the transmitted
optical pulses at sufficiently high repetition frequencies to cover the entire audible range and will be used

in the future for a full-range transduction prototype.

Finally, to achieve maximum optical-to-acoustic transduction, the pulses were tightly focused by a 75 mm

lens. Focusing was done on two different target media:

a. ambient air
b. metal plates
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Fig. 6.3: Photographs of the optoacoustic transducer prototype a) driving audio interface and sound recording

setup for the 1-bit ZA implementation and b) optical setup for laser pulse amplitude modulation in the 3-level

implementation.



which were placed at a distance of approximately 2 meters from the laser unit. The use of metal plates
was necessary due to the limitations in the available optical energy of the laser unit, which allowed for
optical intensities only marginally above the breakdown threshold of the air at the required repetition
rates [19]. However, since the pulses need to pass through the EOM system, the remaining optical
intensity was insufficient for breakdown in air, while it was sufficient for ablation on metal plates. Thus,
the 1-bit ZA implementation was evaluated for LIB directly in the air, while the 3-level ZA implementation

requiring pulse amplitude control, was tested for laser ablation on metal plates.

Fig. 6.4: Photograph from the test of the pulse amplitude modulation system, showing the high voltage
generator, the modulating electric signal s,,,4 (voltage) and the output optical energy.

6.3 Signal processing methods

6.3.1 Audio signal modulation

The signal processing chain for the derivation of the control signals starts with a 16-bit PCM audio signal,
which is upsampled (oversampled) by a factor of L and digitally low-pass filtered to suppress the spectral
content above the in-band range, leading to the signal spcy 1. The signal spcy 1, is then converted into a
ZA stream by a 1st-order XA modulator, producing the signal sz . Such a signal processing chain is depicted
in Fig. 6.5. If the input is an analog signal, analog-to-digital conversion with an oversampling factor of R
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has to be carried out before low-pass filtering. The rest of the process differs for 1-bit and multi-bit

implementations and is presented separately.
6.3.1.1 Single-bit ZA implementation

The process for generating syrjg from the ZA stream is identical to the process used for the computational
model (see subsection 6.4), with the only difference that the trigger signal consists of rectangular pulses
instead of N-pulses. The characteristics of the laser trigger signal sijg, particularly the pulse rise / fall
times tjse and tg,;, the total pulse duration tet and the minimum time interval between two consecutive
pulses are dictated by the specifications of the laser. The position of each trigger pulse is provided by the

Sy bitstream, where each “one” denotes a “pulse” while a “zero” denotes a “no-pulse.
6.3.1.2 Multilevel ZA implementations

Similarly to the 1-bit implementation, a multi-level implementation requires an optical pulse to be emitted
by the laser for each non-zero signal level. However, the ss, signal contains not only zeros and ones, but

also intermediate levels with amplitudes that depend on the number of the encoding bits. For n bits, there

are 2™ — 2 intermediate levels and two consecutive levels differ by Moreover, the electro-optic

2n—-1"
modulator must be driven synchronously with the laser trigger in order to appropriately adapt the
transmitted optical energy to the desired amplitude. The driving signal s,,,q of the modulation is a PCM
signal derived from the s5, stream by quantization with resolution n. The resulting signal 5,4 is delivered

as a voltage Vi, oq € [—2.5V, +2.5V] to the input of the Pockels cell driver.

6.4 Computational model

The computational model takes as inputs the output signal ssa(n) of the ZA modulator and the N-pulse
signal sl{, (n) and gives as output the LIB pulse stream s; g and the in-band signal s,fudio, as demodulated
by low-pass filtering [10]. The model effectively describes the s;;g signal as a ZA stream where the
impulses are substituted by laser generated N-pulses. Since the output of a regular digital 2A modulator

is a stream of impulses [13], the ZA stream can be written as:

Ng
ssa(n) = Z S(n—n;) (6.1)
i=1
SpcM,L SzA
SpcM Lx A R x Sza
—> . 1 LPF — .
upsampling modulator upsampling

r
model Sp

Fig. 6.5: Signal processing steps for the production of the reconstructed signals.
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where §(+) is the Kronecker delta function, n; is the time index of the iy, delta and Nj is the total number
of impulses in the modulated signal. Now, to substitute the delta functions with N-pulses, sy (1) needs
to be convolved with the time profile s, of the N-pulse [16][26]:

Ng
Siip () = sza(m) * sp(n) = " 8(n = o) x sp() 62
i=1
which gives:
4 (&
sLis(n) = sga(M) * sp(n) = N_p' ; S(n—mny) |* (n : (u(n +N,) —u(n— Np))) (6.3)

where N, is the length in samples of the N-pulse and u(*) is the unit step function. Equation (6.3)
constitutes a time-domain description of the LIB acoustic pulse stream; however, it does not provide
significant insight to the characteristics of the sound generated by the laser-sound system and it is more

convenient to inspect the signal sj ;g (n) in the frequency domain.

In Chapter 3, the mathematical description of a 1*-order ¥A modulator in the frequency domain was

presented. It was shown that the frequency response of a 1*-order modulator can be written as [13]:
Ssa(k) = Saudio (k) + NTF(k) - E (k) (6.4)

Hence, the DFT spectrum of the LIB pulse stream of Eq. (6.3) is the result of the multiplication between

the frequency response of the modulator and the frequency spectrum of the N-pulse:
St (k) = Sga(k) - Sp (k)
which leads to:
Stig(k) = Sp(k) - Saudio (k) + Sp(k) - NTF(k) - E(k) (6.5)

The S}, (k) exhibits a 1%-order high-pass profile in the in-band range (see Chapter 3), and thus, the spectral

magnitude of the linearized signal transfer function for the laser-audio system becomes:
ISTFLi (k)| = |5 (k)| ~k (6.6)
Accordingly, the linearized noise transfer function becomes:
INTFLig (k)| = [Sp(k) | - | NTF(k)| ~k? (6.7)

which is a 2"-order high-pass profile. Finally, the normalized frequency response of the laser-sound

system can be written in terms of the spectrum S, 4io (k) of the input signal as:

SL,.IB(k) =k - Saudio (k) + k? - E(k) (6.8)
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As shown in the next Results section, Eq. (6.6) - (6.8) are clearly verified by the simulated and measured

signals.
6.5 Evaluation of the laser-sound prototype

6.5.1 Methodology

To demonstrate the functionality of the laser-sound optoacoustic transducer, systematic measurements
of test and real acoustic signals reproduced by the prototype system were carried out and are compared
with the predictions of the developed mathematical model. Fig. 6.6 outlines the experimental and
modeling procedures for sound generation in ambient air. The input signal S,yq4i0 (1), with n the discrete-
time index, is typically obtained from a digital audio file and is directed into the modulator, where it is
transformed into a ZA bitstream. The modulator output s55 () is used both to control the laser emission
and as input to the computational model. In the physical system, the optical pulses are focused in the air
causing breakdown and generating acoustic pulse trains, which are consequently captured and recorded
by a microphone and data acquisition system (sp,;c(1) signal). The measured signals are post-processed
in order to reduce measurement artefacts and noise, leading to the signal s ;5 (n). The frequency spectra
SLig (k) of the reproduced acoustic pulse streams are obtained here via Discrete Fourier Transform (DFT),
where k is the discrete frequency index. Moreover, single acoustic pulses s,(n) are captured and
analyzed in order to generate the signal model s, (n) of the acoustic N-pulse. The signal s, (n) is used as
an the second input to the computational model, which produces the simulated laser-generated acoustic
signals sy ;g(n) and their respective DFT representation Sy ;5 (k). Finally, the signals sy ;g (n) and s{5(n)
are low-pass filtered and resampled to the effective bandwidth of the system, producing the
reconstructed audio signals s® 4, (n). The signals s% 4;,(n) are used for unofficial aural evaluations of

the reproduced audio signals.

Signal
’ i S:?udio
siip processing
Saudio SzA
Modulator | » Model [~ Sy yp———
o
******************************* | T L DFT Siig
Sza f. lens . N-pulse
3 l model comparative
LASER (:0 {\XZ } evaluation
1
T A _Ep_ _______________ DFT = Sus

mg YO Acquisition [ Noise

1
]
1
1
removal Sue !
1
1
1

Signal <
processing | ! audio

________________________________________________________________________

measurement

Fig. 6.6: Methodology block diagram for the experimental and computational evaluation of the laser-audio

transducer prototype.
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6.5.2 Experiments

In the experimental setup, the parameters and characteristics of the 1-bit ZA modulation were largely
dictated by the specifications of the laser system that was available for the implementation of the
transducer prototype. The laser system allowed for a maximum optical pulse repetition rate of 20kHz,
however, a repetition rate f,sor = 4kHz was adopted for most of the experiments since, for rates higher
than 4kHz, the optical energy dropped below the breakdown threshold and some optical pulses did not
cause air breakdown, leading to “missing pulses”. In such low repetition rates, the pulse-to-pulse time
distance (tpp = 250ps) is sufficiently large for the plasma to relax and the interaction volume to cool
down. The plasma lifetime, as well as the duration of the thermoelastic expansion and collapse of the
interaction volume, depend on the laser radiation parameters, such as pulse duration, wavelength, energy
and focusing conditions. For identical laser parameters it has been observed that the plasma relaxes
within a few tens of nanoseconds, while the full thermoelastic process relaxes within a few up to a few
tens of microseconds [5][6]. As a result, each laser pulse of the A pulse train is focused in neutral air of
identical temperature and density, a fact that manifests also in the high repeatability of the acoustic

pulses.

Due to the restriction in the available repetition rate, and in order to effectively demonstrate the proof-
of-concept functionality of the system, a XA oversampling factor of L = 2 was adopted, together with a
1*-order noise shaping. Consequently, the original sampling frequency of the input signals was set to f; =
2kHz (fiaser/L) allowing for an effective bandwidth of up to 1kHz according to the Nyquist criterion:
faudio € [20Hz, 1kHz]. The Signal to Quantization Noise Ratio (SQNR) of such a 1%*-order 1-bit modulator
is approximately 21 dB while for the 1.5-bit (3-level) modulator it is 24 dB [14]. However, in the 3-level
implementation the SNR of the measured signal is further compromised by the use of a rotating metal
target, as the one shown in Fig. 6.7. Although such restrictions compromise the frequency range and
quality of the signals, the results clearly illustrate the principles introduced in this work and are adequate
for validating the computational model. For this purpose, the experimental and computational results for
a single sine wave input are presented and compared in the next subsections. The microphone was placed
at a distance of 5 cm from the LIB breakdown spot. The microphone signal was digitized by the sound card
(see Fig. 6.3) with a sampling frequency f; = 384 kHz and 24-bit resolution and recorded using the
Audacity audio software [22] enhanced with the Aurora plugin [23].

6.5.3 Measurements processing

For the acoustic evaluation of the system by means of measured and simulated audio signals, provided as
supplementary material, low-pass filtering was used to limit the frequency spectrum of the signals in the

band-of-interest. Particularly, the acoustic pulse trains sy;g(n) and sjg(n) were filtered by an anti-
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Fig. 6.7: Photograph of the metal plate used for the evaluation of the 3-level implementation of the transducer
prototype based on laser ablation. The grooves formed by the material removal are apparent.

aliasing low-pass filter s (1), with cut-off frequency equal to the Nyquist frequency of the original input
signal fg) = % The band-limited signal was downsampled by a factor M to a resulting frequency f; and

the reconstructed audio signal was produced:

SR dio(n) = (LB * sa) (nM) (6.9)

Additionally, the speech and music audio signals were low-pass filtered in the inband range to equalize
the high-pass profile of the system’s response (see Eq. (6.8)). In a full-specifications high-SQNR laser-sound
system, the equalization can take place by preprocessing the input signal s, 4io, @s Shown in Section 6.7.2.
Finally, the signal processing steps taken for the audio samples of the supplementary material are shown
in Fig. 6.8.

SLiB /SLiB 5§ s ! sz - di
Anti-aliasing ) | Equalization ' ~audio
- > —pt |
LPE Downsampling : LPE :
s !

Fig. 6.8: Signal processing steps for the production of the reconstructed signals.

6.6 Results

For the evaluations, the following test signals were used:

1. single sine waves at central octave band frequencies from 31.5 Hz to 500 Hz
2. band limited sine sweep signals

3. excerpt from female speech [24] and music
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Sine wave signals are commonly used as stimuli for the evaluation of acoustic systems and transducers
[25] while they are also suitable for evaluating low-SQNR digital modulations, as they concentrate all of
their energy in one frequency. The bandwidth of the prototype transducer allowed for reproduction of
sine waves at the octave band central frequencies 31.5, 63, 125, 250 and 500 Hz. Moreover, sine sweep
signals are commonly used for the evaluation of a system’s impulse and frequency response, as they excite
the system throughout the entire in-band range [27]. By deconvolution of the measured response to the
sine sweep signal, the system’s impulse response is obtained, from which, the frequency response is
calculated via DFT. Here, logarithmic sine sweeps with a frequency range from 20 Hz to 1 kHz were used.
The system’s response was also evaluated for a female speech and a music sample. Due to the complexity
of the frequency-domain profile of these signals, no related diagrams are shown here. The reproduction

results are available for auditory evaluation at http://audiogroup.ece.upatras.gr/tools/laser sound.php.

Finally, the simulations supporting the measurements were based on measured spectral profiles of the N-
waves generated by laser-induced breakdown in the air and laser ablation on metal targets, accoriding to

Eq. (6.5). The used spectral profiles are shown in Fig. 6.9 a) and b) respectively.
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Fig. 6.9: Frequency spectrum of the acoustic pulses generated by a) laser-induced breakdown and b) laser
ablation of a metal plate, measured at a bandwidth 20 Hz to 20 kHz and windowed in the time domain with a
47 ps symmetric Tukey window.

6.6.1 Single-bit ZA tests in ambient air

6.6.1.1 Time and frequency profile of reporoduced sine wave

In the previous section, it was shown that the 1-bit ZA approach is the simplest implementation, as it
essentially requires only a focusing lens and a triggering mechanism. The absence of a pulse amplitude
modulation system minimizes optical energy losses along the pulse propagation path, allowing for direct
optoacoustic transduction in the air with the particular laser unit. Fig. 6.10 a) shows a part of a sinusoidal

signal with frequency fine = 125 Hz, superimposed on its ZA representation that is produced after the
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modulator stage. This ideal A modulated sine wave is compared with the respective signal sj;5(n) as
evaluated by the computational model (Fig. 6.10 b)) and the measured signal sy jg(n) that is generated by
the prototype system (Fig. 6.10 c)). From comparison of the Fig. 6.10 a)-c) it becomes apparent that the
modulated, simulated and measured signals all constitute the same pulse train, which proves that the
laser-audio system is able to reproduce the XA pulse sequences with high accuracy, essentially replacing

the rectangular ZA pulses with laser-generated N-pulses.
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Fig. 6.10: Time-domain representations of a 125Hz sine wave signal a) encoded as a ZA stream sz, (n) of
rectangular pulses, b) simulated as a LIB pulse stream sj;5(n) using the modeled ideal N-pulse signal sr’,(n)
and c) reproduced from the laser-audio system s;;5(n), d-e) frequency-domain representations of the
signals within the inband range [20Hz, 1kHz], as obtained via DFT.
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Fig. 6.10 d)-f) show the corresponding frequency spectra of the signals as obtained via DFT within the
inband frequency range. In the spectrum Ssa(k) of the ideal ZA signal (Fig. 6.10 d)), the sine wave
frequency is prominent at 125 Hz, approximately 35 dB higher than the noise floor in the neighboring
frequencies while the characteristic noise shaping of the modulator can be observed as a 1%-order high-
pass slope of the quantization noise floor. Fig. 6.10 e) shows the spectrum Sj ;5 (k) of the simulated signal
sii(n), as obtained by multiplying Sz, (k) by the spectrum S; (k) of a single modeled N-pulse. From Fig.
6.10 e) it can be seen that the spectral magnitude of the sine wave frequency is preserved, while the noise
floor of Sj;5(k) has a second-order high-pass profile as a result of the combined effect of the ZA noise
shaping and the spectrum Sf,(k) of the N-pulse (see Eq. (6.5)). The same spectral profile also manifests in
the spectrum Sy g(k) of the measured signal shown in Fig. 6.10 f), but here the noise floor is raised by
approximately 10 dB, due to the acoustic noise introduced in the experiment. Also, in Sy ;g (k) the second
harmonic of the sine wave frequency can be seen in Sy ;g (k), which indicates a potential mild non-linearity
in the reproduction chain.

6.6.1.2 Discrete sine waves

Fig. 6.11 a) and b) show the overlaid frequency spectra of the measured and simulated sine waves at
octave band central frequencies from 31.5 Hz to 500 Hz. For the sine wave encoding, pole optimization
was used in the 2A modulator [13], through which the impact of the noise shaper in the in-band range is
minimized and an almost flat in-band profile of the noise floor is obtained (see also Chapter 3). The
discrete sine signals were reproduced and recorded separately but are superimposed here on the same
figure for convenience. It can be seen that the laser-sound system reproduces the frequencies of the sine
wave inputs with high accuracy, while any differences in the magnitudes result from the spectral profile

of the LIB pulse, as can be directly evaluated from Eq. (6.5). Moreover, the spectral profile of the noise
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Fig. 6.11: Frequency spectra of successive sine wave signals with frequencies 31.5, 63, 125, 250 and 500 Hz,
reproduced by the 1-bit A laser-sound prototype, a) measured and b) simulated results.
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floor also follows the predictions of Eq. (6.5). In the simulations of Fig. 6.11 b), the noise originates
exclusively from the quantization introduced by the XA modulation and thus follows the spectral profile
Sp (k) of the pulse. In the measurements of Fig. 6.11 a), apart from the quantization noise, environmental
acoustic noise is also present, raising the noise floor in the lower frequencies by approximately 10 dB.
Nevertheless, above 250 Hz, the measurement and simulation noise floor coincide.

6.6.1.3 Impulse and frequency response

Fig. 6.12 a) shows the comparative plots of the simulated and experimentally measured impulse responses
of the complete laser-sound transduction system, obtained via bandlimited swept sine excitation. As
expected from Eq. (6.5), the system’s impulse response in the in-band range effectively is the LIB N-wave,
filtered by a 1 kHz low-pass filter, due to the frequency limitations imposed by the laser repetition rate.
The good agreement between the simulations and measurements indicates that the behavior of the real
system can be accurately predicted by the computation model, potentially also for the extended full audio
bandwidth [10][11]. The comparative measured and simulated frequency responses of the system shown

in Fig. 6.12 b) are also in good agreement, although some low-frequency additive acoustic noise is present
in the measurements.
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Fig. 6.12: Comparative measured and simulated responses of the 1-bit ZA laser-sound prototype a) impulse
response and b) frequency response. The sine sweep excitation was limited in the range 20 Hz to 1 kHz.

6.6.2 Three-level ZA test signals

For the 3-level ZA modulation scheme, the optical energy of the laser-sound prototype was insufficient to
generate air plasma, since the rather small but non-negligible losses in the electro-optical modulation
system reduced the already marginal pulse energy to a level below the breakdown threshold. For this

reason, the experiments of the 3-level implementation were carried out using metal plates as target
materials.
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6.6.2.1 Discrete sine waves in octave frequencies

Fig. 6.13 a) and b) show the frequency spectra of the measured and simulated sine waves, respectively.
Again, the laser-sound system reproduces the frequencies of the sine wave inputs with high accuracy.
Here, the measurement noise appears 20 dB higher than in the simulations, which can be attributed to
the additional noise produced by the etching of the metal plate during ablation, but also possibly due to
secondary low-frequency acoustic radiation due to vibrations of the plate.
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Fig. 6.13: a) Measured and b) simulated frequency spectra of sine wave signals with frequencies 31.5, 63, 125,
250 and 500 Hz reproduced by the 3-level A laser-sound prototype on a metal plate.

6.6.2.2 Impulse and frequency response

Fig. 6.14 presents the impulse and frequency response of the 3-level laser-sound prototype system,
where, as with the 1-bit ZA system, a good agreement between the simulations and the measurements
can be observed, except for a ~4 dB mismatch in the high frequencies. This can be attributed to the profile
s,’J of the LIB acoustic pulse used for the simulation of the ablation-generated sound. Nevertheless, despite
potential differences in the spectrum of laser-generated N-waves in the low frequencies, all the acoustic
pulses exhibit the characteristic Sp(k)~k spectral profile above 1 kHz [6][7][16]. Moreover, sound from
vibrations of the metal plates could potentially contribute to the observed mismatch. To account for the
contribution of the sound due to vibrations, it is necessary to estimate the mechanical response of such

metal plates to the laser radiation. Such a task is left for the future and is not discussed further here.
6.7 Simulation of the ideal optoacoustic transducer

Despite the technical limitations of the presented experiments, the properties of the prototype system

were found to be controllable, well-defined, and in a good agreement with the predictions of a linear
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Fig. 6.14: Comparative measured and simulated response of the 3-level ZA laser-sound prototype a) impulse

response and b) frequency response. The sine sweep excitation was limited in the range 20Hz-1kHz.
computational model. The accuracy of the predicted results verifies that this computational model can be
used for the evaluation of ZA-based laser-sound systems in terms of their characteristics, and particularly,
the profile s;, of a single laser-generated acoustic pulse and the A modulator implementation. This is
demonstrated here by the use of the model to evaluate the performance of an ideal 2A-based laser-sound
system with an in-band range extending along the entire audible spectrum. The main physical limitation
of such a system constitutes the duration of the cooldown process of the excited medium, which imposes
restrictions on the permitted excitation frequency. In ambient air, typical cooldown times range from a
couple of microseconds up to several tens of microseconds, depending on the amount of the deposited

energy [5][6][16], allowing for a maximum optical excitation frequency at the same spot of several
hundreds of kilohertz.

Considering these physical limits and a typical audio sampling frequency f; = 44.1 kHz, an oversampling
factor R = 8 could be employed, resulting in a laser pulse emission frequency of 352.8 kHz. Note that,
this is significantly lower than the oversampling factor used in typical 1-bit ZA audio modulations, such as
the Direct Stream Digital used in the Super Audio CD [28][29], which adopts an R = 64 and leads to a
maximum pulse repetition frequency of 2.8224 MHz. The low oversampling factor dictates for a high-
order and multibit ZA modulator in order to achieve a satisfactory Signal to Quantization Noise Ratio
(SQNR), which is typically estimated through the formula [14]:

SQNR = 6.02n + 3.01-log, R- (2L + 1) —9.36L — 2.76 (6.10)

where n is the number of bits and L is the modulator order. For a 6™-order, 5-bit modulator with x8
oversampling, the SQNR is approximately 88.57 dB. However, the noise will not be uniformly distributed
across the in-band range; by assuming a flat in-band quantization noise profile E (k), the noise profile of

the reproduced signal will exhibit a 15-order high-pass profile due to the frequency profile of the N-pulse
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(see Egs. (6.5) and (6.8)). For the entire audible range spanning approximately 10 octaves (3 decades), the
noise floor at 20 kHz will be 60 dB higher than at 20 Hz.

It should be noted that, in a real system, the multi-level functionality can be achieved with high precision
via the pulse amplitude control system. To account for the multi-level ZA stream, Eq. (6.1) of the

computational model has to be adapted as:

Ng
sza(n) = Z a;-6(n—ny) (6.11)
i=1

where a; € [0,1] the quantized amplitude of the iy, ZA impulse.

6.7.1 Simulation of sine wave reproduction

Fig. 6.15 shows the model’s estimations on the reproduction of a 1kHz sine wave from the ideal laser-
sound system. Particularly, Fig. 6.15 a) shows the DFT spectrum Ssa (f) at the output of the A modulator;
the effect of the pole optimization on the noise floor can be seen at the higher end of the in-band range,
while the characteristic noise shaping profile begins at around 20 kHz and extends into the ultrasounds.
Due to pole optimization, the quantization noise floor exhibits a flat spectrum in the in-band range and
the normalized NTF can be written as:

No
INTF(K)| = 1, ke[O,%d"’] (6.12)

where, N,ygio the total number of samples of the audio input signal. Moreover, Fig. 6.15 b) shows the
simulated spectrum S{;5(k) of the laser-generated acoustic pulse stream, where the NTF takes the
predicted 1*-order high-pass profile as a result of the multiplication by the spectral profile of the N-pulse
(see Eq. (6.5) - (6.7)):

N .
INTFp(k)|~k, k€ [o,%‘“”] (6.13)

Fig. 6.15 c) shows the reconstructed time-domain signal sfudio(n) which is produced by filtering of the
simulated signal s;;5(n) with a low-pass filter with cutoff frequency fg;; = 20 kHz. The reconstructed
signal has the time profile of a perfect sine wave, showing that the information of the input signal in the
band of interest can be recovered from the laser-generated acoustic pulse train by simple low-pass
filtering. It can be deduced that, in a real implementation of a laser-sound system, the required low-pass
filtering with a 20 kHz cutoff frequency can be done directly by the human auditory system. Such a
concept for the natural filtering of ultrasound frequencies has been successfully used in audio
applications, for example in “sound from ultrasound” technologies for the generation of highly directional

audio sources (see for example Audio Spotlight [30][31]).
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Fig. 6.15: a) Sga(n), b) S/ ;5 (n) and c) sX 4i, (n) for a 1kHz sine wave input, simulated under consideration of an

ideal optoacoustic transducer based on a state-of-the-art 160kHz pulsed laser system.

6.7.2 Frequency response equalization

A crucial characteristic of an ideal sound transducer is a flat in-band frequency response, which is

expressed in terms of the system’s signal transfer function as:

N. .
ISTFigea1 (k)| = 1, k<:§ﬁ (6.14)

To achieve such an STF in the in-band frequency range, the input signal needs to be filtered with the

inverse filter S;,,, (k) of the system’s original STF, so that:
ISTFigeat (k)| = |STFyig (k)| - |Siny ()] = 1 (6.15)
From Eq. (6.6) it emerges that S;,, (k) is the transfer function of a first order low-pass filter:

1
RG]

|Sinv(K)| =

ol M

By applying such a filter on the input audio signal, the in-band frequency spectrum of the sound

reproduced by the equalized laser-sound system becomes:
S’LIB,eq(k) = Saudio(k) + E(k) ' Sp(k) (6.16)

Fig. 6.16 illustrates the simulated behavior of such an ideal laser-sound system with a 20 Hz to 20 kHz
bandwidth. The frequency responses Sj5(k) and Sjgcq(k) of the non-equalized and equalized ideal
laser-sound systems are plotted along with the simulated acoustic spectrum reproduced by the equalized
system for the 1 kHz sine wave input. The simulation of the system’s frequency response was carried out
by using as input a digital impulse signal § (*), which was consequently converted to a 5-bit ZA stream and
convolved with the time profile s,, of the ideal N-wave. By comparing Sy ;g (k) with Sﬁls,eq(k)' it becomes
evident that the equalized system has a flat frequency response, unlike the 15-order high-pass response
of the non-equalized system, in accordance to Eq. (6.5) and (6.16), respectively. As is also evident from

these equations and Fig. 6.16, the impulse response of such a system, limited to the in-band frequency
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range, would be identical to an LPF-corrected N-wave, or equivalently, to a triangular pulse with a duration
from a few up to a few tens of microseconds. Moreover, from the simulated 1 kHz sine wave it can be

seen that the noise floor of the system exhibits a 15*-order high-pass profile, as predicted by Eq. (6.16).

6.8 Estimation of the transduction efficiency

The transduction efficiency of a laser-sound system mainly depends on 3 sources of energy loss
throughout the transduction chain: a) the electrical-to-optical energy conversion of the laser unit, b) the
absorption of optical energy from the targeted medium and c) the optical-to-acoustic (thermal) energy
conversion. To quantify the total energy losses for the presented prototype transducer and also estimate
the theoretical efficiency of an ideal laser-sound transducer with optimal components and optimized

working parameters, the following considerations can be done:

a) The power consumption of the used laser unit for a maximum optical output of 90W at 532nm
wavelength is 1.2kW, corresponding to an efficiency n; = 7.5%. The efficiency doubles for infrared pulses
(1064nm). However, state of the art nanosecond or femtosecond lasers capable of fast laser-plasma

excitation can achieve efficiencies of the order of n; = 30% [32].

b) The efficiency of the optical energy absorption from the air depends on optical parameters, such as the
pulse duration, energy, wavelength and focusing conditions as well as on ambient parameters, mainly the
humidity and temperature of the air. From measurements of the remaining optical energy after the focal

spot it was found that in the presented experiments about one third of the optical pulse energy is

out-band

maghnitude (dB)

I 50dB
// original response

- equalized response
——— 1kHz sine & noise floor

102 10° 10
frequency (Hz)
Fig. 6.16: Simulation of an ideal laser-sound system based on a 6™-order, 5-bit, x8 oversampling A modulation

with a theoretical SQNR of 88.57 dB. The equalized and non-equalized frequency responses of the system are
shown, along with the simulated spectrum of the 1 kHz sine wave reproduced by the equalized system.
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absorbed and thus, the efficiency of the energy absorption process is approximately n, = 33%. However,
as mentioned earlier, the optical intensity used here was close to the energy threshold for optical
breakdown. In such low energies, the absorption efficiency is significantly lower than for energies well
above the threshold. In studies with higher optical intensities [33], absorption efficiencies of more than
n, = 80% have been observed. Equivalent efficiencies are achieved when the laser pulses are focused

on solid targets.

c) Finally, the absorbed optical energy is only partially converted into acoustical energy. This is due to

losses, among others, in the form of optical and thermal radiation from the ionized volume that do not

contribute to the thermoelastic expansion that generates the acoustic wave. The efficiency of this process

can be estimated by calculating the total acoustic energy of a measured N-wave, according to the formula:
Tp

42 5
Bo= 2 [ phde
0

Poc€

where Ej is the total acoustic energy, p, is the air density, c is the speed of sound in air, 7 is the measuring
distance and py(t) is the sound pressure of the N-pulse and T, the duration of the pulse. For the typical
laser parameters of the experiment in the ambient air, T, = 60 s, peak pressure ppax = 25 Paat 1m
distance, results to 0.35 m] total acoustic energy per pulse. For an 8 m] pulse and 30% absorption, the

absorbed energy is E, = 2.4 m], which leads to an optical-to-acoustic conversion efficiency:

:é: 15%
UK] E,

which is in agreement with estimations given in [Oksanen].

By using the efficiency values corresponding to the prototype platform, we get a total transduction

efficiency:

n =n1nzn3 = 0.37%

while by considering the improved working parameters and state-of-the-art devices, and by adopting a

realistic improvement of the third efficiency parameter n5 = 20%, the theoretical efficiency becomes:
nimp =4.8%

Note that, the theoretical limit of the efficiency of moving-coil electromechanical transducers is g, =

4% while the efficiency of common commercial transducers is com = 2% [34].

6.9 Discussion

Although the physical principles of sound generation via laser-induced breakdown have been known for

some time [1][2][3][4], to the best of the authors’ knowledge, the laser-sound platform presented here
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together with the computational model, is the first functional prototype achieving laser-driven
reproduction of arbitrarily complex continuous sounds without the need for a demodulation device. The
functionality of the transducer was demonstrated at a proof-of-concept level (Technical Readiness Level
3) by experimental evaluation of the reproduction of sinusoidal signals, sine sweeps and typical speech
and music signals. From the close agreement of the predictions of the linear model with the experimental
results, it can be assumed that the ZA-driven laser-sound system exhibits a linear functionality in the in-

band frequency range.

Although not thoroughly addressed in the presented experimental evaluation, there is evidence that laser-
driven sound sources can exhibit directional characteristics that can be potentially controlled via the laser
radiation parameters. The work by Bolafios, Eskelinen, Delikaris-Manias, Pulkki et.al. [40][41] has
demonstrated the possibility of using laser-induced breakdown to generate massless sound sources with
arbitrary directionality by forming virtual volumetric clouds of plasma point clouds in the air. Also, the LIB
sound sources can be inherently directional in the audible spectrum, depending on the geometry of the
generated plasma volume, which, in turn, depends on the laser pulse duration and focusing conditions,
especially for femtosecond pulse excitation where elongated plasma threads can be formed in the air
[42][26][43][44][45]. Directional sound waves generated by laser excitation have also been observed on
solid targets [46].

It has to be noted that, the acoustic spectrum generated by the laser-sound system extends well beyond

the audible range up to the ultrasounds, due to:

a) high-frequency quantization noise from ZA noise shaping and
b) strong spectral components on the laser pulse repetition frequency and its harmonics, which are

typical for pulse modulation signals.

According to Eq. (6.16), the system’s out-band acoustic energy originating from the XA modulation is
shaped by the spectral profile of the laser-generated acoustic pulse. Also, from the mathematical
expression of the N-pulse given in Eq. (6.3), it can be seen that its spectral profile only depends on its
duration [6][16], with longer pulses exhibiting more energy in the low frequencies and having low energy
in the ultrasounds. Hence, longer N-waves result to weaker out-band acoustic energy, without affecting

the in-band spectrum.

Moreover, although imperceptible to the human ear, the high ultrasonic energy generated by the laser-
sound system could impose potential hazards or limitations in real-world applications. Strong ultrasounds
are known to cause distress or hearing problems to humans and animals such as dogs, cats, bats etc. [35].
However, the ultrasonic frequencies are significantly attenuated as they propagate through the
atmospheric air. For example, a 100 kHz sine wave is attenuated by 10 dB after propagating over a 3m
distance from the source and by 30 dB for a 10m distance [36][37]. This mitigates the potential hazards
posed by the out-band energy of the laser-sound system, although further investigation of this issue is

required. In addition, the system entails the risk of skin or eye exposure to intense direct or reflected
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radiation, which can cause severe health hazards. Such risks need to be addressed in real installations by
selecting appropriate beam trajectories and by using beam dumps after the breakdown spot in the air, or

appropriately coated non-reflective target surfaces.

The need for high pulse repetition rates, as the one adopted in the simulations of section 6.7 could
potentially impose difficulties on the implementation of real laser-sound systems with equivalent
specifications, as it results to a pulse-to-pulse time distance of tp, = 2.8 ps, while the relaxation time of
the thermoelastic phenomenon is usually longer [5][6]. Considering two consecutive laser pulses in such
an implementation, the conditions of the air in the focal spot at the moment of arrival of the second pulse,
such as temperature, pressure and particle density, will deviate from equilibrium. For even higher laser
repetition rates, for example of a few MHz used in common ZA audio formats [28][29], the second pulse
would be focused in air plasma, in which case the focusing conditions and light-matter interaction
phenomena are much different. Double pulse air breakdown has been studied in several works [38][39],
from which it becomes evident that the optical absorption of the second pulse is significantly enhanced,
leading to a stronger composite thermoelastic phenomenon. As a result, under such a fast, consecutive
excitation, the acoustic behavior of the plasma sound source will deviate from the behavior described
here. However, due to the complexity of the phenomenon, in-depth analysis is necessary for the
description of the generated sound. In order to avoid this unexpected behavior, several solutions could

be adopted, such as:

e the use of ultra-short laser pulses to reduce the duration of the thermoelastic phenomenon,
e rapid pulse-to-pulse micro-shifting of the laser focus to direct each pulse at different positions in
the air,

e the use of specially designed solid targets, such as rotating metal disks.

Nevertheless, double- or multi-pulse radiation schemes could also be considered for the shaping of

complex sound waves, as well as for the increase of the total efficiency of the optoacoustic transduction.
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Conclusions

In this Chapter, a novel laser-driven optoacoustic transducer based on laser-driven plasma generation in
ambient air or on metal targets was presented. The laser-sound system achieves controlled reproduction
of arbitrary sound signals through an electrical-to-optical-to-acoustic signal transformation chain. In
particular, an audio signal encoded as a digital ZA stream is initially transcoded into an appropriately
modulated, in time and amplitude, stream of laser pulses, which is subsequently transformed into acoustic
N-waves via laser-induced breakdown or laser ablation at the targeted spots.

The hardware structure and signal processing of this prototype experimental platform was described for
1-bit and 3-level digital audio implementations and respective experimental results were presented and
analyzed for the reproduction of test signals, particularly sine waves, sine sweeps and speech and music
samples. Due to limitations in the repetition rate and energy of the available laser unit, a maximum 4 kHz
repetition rate was used for the 1-bit transduction directly in the ambient air, allowing for a A
oversampling factor of 2 and a 1 kHz effective bandwidth. The 3-level implementation was carried out via
laser ablation on metal plates with a repetition rate of 8 kHz and an oversampling factor of 4, leading to

the same effective bandwidth.

Moreover, a linear computational model describing the system’s functionality as the convolution of the
2A audio stream with the time profile of the laser-generated acoustic N-wave was developed. The
experiments and computational evaluations were found to be in excellent agreement and showed that
the physical system exhibits a 1%-order high-pass frequency response in the in-band range, due to the
spectral profile of the N-wave. The system’s impulse response corresponds to an N-shaped pulse with a
duration of a few microseconds, while it was shown that it can be equalized by low-pass prefiltering of

the input audio signal.

The good agreement between the experiments and the computation model allowed for simulated
predictions of a laser-sound system that would not be restricted to the repetition rate of the current
experiments. The simulated system was based on a 6™-order 5-bit 2A modulation with x8 oversampling,
providing a total 88.57dB SQNR and requiring a laser repetition rate of 352.8 kHz. The system also
incorporated appropriate signal pre-processing to achieve an equalized in-band frequency response. The
simulations demonstrated that such an implementation would enable perfectly linear optoacoustic
transduction with near-ideal transient time-domain and flat frequency-domain responses within the

audio frequency range.

The physical, signal processing and energy-related challenges of the laser-sound transducers, such as the
hazard of exposure to intense optical radiation and the high-energy ultrasonic emission of the system,
were briefly discussed, but should be carefully addressed in the future. Nevertheless, the presented
experimental and computational evaluations indicated the feasibility of the evolution of such systems and

their suitability to numerous current and future audio applications.
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7.1 Conclusions

This thesis was dedicated to the study of physics and engineering aspects of sound reproduction via
massless laser-generated plasma sources. Particularly, it attempted a breakthrough in sound transduction
technology by introducing a novel laser-sound system that enables the direct transcoding of pulsed audio
streams into acoustic N-pulse streams via laser-induced breakdown in ambient air and laser ablation on
metal targets. In this respect, a prototype transducer was experimentally and analytically evaluated at a
proof-of-concept level, proving the linear and controlled functionality of potential laser-sound systems in
the audible frequency range. Moreover, this work presented new phenomenological models for the
estimation of the sound generated by laser-plasma sources in terms of the parameters of the laser
radiation, as well as a novel method for the calculation and analysis of the DFT spectrum of Uniformly-
sampled Pulse Width Modulation (UPWM) signals derived from random input signals. The ultimate goal
of this work is to provide the computational tools and cover the fundamental engineering aspects of an
alternative transduction technology that will address the deficiencies of the existing electromechanical
transducers by enabling spatial audio reproduction and rendering of moving directional sound sources in

holographic audio scenes.

7.1.1 Laser-plasma sound emission

On the physics part, we studied the correlation between light and sound radiation following laser-induced
breakdown from tightly focused nanosecond pulses with several tens of millijoules energy, using a
combined experimental, analytical and signal processing methodology. We also studied the acoustic

radiation of elongated laser-generated plasma threads called plasma filaments.

With respect to light-sound correlation in LIB

LIB light radiative process

From the time-resolved recordings of the emitted light signal, and by considering the light radiative
mechanisms and their characteristics, we could identify the constituents of the optical signal’s time profile
and associate them to their generating physical processes, namely Bremsstrahlung, electron
recombinations, de-excitations and thermal radiation. By using signal processing techniques, we obtained

an estimation of the time profile of the thermal radiation component.

LIB sound radiation model

The thermal component was used as a heat source in a linear wave equation model that allowed us to
estimate the acoustic frequency spectra of the laser-generated acoustic waves. The model could
reproduce the spectra of the acoustic N-pulses with satisfactory accuracy for laser pulses with energies of
40, 60, 80 and 100 mJ, clearly demonstrating the correlation between the emitted light and sound signals

following LIB. Such a correlation, apart from the fundamental interest, exhibits also practical interest,
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since the measurement of the thermal radiation is significantly simpler and does not require as specialized

equipment as the corresponding acoustic measurements.

Analysis of LIB acoustic spectra

By comparison of the frequency spectra of the N-pulses generated by optical pulses with different
energies, it became apparent that an increase in the incoming energy leads to a spectral shift of the
acoustic pulse towards the lower frequencies. Moreover, by comparison of the optical signals generated
by laser pulses with different energies, it emerged that the increase in optical energy leads to a clear
increase in the duration of the thermal phenomenon, namely, longer expansion and collapse times. In
turn, the extended thermal phenomenon leads to wider acoustic pulses, which results to the spectral shift

towards the lower frequencies.

With respect to the acoustic radiation of plasma filaments

Acoustic line source model

Moreover, we studied the characteristics of the acoustic radiation of laser plasma filaments by developing
a simple phenomenological model based on the classical line source model. To imprint the characteristics
of the filament in the model, the elementary source excitation was substituted by the pressure profile of
the acoustic N-pulse generated by a point-like plasma source, while the initial pressure along the axis of

the filament was weighted according to the axial distribution of the filament’s plasma luminescence.

Analysis of acoustic directivity and spectra

We also analyzed the acoustic directivity and frequency spectra of a plasma filament experimentally, by
measuring the emitted sound with a microphone at different angles with respect to the filament’s axis.
The filament, in analogy to the classical acoustic line sources, exhibits enhanced acoustic emission in the
direction perpendicular to the filament’s axis, while in this direction its acoustic spectra resemble the
spectra of the elementary N-pulse. By moving towards the filament’s axis, the acoustic pressure
progressively fades and interference patterns appear in the frequency spectrum. Also, by analyzing the
directivity in frequency bands we demonstrated that the filament becomes less directional in the lower
frequencies, as expected. Comparison to the evaluations of the model showed that there is very good

agreement for both the filament’s acoustic directivity and frequency spectra.

Impact of plasma geometry on the filament’s radiation

Furthermore, we used the model to evaluate the impact of the geometry of the plasma channel on the
emitted sound. Four different filament lengths were considered, 3.5, 7, 14, and 28 cm, along with four
axial pressure distributions with Gaussian, Lorenzian and 4™ and 6" order super-Gaussian shape. The
simulations showed that the length of the plasma channel has a strong impact on the directivity of the
acoustic radiation, with the 3.5 cm filament being almost omnidirectional in the audible range (maximum
deviation of ~3 dB) and the 28 cm filament being strongly directional (maximum deviation of ~22 dB).

On the contrary, the acoustic radiation showed weak dependence on the pressure distribution, with the
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smoother distributions (Lorenzian, Gaussian) leading to slightly more directional emission than the

steeper super-Gaussians.

Radiation physical model

Finally, we outlined a complete physical model based on the linear wave equation with a heat source and
presented preliminary results from the evaluation of a scaled model of the filament. The model proved to
be able to accurately capture the characteristics of the filament’s acoustic radiation, namely its directivity

and typical interference patterns in the spectrum.
7.1.2 Laser-sound optoacoustic transduction

On the engineering part, we designed, developed and evaluated a novel laser-based optoacoustic
transducer capable of reproducing continuous complex sound waves via pulsed massless plasma point

sources.
With respect to the laser-sound transduction model

Initially, we developed a simple computational model that describes the transcoding of pulsed audio
signals into acoustic N-pulse streams through the linear convolution of the pulsed audio stream with the
time-profile of a single N-pulse. The model was validated by comparison with experimental evaluations of
the real transducer prototype, showing very good agreement. Hence, we showed that such a model can
be used for the design and evaluation of any laser-sound system that is based on plasma generation from

pulsed lasers and driven by pulsed audio streams.
With respect to the transducer prototype

We have developed a working prototype that is able to transcode digital audio ZA streams into acoustic

N-pulse streams. Two distinct implementations of the system were presented:

a. a 1-bit implementation with 4 kHz sampling rate and an oversampling factor of 2, with direct laser-
induced breakdown in the air and
b. a1.5-bit (3-level) implementation with 8 kHz sampling rate and an oversampling factor of 4 with laser-

ablation on metal plate

The sampling rate restrictions were imposed by the limitations of the available laser repetition rate, while
the need for a metal target in the 1.5-bit implementation was due to the limited laser pulse energy. In
both implementations, the 2A audio streams were derived by a 1°*-order 3A modulator with either flat or
1st-order high-pass profile of the noise floor, achieving an effective audio bandwidth of 1 kHz and Signal
to Quantization Noise Ratios (SQNR) of 21 dB and 24 dB, respectively.
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Laser radiation control techniques

We developed a novel method for triggering laser pulse emission by directly routing a pulsed audio stream
to the trigger input of the laser unit, through an audio interface. Moreover, we demonstrated that for the
multilevel implementations, an electro-optic modulator can be used to modulate the amplitude of the

emitted optical pulses in real time.

Prototype performance evaluation

For the evaluation of the transducer, we adopted a parallel experimental and analytical approach by
carrying out systematic recordings of the reproduction of test audio signals, and particularly sine waves
and sine sweeps. The experimental results were compared with simulations via the simple linear model,
showing good agreement, thereby confirming the well-defined, predictable, and strongly linear
functionality of the prototype in the effective bandwidth range. Moreover, we analyzed the sine sweep
recordings to estimate the prototype’s impulse and frequency response, which clearly demonstrated the

rapid and linear response of the system.

We also carried out a preliminary investigation of the energy efficiency of the laser-sound system, showing
that the main sources of energy losses in the laser plasma sound transduction are the electrical-to-optical
energy conversion process of the laser, the imperfect absorption of the optical energy from the medium
and the lossy energy transfer from the free electrons to the heavy particles of the ionized medium. In this
regard, the prototype’s efficiency was estimated at about 0.35%, while it was shown that an optimized
system could reach an efficiency of more than 4%, which is the theoretical efficiency limit of the current

electromechanical technology.

Simulation of an ideal laser-sound transducer

The experimental validation of the model allowed us to carry out simulations of an ideal high-
specifications laser-sound transducer able to perform within the full audible range, based on realistic
component requirements. Particularly, a laser unit with 352.8 kHz repetition rate was assumed along with
a 6™-order 5-bit pole-optimized A modulator with an oversampling factor of 8 and an effective bandwidth
of 22.05 kHz. The simulations demonstrated the possibility to perfectly reconstruct the original audio
signal from the reproduced N-pulse stream by application of a high-order low pass filter with a 20 kHz
cutoff frequency, a process that is naturally done by the human auditory system. Moreover, we
demonstrated the possibility to accurately equalize the frequency response of the system by applying a

1st-order low pass filter to the input signal.

7.1.3 Analysis of UPWM DFT spectra

By analyzing the frequency spectra of Uniform-sampling PWM signals, we observed that when the input
signal is random (i.e. noise signal) and its samples are independent and identically distributed random
variables (iid RVs), the DFT of the UPWM signal in the out-band range only depends on the statistics of

the amplitude distribution of the samples. In this respect, we developed a method for the calculation of
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the UPWM DFT coefficients directly from the statistical moments of the input signal. Particularly, we
showed that, given an ergodic generating random process, the random variables obtained via Fourier
series analysis of the UPWM signal are unbiased estimators of the true mean of the Fourier coefficients
of the UPWM signal. Moreover, we showed that when the samples of the input signal are not independent
RVs, only the Fourier coefficients on the harmonic frequencies of the PWM carrier can be derived from
the statistics of the generating process. Finally, we also derived analytical closed-form expressions for the
Fourier coefficients of UPWM signals originating from input signals following Gaussian, Laplacian, arcsine

and uniform distributions.

It was shown that, this method allows for the estimation of the UPWM DFT spectra in the out-band range
without knowledge of the particular time-series of the input signal, when the input signal can be modeled
using random models. Out-band frequency components of UPWM signals can be This effectively
facilitates the design of UPWM systems, since the strong spectrum at the output of the system is such as
class-D amplifiers, where an output stage filter is necessary for the suppression of the excessive out-band

components.

7.2 Long term vision

Laser-sound could potentially open up new horizons in audio reproduction, as it has several advantages

over the established moving-coil electromechanical technology:

a. It enables the unbounded positioning of massless sound sources within the listening space, by

focusing the laser beam in the air or on specially coated solid surfaces.

b. The digital ZA modulated bitstreams triggering the laser can be directly demodulated into acoustic
waves without the need for digital-to-analog conversion, wired connections and power-consuming

electromechanical transduction units.

c. Moving focus techniques, such as moving mirrors, could be adopted for fast shifting of the acoustic

source, enabling the real-time rendering of moving sound objects.

d. Itis also suitable for remote sound reproduction via transmission and direct demodulation of signals
over very long distances, without the need for a local receiver or power supply, as the optical pulse

stream carries both the audio information and the power required for the reproduction.

e. The support of direct sound reproduction from digital modulations allows for the implementation of

fully digital audio reproduction chains without moving parts.

f. Laser-sound will potentially enable directivity control via virtual volumetric arrays of point-like plasma
sources or elongated plasma threads. In contrast to the electromechanical transducers, the in-band
frequency response of optoacoustic transducers is well-defined and stable, as the system is free of

moving parts and is not subject to constructional or material defects.
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g. Moreover, the plasma sources are capable of generating strong broadband impulse-like signals, which
are useful in applications where the rendering of rapid sound events is required, as for example in

acoustic measurements.

h. Finally, it is anticipated that laser-sound technology can reach or even surpass the current
electromechanical technology in terms of power efficiency, which is less than 2% for the direct
emission of the typical moving-coil commercial loudspeakers, while the theoretical maximum is below
4% (see also Chapter 6). It is estimated that an optimized laser-sound system can achieve an efficiency
higher than 4%, depending on the wall-plug efficiency of the driving laser unit, the optical absorption
efficiency and the optical-to-sound coupling. The latter is intrinsic to the optoacoustic transduction
and depends on the parameters of the laser pulse, however, there are only few references to the

particular dependence in the bibliography and a systematic study should be carried out in the future.

Based on these advantages, the long-term vision of this work is the reproduction of controlled holographic
sound via laser-driven spatially unbounded virtual sound sources at varying distances from the optical
source, without the need for localized transduction devices. The envisaged laser-sound system will be able
to precisely reconstruct any desired sound projection pattern, with sufficient power and well-defined
time-frequency acoustic characteristics, making it suitable for future all-digital holographic sound
reproduction systems. For the adoption of the technology in end-user applications, there are several

obstacles to be overcome:

a. Current state-of-the-art lasers capable of generating breakdown at high repetition rates are costly;
however, their price is gradually decreasing due to progress in laser technology and a quick raise in

their demand for scientific and commercial applications.

b. Safety issues due to direct or reflected optical radiation from the laser have to be addressed in
installations where there is a possibility of skin or eye exposure. Laser beam paths should be directed
away from the listeners while beam blockers or specially coated absorptive surfaces should be used

to stop the beam to avoid potential reflection.

c. As presented in the simulations of the ideal optoacoustic transducer, for high laser repetition rates
the consecutive excitation of the interaction volume before complete relaxation of the thermoelastic
phenomenon could lead to acoustic behavior that deviates from the behavior outlined in the
presented experiments and model. In this case, the impact of dual or multiple pulse excitation on the
generated sound needs to be studied, or the focus of the laser needs to be rapidly shifted for pulse-
to-pulse excitation in different spots. Nevertheless, multi-pulse radiation schemes could also lead to
an increase in the overall transduction efficiency, since optical energy deposition in a plasma is more

efficient than in neutral air, while it also requires significantly lower optical intensity.

d. Strong ultrasounds generated by the laser-sound system in the out-of-band frequency range,

although imperceptible by the human auditory system, can potentially cause distress to animals or
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humans. Thus, the propagation range of such ultrasounds needs to be studied and potential

mitigation techniques need to be developed.

Nevertheless, due to its unique and unprecedented capabilities, laser-driven audio reproduction could
become a complementary technology, or even an attractive alternative, to the established

electromechanical transduction for a variety of commercial applications.

7.3 Future work

During this thesis, several topics related to the physics of laser-induced breakdown and the engineering
of laser-sound generation have emerged that require further investigation. A comprehensive list of these

topics is provided below.
7.3.1 Physics of laser induced breakdown

Complete light-to-sound computational model

Regarding the physics, systematic experiments on the dependence of the LIB acoustic pulses on the laser
radiation parameters, such as duration, wavelength, energy and focusing conditions, have been carried
out and a simple computational model has been outlined. In the near future, this model will be completed
in order to systematically describe the dependence of plasma-generated sound waves from the laser pulse

parameters.
Impact of chirp on femtosecond LIB acoustic radiation

Moreover, preliminary experiments with chirped femtosecond pulses have shown a dependence of the
acoustic characteristics of the generated N-pulse, but also of the light-to-sound conversion efficiency, on
the amount of pulse chirp. Such a dependence effectively means that the sound generated by breakdown
of gases from femtosecond pulses could be fine-tuned via the rearrangement of the optical frequencies
within the laser pulse. These findings could potentially be explained by the outlined optical absorption
model via the introduction of a spatio-temporal variation of the laser pulse frequency. The ultimate goal
of such work is to develop a complete computational model that takes as input the parameters of the
optical radiation and the targeted medium (gas, liquid or solid) and gives at the output the time profile of

the generated N-pulses in 3D space.
Laser plasma filaments for specialized acoustic measurements

Laser plasma filaments, potentially reaching lengths of several hundreds of meters, constitute unique
acoustic sources with special geometrical characteristics, as they approximate one dimensional line
sources with near-ideal cylindrical acoustic emission. For this reason, apart from their interest for the

rending of directional acoustic objects in a future laser-sound system, they are also useful for acoustics
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applications, i.e. for the evaluation of acoustic scale models or real-scale listening spaces, focusing on

particular surfaces or simulating the acoustic emission of line-array loudspeaker systems.
7.3.2 Laser-sound transducer

Virtual evaluator

A virtual platform is going to be developed for the auditory evaluation of ideal laser-sound systems under

realistic working conditions, and particularly the system’s:

a. acoustic performance in a large-scale open-air sound installation with real-time rendering of moving
acoustic sources
b. potential to transduce sound signals over large distances,

c. technical and safety challenges to be addressed for its adoption in commercial applications.

Such a virtual evaluation system will significantly advance the technical readiness of the laser-sound
system without the need for costly experimental installations.

Full audio range transducer

A new prototype will be developed according to the specifications of the simulated ideal laser-sound
transducer presented here. It is anticipated that the high-specifications prototype will be capable to

precisely reproduce audio signals in the entire audible frequency range.
Alternative audio modulation schemes

The implementation of different modulations schemes, such as Pulse Width Modulation (PWM) or Pulse
Amplitude Modulation (PAM) which were presented in Chapter 3, will also be investigated in terms of
acoustic performance and efficiency. Particularly for PAM, preliminary experiments have already been
carried out with the presented prototype, showing both advantages and disadvantages over the ZA
modulation implementation. A block diagram of the system architecture is shown in Fig. 7.1 However,
further systematic tests are required to assess the acoustic parameters and reproduction quality of PAM

or PWM laser-sound systems.

Laser

optical

Audio
source

Interface EOM

Fig. 7.1: Block diagram of a PAM-driven laser-sound system.
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LIB inside acoustic resonators

Finally, the controlled spectral shaping of the laser-generated acoustic signal via the use of enclosures
acting as acoustic resonators will be experimentally and analytically studied. Such a system driven by 1-
bit ZA streams is shown in Fig. 7.2. As expected, preliminary experiments and simulations performed in
the frame of this thesis have shown that the resonator spectrally shapes the acoustic N-pulses in a linear
manner, a process that can be described by multiplication of the N-pulse spectra with the resonator’s
frequency response. Further research has to be carried out to estimate the required resonator geometries
and materials for achieving particular acoustic results in the in-band range as well as efficient filtering in

the ultrasonic range.

Seam(t) | PCM to 1-bit Sl-bit(t)J
Encoder 1

Laser |-wW~| Resonator )

Fig. 7.2: Block diagram of a 1-bit ZA laser-sound system with sound spectral shaping via a resonator.

7.3.3 PWM signals from random inputs

The proposed method for the calculation and analysis of the out-band DFT spectra of Uniform-sampling
PWM signals from random inputs could be also applied to analog Natural-sampling PWM signals. Due to
their wide adoption in engineering applications, NPWM signals have been thoroughly studied for
deterministic input signals and several expressions of their frequency spectra have been presented.
However, to the best of our knowledge, the possibility of expressing the spectra of NPWM signals in terms
of the statistics of random input signals has hitherto not been examined. Such an approach would
significantly enhance the applicability of the proposed analysis method to a wide variety of systems and

applications, potentially also to different carrier-based modulation methods.
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