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LASER-PRODUCED PLASMAS IN MEDICINE-

S. J. Giurrner& R. D. Jones

Applied lheoretiaJ Physi.s Division. IAS Alamos Nas.ionalIALKI-MSIV,Ins Alarnos NM 87545 USA

ABSTRACT

The IaseJ has found numerous applicahs m mulick, Mginning with w in ophthalmology in the 1%0’s. To
&y, lasers are @ in tissue cu[ting, bkmd ccbagulaliorr,photo-dynamic cancer dmapy, arterial plaque removal, dcnlal
clrilling, CIC. In this pper, we examine lhose areas of IascTmedicirw in which plasmas (ioniti gases) are producul.
in fac~ the ptscnce of a plasma is essential for the @ication ti hand 10 succai We considti examples Of WCplas-
mas FCUIuc.d in ophMmology (e.g. lens membram desmction fol!owing c.amt surgc~), in urology and gaswocn-
terology (e.g. kidney and gall srone ablation and fragmentation) and in cardiology and vascular surgery (e.g. Im.er abla-
tion and removal of fibmfauy and caJcifial aswial plaque). Experimemd W are presen~ along witi some re-
sults from computer simArlions of tie phenomena Commen~ on fumre che.cuons in these m arc includd.

1. lNTRODU~ON

The cover of the jotrnal stared ‘Zap Goes rhe Kidney Stone- and U}eanic:e title [1] claimed shal ‘Plasma Physics
Brta.ks Surnes,” Thus we were fusl rdertd to tie fzl tit plasmas were being &neficially used in lswr medicine. The

anicle continued LM w duration dye iaser pukes, intmrdud imo the WY via a !I’M @.ic delivery system were SUC.
cessfully fragmenting kidney stones in patiems. From h firsl tick D tie wurk preserud below, our intercs[ in
laser produced piasmas in medicine has grown.

11is well known M lasers have kn utiliti in medicine fcw many ym. ken were used firsl in ophdulmolo-
gy and clmnatology, beginning in tie wIy 1%0’s, shcm.ly following the laser’s invention. Today’s applications of
she law in medicine are diverse - including tissue cuuing and welding, blood coagulation, phom-dyn.amic cancer thera-
py, amriai plaque removal, Port-wine.suin (dcmnalomgy) removal, dermal drilling, e~. II is not so well known
EM Lhere are a few areas of laser mcdcine in which a plasma (ioniti gas) piays a central role. 11 is Lhe purpcr.seof
his paper LOintroduce dw ruider m rk pmsenl day applicticms of laser produced plasmas in medicine and 10 xpauliuc
on ti future of this phenornenz

When a hex is incidem upon a rnamial, a numb of cffecrs can h obsemed depnding upon she laser intensi[y,
pulse duration am! wavelength, Considering intensity alone, for the momen~ we’d CXPXI IJU as in~n~i:y is in-
crused, we would fmt olxme hinting of tie marcrial, foUowd by melting and Lhen vaporimion. AI s[ill higher
laser iru.ensities, we’d expea the breaking of chemical bonds and finally ionization. A simple energy denshy ordcnng

for tiese plxmomena is shown in Fig, 1-1, using H20 as a sample mam..al. In the Figure, p~n,Tn) is tie mxs dcnsi.

V (.Wkm3)SLFWS’IMCF’n and kmperawe Tn while t.lw syrrdml c &notes the enmgy in eV to which the mamial is

hing raid (c is presumul m k of the order of unily). Thus, u laser deposited energy density of 334 J/cm3 would b

fucckd to men ice (mass densily 1 gin/cm 3 whik 2.258 J/em3 would tx netded lo vaporize walm, MC. Depending up-
on lhe mass dcnsi(y and tie fml energy, vqmrization, bond braking and ionizaticm may MJIbe compa.i.ng processes.
When one deals with biological &ue, MCIIof the foregoing stages from hmmirrgto ioniaion may be observed.

The diversi[y of mu!ical applications of lasers w be more fully appreciated by refaence m she ‘Medical laser in-
~lion map” takcm frun We work of J.-L. Boul; ois [2]. TIIis map is displayul in fig, 1-2. %wer dens!ty (or irradi-

m-iceor irmsity m Wsu~m? is pbucd versusinteraction time @ MCCMWJS).Dimg~~ ~nti *IUXC cons~nl I&ser

fluences in Joules/cm2. The various ime~tion regimes Gm thermal and phottxhemical r.h.rmigh phomab~alivc and

clwtromahanid recur fcr a limited range of Iluenms (betweem dxxu 10 md 1~ J/cm2). l%e inleracr.ion rtgimes
tan lx rcmghly aepamtd by tie Lime duration of the law pulse. Long pukes correspond 10 I.hc rhemm] Md phom-
ehemical regimes while short pulses correspond m she phosoablative and electromdumical regim”s. Bouinois defines
be imaaaion regimes as follows: (1) thermal - cmvmion of elatrornagnetic energy into tlnrmal energy; (2) pho-
Ia!wnical - spearally sensitive chemicals (chromophcres) injected locally, activated by absorption of Imer photon..;
(3) phamblative - direm phomcli.ssaiation af intmmolecular binds by sbsmption of photons; and (4) ekctromczhani-
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cal - themnionic unission or multiphmon prducr.ion of free electrons leading to diclecrnc b~down and plasma pr~
duction. We will mum ourselves in tie remainder of tis ~r wir.h tie elecuumechaniai regime - lhc onc in
which a plasma is praiucd.

1[ is wonhwhile 10 ncxe hal non-laser producod plasmas appear in biology and mdcine. In palcobiology. for ex-
ample, it has Ixxn specul.ale.d lhat amino acids, essential to life, could have been formed in Earth’s primordial alm~
sphere by lightning rkharges. Thus Iifc may owe i~ origin m a plasma prcxess. In addition, RF electric dixhargcs
have b W in demnsuology 10 remove skin growrhs, in general surgery m remove diseased tissue (tic whnique is
@mmonly referral 10 8s elecrrocuutery), and in mology to fmgmrnt kidney smnes (the r,mhnique is known as clcclro-
hydradic tiihot~sy), h is even possible ti medical research will yti investigam a plasma (liquid parr of tic
blood) plasma (ionized gas)! We will concern oumelves here. howe~-er, witi tie wcrk on plasmas in medicine by lim-
itig w q to how plasmas which nre produced by Iascrs,

II. LASER PRODUCED PLASMAS IN OPHTHA1 MOLOGY

Almoss since he invention of k laser in tie early 1960’s, lasers have ben used in F wide range of ophtulmic
produres. k prockd plasmas in ophkd.rnology, however, are more rr%xm, ap~aring to dale from Lhe work of
Krasnov [3], Bass cl af. [4], van du Zypen u al. [5] and Aron-Rosa cl al. [6]. These researchers used shim pulwd ru-

by, dye or Nd:YAG Iaers (tens of ns 10 one w laser pulse dumion, tens of mJ laser energy, Lens of w Iascr spa d.

arnew). me Ixzr Iighl was faused by an exumal lens upon strucu, es witiin k eye, prodwing a plasma. The re-
searchers [5,6] hyphesizd dw following tie plasma production, shock waves were produced which caused Use ob-
servd tissue desmlction. The ophhdmologic procedures in which plasmas are pruhxed include: (1) shalwnng of tie
opaque posterior capsule (capsulolomy) which remains in he eye following canrac[ removi and anificial lens impian-
uion [6]; (2) puncuring an opening in the iris (iridmomy) to reduce inu-aocular pressure m glaucoma [3,4,7]: and (3)
destroying opaque strands wihin tie vimeous humor [8]. For reference, we show in Fig. 11-1 a diagram of tie human
eye [9], The Poslerifx capsule refers m du membrane fomning tie lens surface nearcw m Lheviti~us, The iris and the
viweous are aJso shoum. The term pho[odi~rupion has brxome accep(ul parlance among ophtilmologius for tie ef-
fect of he law in tie above mentioned promiurcs,

Following rhe resarch of van der Zypen and Aron-Ro~, work wm commend on undersmding the physical phc-
nomer-u involvd in k laser inlc~tion. Questions concerning the ch,araderistics of he p!asma producal, k efficacy
of plasma shielding, lhe utili~y of concomitant shock or xoustic waves, lhc shcm lerrn ani long lcnn damage rtik 10
by tissue, cu. were addressed. Rewmh was mncemrati on breakdown and subscque.rrt phenomena for lasers fo-
cusd in liquid mdia (dint, waler, viucous, err). L[ us consider rhc nhenomena studied m dale, both during anti fol-
lowing the kc.r pulse, and tiir effec~,

A. Phenomena for O < t S T,a$tr

The physical phenomena which are likely tiing place in tic Iascr imeraction are dw following [10], Free elw.
trons are initially produced eihcr by muluphcuon effccLs or via rlwrmiortic emission. llrese clwwons grow in numkcr
and are Ihcmselves accelnrcd in tic laser field to lead to ai~alancc breakdown, The resulung plasma hen grows until
it xhievti dimensions compamble m tie fecal spot diametti. ?le plasma contin~s to grow and absorb he Izscr Iigh(
which impinges upon tie focal volume, now by inverse brernwrahlung absorption [11].

7%c optical breakdown a,spm of tie laser pulw femsd in dine was studied by a numl.xr of re~hers [10], [12] -
[16]. SaI.ine is used as a model makrial for various kinds of tissue. Bob Q-switchel and mode Icded Nd:Y,4G la

mm weft employed, It was noud lha[ “Optical breakdown wilh plasma formation was detecti as a visible spark LOa
dark aclapud obs.crver” [10]. The msulu of ti be-akdow lhreshcld studies for tic MO dif[e.renl laser types are glv-

cn in Table 1. It is worthwhile so note M the hre.sholds fall near or witiin the elemcrrnezhanical region defined by
Bcndnois [2] as shown in Figure 2, Variations in breakdown threshold belween groups using similar Ia.sms appu to
Lmdue 10impcmam diffaences in I.merpulse shape and/or bubbl= and impurities in the Wine medium,

P!!a luminescence or lifetime has tin smdied cxpimentally by WVed groups [14], [17], [18] & [19]. Tune
resolution was obtained in dmse expeimcnrs witi photomuh.ipliers, fasI phomdiodcs and alrcak carnems, The signals
were Charac’-tixd by fas[ inikd risc~irres followul by slower decays. For ~c subnano=ond las~ pulsm [19], tic
peak Iurninesceme lags tie @ of tie I.iuer pulse. For lhe nanosecond Nd:YAG W pulses [14], [18], [19], Imlh
peah coincide, Resuhs [W ruby [17] show tic peak emission I.aggmg tic peak of tie la,w pulse by 15 ns, The mason
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for Ihe rnCOnSiSkrKyMwcen ruby and Nd:YAG Iasm is nol understood. Bremssuahlung emission, whose sucr@h
al any lime should scale as tic ekuon deasiIy quared, a- LObe responsible for the obsetwed lumine=ncc [19].
Ikchio [19] has also shown that kti elatron-icm mmmbination and elaron-neutml atuchmenl are impomnl pro
ceases in the decay of I.heIumin*nti rad.iaionm

The Iempond and @al evolution of Ihe breakdown plasma has also ken studied by llxchio et al. [18] & [20].
Experiments in clistilcd water, using 12 ns Nd:YAG laser pulses, were diagnosed wilh a suuk camera and a phom-
mulripli-. 11 was found lhal following breakdown, k plasma grows in time as a cylindrical column, toward tic la.
m (away from W fuxl poim). The pm.ion of the phsrna nearm to the laser, shields *e plasma closer to tic fcd
poinl causing the Iumincsceme signaJ nw focus 10 decay, The lcmgesl duration luminescence signaJ recurs for lhc plas-
ma formed nearest 10 tie kcr. Using a moving Wdown mdel augrnen~d by a disoibuted pkma attenuation of
the laser Lmam, W authors have fh mher well be spatial and UJTIpmd evolution of I.he plasma luminescence in l.he
rmncmcond regime.

Following the end of lhc laser pulse, tie plasma cads and expands. TIK physical phenomena pescnt were fmf
elucidald clearly by Felix and Ellis [21], akhough much wmk cm laser produced plasmas in liquids came before
[1722Z3]. First lhcre is be emission of a shock wave into lhc surrounding liquid medium. The shock which propa-

gates iniLialJy u supsonic @ slows so sonic wihin the fmt 103 pm [14,16] (see Fig. 11.2). Measurement of tie
shock wave and zubsequem acoustic mmsient into which he skk wave evolves have been made using a pumpprobc
Uhniquc [14,1624] and using high-speed pho~ogmphy [25]. This work shows that tic propagation far inlo tie liquid
medium of W =OUSUCInnsicnl is al d-w Iod sound S- (roughly )500 m/s in waler). Mcasurcmcn~ and arm]ysis
[using work from Ref. 26] by Vogel and hutcrbom [24] have shown lhat as much as 3.5% of tic incidenl laser pulse
energy is camkl away in Lhewoustic uansienl for a 4 W laser pulse.

‘IIw plasma filled cavily contiues 10 expand and cool, evolving into a cav-hmion bubble. Such cavitation bubbles
hvc long ban s[udicd, by a vtie[y of ~hniques [2] ,27], The high-speed pho[ogsaphic technique, pionccrcd by Laulcr.
km [27], is very helpful in visualizing tie cavitation bubble’s tempomJ behavior (see Fig. 11-3). As time passes, the
uvi~ti~ bubble grOWS in sire, mchtig a rruuimurn dimension which can be rclaled LOhe energy of Lhe bubble, The
bubble tien d,apses. AI tie time of collapse, anotir acoustic transienl is emittul, of energy Sctmewhai smaller
than that in he shock/acoustic uansiem. l%e cycle of growth to a maximum followed by collapse and emission of an
moustic transient may rep sevexd times before the cavitation bubble finally dissipates. The energy in the cavimtion
bubble, deterrnind from i~ rust maximum, is found to reach 7.5% of he energy in tie incidcru law pulse [24]. 11is
worthwhile to nae hat the maximum caviution bubble radius has bcm shown experimendly m scale as GIc 1/3 Pw-
M of the incident laser energy [16], for a range of law energies spanning nearly lhrec ordcm of magnimdc, This rcsull
provides an excellent confirmation of tie classic relationship derived by Rayleigh [28].

QuantilaLive information on ~vi~tion bubble pressure w be chained from k combination of pump.probe t.imc
resolved measuremcms wilh hydrophore ruordings of xouwic Lransienls [24]. For a hydrophonc Iocamd 10 mm away
from lhe laser focus in O,IN saline, presmres mnging from 50 bar for a 1.2 mm maximum diarneler cavitation bubble
up to 450 bar for a 5 mm maximum dia.memr cavi~tion bubble were obtained. The pressure scakd linearly wids bub-
ble maximum rsulius.

Wilh quanti~live information in hand on the cmergies going into Lhe cavitation bubble and fus[ ●musdc transienl,
we can make ordez of magnitude comparisons widl the phenomena shown in Fig, 1. Va@zAon and ionization rc-
mive enagy diredy Erom he luer light while be XOustic transient and cavitation bubble ~ive IJwir enmgy from

IJWvapixation and ionization, LeI us assume lha[ the la.ur light is •bso~ in s cylinder with radiu? 6.5 pm (see

Ref. 24) and leng~ 362 pm (SX Eq, 5 in Ref. 20) for a 4 mJ Iasu puk wilh bmkdovnn hreshold of 0.7 mJ. Lei us
furfher assume the plasma Empem[ure of 15,(KIOdeg, Kelvin (1.29 eV) as given in [17], the only sp,aroscopic tempu-
alurc @emination of which we are aware. llcn the amounts of energy estimated IO bc necdezl for vaporization and
icmization arc 0,11 rrd and 0,60 ml rqm.ctively, ?lwse enmgics, ahhough rough esb.ma:es, are comparable to tie eneJ-
gies found experimentally for the XOustic transiem and the cavitation bubble, 0,14 mJ and 0.30 rnJ respxlively [24] .

C, Effects of the Laser-Produced Plasmas

c+ _.l. –n

hser WXIuced plasmas in ophhdmology have a wide range of effuw. These include smh dlred effects as mcm-



brane deslnrcl.ion in the wslenor capsukrlorny and iridotomy and indirw effeas such as plasma shielding of Lhe retina ‘
and retinal damage by amustic waves. Research bh in vivo and in vi[ro has tried to cktcrrninc tie impcmmcc and
risk of lhesc direcl and indirect cffa~ and suitable laser pr-arrwers IO accomplish rhc desired Lhcrapics while mini-
mting deleterious consequemms.

Tissue disruption, IJW mOS[ striking effut of & produced plasmas in ophthalmology, was inves~igabd in vitro
using lhrec difkren[ model systems [253930], In order to separat Ute effect of rhe plasma from thal of tic acoustic
tsansiem and caviLstion bubble, tie m.hom cho~ illumination geznetrks tmh parallel LO(focus lomcd i.ens 10 hun-

drals pm above *C surf-) and pqmxi.icular 10 tie targel surf~e. Beilin et al. used a single dJular layer of onion

akin [29] (laseJ wavelength 1.06 w, pulse lengti 30 ps or 10 ns. energy up 108 rnJ or 50 mJ); Vogel u al. smcld a

polyetiykne membrane p5] (laser wwclength 1.(M p.m. pulse lengrhs 30 ps or 7 ns, energy up LO5 rnJ cr 15 MJ); and

ZysseI et al. investigaul corned emdotielium [30] (law wavelemgti 1.(M pm, pulse lengths 40 F or 10 ns, efIUgY Up
10 25 m.1 or ~ @. kforation of tic membranes was detemnincd LOcccur only when tie plasma was in conracl
wilh lhe membram [2529]. Acoustic trartsien~ and cavi~tion lmbbles were not able LOprducc a membrane perfora-
tion. ZySSCJc1 al. [30] found howevm. rhar with the parallel fausing gecrmecry, ccmmal endorhelial UIIS could be
damaged w removul and rhe underlying (Deswnei’s) membrane ruplfi solely by acoustic transien~ and Caviralion
bubbles. The authom showu! tit the range of he damage scaled as the CUIXrom of k laser energy [30]. fhe maxi-
mum radius of a cavitation bubble is known to scale in this same manner [16, 26]. Thus sensitive structures like corne-
al endoLhclium damage from acouslic tnmsienls and uvilalion bubbles while perforation of more robust sr.rucmres ap-
~ 10require direcl conlact wilh the plasrrm

Plasma shielding was investigated by Slcinefl et al, [12] , [13] and by Ikxxhio et al. [31]. Once breakdowm occurs
and Ihe pIasma is formed, laser ligh[ wluch continues 10 fall upon the focal volume is absork!, refleacd or sat-
lered. Thus the plasma shields sLrucLureswil.hin the eye (such as the relina) beyond tie focal poinL The srraighl-
rhrough energy transmission of a laser ham focused in Ane WM me.mmd. 11was found him once threshold is ex-
oaxled, lhe plasma substantially reduces energy mmsmission along the law btmm paih. The mmw.rcd energy reduc-
tion apprs LOlie in tie mnge of 23% 10 56% of tie irwidcnt laser energy, for intensities above breakdown dweshok!.
No syswmatic smdy of k energy reflected a scaucrd from the fetal region was undenaken. The energy above Ihal
rqui.red LOachieve brdodown likely is scarmed, reflecl.ed and absork.d, p’oviding additional local hearing and pres-
sure increase in tie fwii volume.

The ability 10 ka.lize disruption within he eye to wales of a few pm improves as the laser pulse length is rc-

durxd- Zysset el al. have UW he imegrmcd lumine~nm to measure plasma dimensions of 30 pm Ierlgh md 8 pm
width for ps Nd:YAG laser pulses al 8 @ [16]. Bwause rhe size of tie damage zone sales as lhe cube rcmi of Lhc la-
ser r~ergy [30], Icwer energies are cxpecti 10 ~oduce more Itiixd damage. Incisions in comcal kuc, using ps and

fs puke-s, show chamctcristica.lly smcxl.h walls and minimal subsurfxe damage fw emergies in the Ens of pJ range for
532 and 625 nm hers [32]. The incisions compare very welJ witi tilose ch.aincd using excimcr lasers which rely on a
photo-chemical rather tian a plasma-mediat.cd process for ablation. Surgery in rhe viotous, very near r,hcretina, may
now be possible bt tie use of dmse tilon puk, low energy Lscrs.

111. LASER PRODUCED PLASMAS IN UROLOGY & GASTROENTEROLOCY

The IaseJ was fust p’qmcd for use in mlogy to fhagmem kidney slones, more dun two decades ago, and expcri-
rrwnts witi pulsed ruby and w C02 lasers confirmed k mili[y of die approach [331. Ten years Imcr, Fair [Ml

Aowd rhal srone.s (ak referred LOu calculi) auld be auccesfully fragmemed by nrby laser (1,8 J energy, 2(I ns
puk) induced wrcss waves wirh pressu-es akcwe about 3.2 kbar, ~e abil.iiy :JI produce such srsess wave pressures de-
pended cm the ~=nce of a laser prodwd plasma al Lhesurfaa of Lheslow. 11was m until the demdc of Lhe 1980’s
~~; sui~blc fiberoptic d:livery systems were devised [35 - 37] which made law mediati Iihotipsy (Iirerdly,
atom bmiking) a clinical rtdity [38 - 40]. Progress wilh law tillmtripsy of gallslorws has followed clo~ly lhc
work cm kidney stones [41] and clinical sucuss has bun achieved kre m well [42]. II is wonh noring ~at ultrasound
IidK@My, which da(rs horn the mid 1970’s, is pobably k mme popular of h mn-surgicd techniques avtilablc to-
day for destroyin~ and removing calculi. The Ia.ser mediated approach, however, offers advantages, }mssibly for elclcr-
Iy pmiems snd for patients whose calculi are impacted or rcsf in areas when lhc ultrasound ~hniquc is incffcc(ivc.

In laser mtiaud litiomi~y, laser pulses from M high power dyc laser (lypid wa!~kngth 0.5 . 0.7 p.m. puk-

4



Icrrgth 1 W, fluerwe of Icns of Jkm2, pulse rcpitition mtc 5 Hz) arc rk.livercd LOtie stone via a fitcr optic cable
passed inro the lmdy endoxopically. The film optic tip is eihx in conlacl wilh a within a fcw mm of rhe smne.
Tens to hundreds of laser pulses me rtcdccl 10 fmgrnent sa.ones of most material eompxiticms. TIE small fmgmenrs
which resul[ are then passed out of the body spomancously, by imigtion or removed by fmher prmcdures. Success
raLcs in clinical smdics in extiss of 90% have ken rep-d with liuk evidence of mllalemd damage [38 - 40]. In vlf -
ro expcnmen~ have sINwn tit, in crder for fragmentation of tie kidney ~ones or galls~es LOwur, a plasma must
bc pescru.

A. F%emomena for O< t s %k

The physical pknomcna prcst.m include laseJ akrption and pfasrna pcrdution aI the stone surface followed by
plasma growlh. Aflcr Lhe plasma is initialed, inverse lwcrnsstrah.lung is likely the mechanism for funher absorption
of lhc laser Iighl within h plasma, which now shields he solid surface. AfLU the peak of he k pulse, he plas-
ma decays, on rwghly the same rime scale as W.eIascr pulse. In an expuimeru in which gallsmnes were irradiamd by

f.hh-tip pum~ dye Iascrs (0.44.7 PM wavelagti, 0.8 a MCI IASpuk le.n@lk 1.5 w 0.1 J maximum energy),

mcasurerncnls were made of time rcsolvm broad-band (.35 lo .45 pm wavelcmglhs) emission horn the laser pralucai

plasma [43]. The & energy was aanspcmcd to k stone via a 3CM3IMI com dti em fibez optic cable. Infornwion
cm k rime of plasma initiation and tie duration of tie plasma hrninesccncc was hained. The expcnmems showed
tit a emain tie claps between *C I@nning of k IascYpulse and tie onset of visible light emission [cf. Rcfs. 15
& 31]. The enugy de~iuxl during tiis time, refemd to as L!e threshold energy, is found LObe roughly i.ndepcndenl

of laser pulse widrh. Threshold flue.nces for the 0.8 ps pdses ranged from 4 10 12 J/cm2 , cmqxmding LOenergies
of 2.8 IQ8,5 mJ. h was found ti[ once lhe plasma iniriaticm occurrul and dw peak emission had km achieved, the lu-
mineseexe decayed witi a slighdy longer time scale tin tie driving laser pulse.

Using a gaud optird multickmncl anal~er and a spectrograph (resolution 0.5 rim), mas,rrcme.rus were also made
of time-resolved visible emission spectra [43]. The s~ma show & broad ccmrim.rumwiti line spua from neum.1 and
singly ionized Ca supcrimpostxi. For a Lime well afler Ihe end of k Lmr pulse, lhe continuum di~ppears leaving a

rich line sptxmm. Analysis of he ~r.ra yields cla.ron densily af tie plasma in the 10’9/cm3 nmge [43,44] consis-
ieml wih mcrckling using a one dirr.ermonal hydrcaule [45]. Estimates of dw elea.ron ~mperatu.rc were ohaincd as
well. Spxual analysis yielded a tempmture of about 15,(KH3deg. K. [44] while hydroccde mcdeling gave a lempcm-
lure of abow 5,CK10deg. K. [45]. Fwr.hcr expcrimcma.1 work ad modeling will be tied m ~lve his di~grwicnL

B. Phenomena for I > T,aWr

Aflcr the Iascr puke ends, tie plasma expands rapidly and CWIS. High pressure stress/acoustic wavw are gencral-
ed whkh propagsIc into the smne and the surrounding medium. In an cxpairncnl using gallstones and kidney sumes
immcmcd in water, measurements were made of t.hc mess waves pmpagadng bough tic stones, and I.he urustic
waves and caviuion bubble which were found in tie liquid [46]. The sucss wavm were ma.surcd using an oploxous-
k ldmiquc (MM.ion of a ~obe He-Nc Iasc.r ban by an index of refraction change induced by stress wave propagal.
ing in ● fulure -g k saone) and a piezcde.ctric tdmique (SUX’Cis ting dirdy on a piezoelccric ele-
ment). These IWOm~urcments agrwl and showed t.tu ● lcnfold increase in aigrd scrcngth was achieved by immcm-
ing the stone in al Iwl .3 cm of waler. A similar inc?u.se (4 105 times) was nott%l in modeling the plasma pressure
dircclly, for SVXKSin waler comfmrd with stones in air [45]. lk irrcrcascd pmsswts emainly rcsprnsible for causing
k obsmd signals arc duc m ~c confhrcmem of tie plasma baween tie solid some and tic waler 147], II w&s afso
found hat h Wess waw signal rlrcngth dul as tic 1~ power of the lascz fluent.c, eonsislenl with an ichxd ps
model [4C].

The mMLstic uansienI was mcssurcd by a pumppobe Iascr tdrrique [cf. Ref. 14], The XOUs!,c atnsim propagat-
d at lhe load sound sped, wilh no evidence of t.hc h~ic spds mc.asurd by others [14,16J, Time resdvu! mca-
aumrmls were also mde of tie evolution of lhe caviution bubble, using the pumpprobe law mchnique and mien
scumd durtion flash photography [46,49], 7% cwktt.ion Lubble grows, whcs a maximum ti and col.!apses, Whh

m.ximum mcawe.d radii rm= of 0.3 cm md 0,42 cm for laser fluences of 21 and 90 J/cm2 rcspcctivcly, rmm Prop.

s
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tional LOlhe lfi powu of laser puke awgy is sa.isfied [28] as we have s%n above [cf. Ref. 16]. Using l-he fac[ tit a

~E@I tin M tic 3-6 w (relztive to IJW &ginning of ti her pu~ aI L=O)shows tic fiber oplic tip to have
ken d&pbc@ one can eXimaLc tit a 1 kbar pressure was required LOachieve IIK observed d.i.splacemem [46,491. This
p?ssure is ccrnsislenl WM olher experiments [24M] and wills model SLties [45].

C. Effects of Ibe kr.produced Plasmas

YTe motivation for Lhe ga,llslone and kidney smne ~h ci~ above is tit pulsed medid hsers can fragment
mosl typ of stones with relative ea..w Sevaal studies have b tine to quantify the fsagmeruation effem of dye la-
srs [50 - 52]. Fragrnenmion threshold, defined as tic minimum emergy required IO produce visible darnage on I.he sur-
fax of a fargel alone, was rneasurd for kidney sones [51S2] and galkones [5052]. Gallsmnes showed a uniformly
lower Eragrnenmion threshold duan all types of kidney slontx. BhaLb & Nishioka report a threshold Of 3.9 m-l fw

@Uslones and ● range of 4.5 m 41 mJ for fragrmmabk kidney uones (5(M n.m m wavclenglh, 1 w puke kngti,

ZKl pm diarneler opr.iml fiber) [52]. Ixmger pulse kngbs (8 microwc) give slightiy higher tiesholds [W Table 1,
Ref. 52], Watson et al, showed IJU1for kidney stmes threshold incrmses with wavelength and fib diameter [see Ta-
bks 1 and 3, Ref. 51].

Fragrnemm..ion me, defined as the amount of mass removal from a stone per kr pulse, has also been invcstigam!
for gallstones and kidney slones [50 - 52]. In general, il was found tit for smnes i.mmersd in waler or saline, ti
higher laser pulse energies yielded higher hagrnentation rales and brger slone fragmenls. Fragmentation raw dmrease
witi incmxing laser pulse length. BhatM and Nishioka have found a fragmenution me of 1.1 mg/pulse for a s~vi~

urinq calculus (50 mJ pulse energy, 50 nm laser wavclcngd’i, 1 w pulse kngh, 200 ~ diamel.a optical fiber)
[52]. AI tie me laser wavelength and pulse energy, Wamn et al. found a rwe of .035 mg/pulse for a calcium ox-

a.lale calculus (1 .S w pulse lengLh, 600 ~ diameler optical fiber) [5 l]. This difference in fragmem.alien rale may k
due lo be higher fluence used or to imponant variaions in kidney stone malerial popa?ies.

D. proposed Meehanism

me m~han.ism proposed [53] to exp!ain tie laser-calculus interaction proceds as follows. The laser inmacts

wilh the opaque stone surface producing a thin localized heated layer. As the healing continues, Lhere is vaponulion,
Iibmtion of free ekcuons and plasm-u formation, Alrm’nauvely, there can be snalerial resorption from lhe sum sur.
fme followd by kating and free elecuon cre.mon in tie desorkcd mawrial [54]. The plasma continues to absorb tic
kr l.igh~ likely by inverse bremsslrahlung abwrptim. Then W plasma expimds cldwr freely (in air) or m@anical-
Iy eonslra.ind (in warer) and creates a back f.wessureon ~e stone surfam. Evidence of his back pressurehas~n xcn

experirnemul!y in tie rapid rmoil of tie fiber epic (klivay mble on tie des of the order of a few w [46]. The
pressure induax swcmg xoustic waves (stress waves) within the stone rnaerial [46]. These waves are compressive
stress waves initially. Upon reflection from internal smne inhomogeneities or from IIW smn.e-air w smne.wa~r in-
Icrface, k waves lxome tensile stress wavx of su~cienl slrength m fragrnem lhe s[one [55J. Almsnm.ively, a fmg-
rnentation shock wave may propagate Ihrough h porous sione rna~rial, mosl efhcienlly removing malcrial when tic
kr pulse enerry jus[ cxceds tie fragmemaion tieshold [44].

IV. LASER PRODUCED PLASMAS IN Cardiology& VASCULAR SURGERY

Beauw @ronary krt disease is one of lhe leading eases of mona.lity in he developed world. he prospa of us-
ing W v clear pique fdld arteries is vv exciting, The prmdure, known as laser angioplm[y, has ban in clini-
cal We for XVeml years, laser an~oplas’y ulilizes fibfmpl.ic ddivery of CW &r md.imion 10 ti coronary or pe-
ripheral aneries and proceds by eilhti heating a meml probe which mel~ the plaque or by di.rw illumination and ab
kion of IJX pbque. CW b.urs work weLl with sofl plaque ckpsi~ but have not ken abk 10 ablate kavily calcfied
pbque. ‘fhe FOCeSS is not widmul its problems. These include arlerird wall perfcmion, aneurysms, pain and spasm
which result from injury of ncrrnal tissue adjacenl to CYutierlying the plaque.

~r poc!uccd plasmas in lhis area of medicine have nol W( -bed tie clinical ~uing. Several s[udics [56 - 60]
)usve shown thaI the phenomena which we have discussd above, naincly visible ligh[ er,ission, scous(ic nnsicnLs and

mateti removal, are all prescnl )me. Law pulses of shcm du,mtion (lens of M LOEns of w), modcr-imcenergy (tens

10 IUI ml), and small spc4 diamcmrs ( hundreds of P to a few mm) wih wavelengths from 193 nm m 658 nm were

G 17-D.(A f=P
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UWXLStudies were all done in vr”mofor atherosclerotic and normal amri.al samples in air, saline or blood. We discuss
below Lhephenomena and the effwts.

During he lase pulse. a plasma is formed which emi~ light ●t visible wavelengths. me plasma likely persis~
fw the duration Of ~ b @92 (although IM measurernenrsof this ptasma’s Li.fet.irnehave been repmwxl). Expxi-
ments wem @mnc.d with excimer [59] and dye [57] lasers to obtain time imegrared [59] m rime-resolved [57] emis-
sion qx.c~ and Lirne-imegmed plasma luminescetwe [57] (see Fig. IV-1). In tie wcwk of Clarke a al. [59], pulsed
excirncr krs (wavckngths 193 run, 248 sun, 308 nm and 3S1 nm; energy 100 LO250 rrd; spol dimensions 1 x 5 mm)
were u.w.dto irradiate carvio=ular tissues exhibiting atherosclcmsis. Plasma formation was always obsawed for r.is-
SE nrnples in air but new.r for cxpeziments m water (a,hlmughthe suthms showed plasma pnch.rction in water wirh a
highly absmbing graphite targel). Time-inr.egmted visl%lc light spectra showd tie rich line stmcture similar 10 lhose
Observd intkcast ofkerhd.ihon of gallstones [43]. Rime and ~workcxs [57] d a dye Iascr (wavelength

658 nm, energy approximately 100 rnJ, pulse kngth 0.8 K) to imadiate both calcifkl arwrial plaque and normal ar-
tery. They found an anission spccaum, taken during the &seY pulse, which exhibiti line SIJUcture and a supirn-
pscd ccmrinuum [cf. Ref. 43] (~ Fig. IV-2). The presence of icmtid Ca lines cmfmed rha a plasma was presenl.
A time-in~~ted ptmlograph of the luminescence (set Fig. IV-I) provides gra@ic evidence for the presence of plasma
for laser irmdiarionof calcified merial plaque.

A crucial problem for CW laseJ angioplasty and plasma-media.ed IaseT angioplasty is how to know whedwr the
laser is enmunrering anerial plaque or kh.hy tissue. The unique pe~nce of Ca lines in emission speeua, deuxml in
Iighl which returns Lhrough tie same filxr used for imadiar.irm,offers she pspct of an unequivocal diagnostic [59].
Brcssdband light emission was also obsemed by Bhaua, Rosen and Dret.ler [60] who usal il and the ecrncomiunt acous-
tic emission u a tandem diagnostic to discriminate calcified plaque from rmrmal artery.

B. Phenomena for t > %@r

Following the laser pulse, acoustic wave emission tabs place.Obwvations of a loud snapping sound ~company.
ing plasma production were reported in all the cited refere.mxs [56 - 60]. Acoustic signals were detected by a hydro-
phcme (wirh frequemcy response to 350 k.H.z), in me ex~nmenlal work of Bh,aua, Rosen & Dretlcz [60] . A dye ksser

(wavelength 504 nm, emergy 5-50 rnJ, pulse duration 1.4 W) wx used 10 irradiate qe.Cimens of human aorta with calci-
fd plaque, sofl plaque, and ncmnal arterial wall, The acoustic signals, recurring along wih plasma light emission
signals, providd a unique signalure for laser ablation of calcified m soft arterial plaque in blcmd. Normal arrcrial
wall @uti negligible acoustic and plasma Iighl anission signals while blocd alone yielded strong XOustic signals
mdy. The smucture sen at early rime m the hydrophme signals may be due 10 the initial acousuc transient and first
few eol!apscs of a Cavimtion bubble [cf. Refs. 24 & 25],

C. Effects of the Laser-Produced Plasmas

The ob~t of laser angiopla.sty is to efficiently runovc admroselrmxic plaqw with minimal dfat to underlying
lwalthy tissue and minimal collateral impacl on the vascular aysiem. To auomplish this task, opomum laser pamrne.
la’s of wavelength, pulse length and pulse energy need to & identified. /n vim amdies [56 - 58] have begun h pro-
cess; ablation lhreshokls, ablation nuts and chmistics of ablation figments have been investi;a[cd. lle ablmion
threshold is the laser energy al which observable k ablation is dm.incd. The ablation rate (or ablation efficiency)
is the mass removed dividul by the total emergy cklivcxed,

Ablakn thmholds were mcnsuml for mwa.1 laser wavekngrhs. in dine artd ●ir. for calcified plaque and nm-

md &rlery [57]. Gcnmd conclusions are lh,u the dye Ias (wavckngths 450 to 700 nm, pulse duration 1 p.s) yields
tinesholds fm ellcifiiul plaque bwer by more than a fmor of two fhan the ablation thresholds for normal anery.
For example, at 482 nm wavelength, the threshold for calcified plaque in air or watez is 34 rnJ compred 10 the 80 nd
threshold for ncnnal amry. ‘llc effmt of laser pulse kn@h cm ablation threshold was atudiui by bMuraglia e( al.
[58] al 480 nm. Tlutslmlds gcnedy increased with increasing pulse length reaching 90 rn.1 for calcifmd plaque and

13110169 MI fcx thra types of normal anerial wall tissue at 501.Mpulse kngth.
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Syslemalic m~uremenls of ablation rates were mad: [56 - 58] for ncamal arkry and ca.lcificd and fibrous pbque

using a dye & (wavelength 480 rim). h gerwal, evq sample of akrosckrtic plaque ablard more efficiently
LharIevery wple of normal mc~. Ablarion in dine was mere c~lcieml ihan ablation in air. FinaIly, dfICkNy

ahoweda markcddrop fma50~lascr~ compwjlOresulLs aIlartc18w. TkimpxLanl kssonlobeleamed
from the cka [~ Table 1 of Ref. 56, Table 2 of Nef. 57, and Table II of Ref. 58] is that be plasma-mu!iakd ablation
prCIWSSfor dye h is very scl~tive. Thai is. i[ is cmsidcrably easi~ LOabla~ calciflal or fibrous pbquc t.hm ii is
tO * Mmllal ~ fcw W X laser md.ibons. For ex,arnpk,k tblaticmraw for calcirt plaque is 4.1 m~

while rm’rnal mlcry abla’rs aI a raw of .05 mg/1 for 80 rn.1puks, 1 w in durauon [58] (au Fig. IV-3 for a m,npila-
Ikm Ofablarionrales).

br angioplwy removes uncksirable mareri.d from IJK ma-k If tie phtsma-mediase.d approach K m be adopt-
al clinically, deu.iled kmwledge of the aius of removed ptkulae material muss be bow-n. S~h matmial may be
be enough m bkxk mall armies, if LIICpram.culae.s emer & blcud ~m. TIM ablation of calcified plaque by
dye hau smlcr saline dues Mwis [5657]. Micmwopic emmirAm k,mm W kue fragments and omasional

choblerol crystals are ~nl [56n. MOSIof the tigrnen~ m under 20 ~ in size Ahough tire are mcasional

fragmrns upm l(M)I.uII. Nosysama.ic c%arniticm of these hgrnem has been made, however.

V. CONCLUS1ON

Much has kuen learned, over the Iasi 25 y~, of k-prcdti plasmAc m medicine wills regard Lo the pkssma

phenofnena -l and be plasma’s direct md inkI cffecIs. We expe;t W fuure work in ophtilmology will
lake advanlage of lhe Icdizability ~ibk w-idI ~ shorter laser pulse kngtis and lower threshold energies. hser
Upsy will arntinue ~ provide an al~tive therapy choi~ w uilrrasound hdmripsy. We look for the intro-
duaion of pvculanems (through tie skin) produ.res in be area of gallmme lithotripsy. Nrw avenues are anticipaltxi
in plasma-mediated laser angiopwy, panicuJariy ores which take xl ~anuge of Lhe efficicxy of malerial removal of
W calcified plaque and solve the problem of release of pan.iculales in[c tie bled l%ogrcss in all lhese areas musl rc-
Iy upm funk in vimo research rmp-a andmahanical tissue cktetiti~ and theoretid modeling.
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TABLE L Optical breakdown tbreshotd in physiobgk.al saline for Q-switched ●nd mode-locked
Nd:YAG Iascrs

Reference Wave Pulse spot ?JreakdowmThreshold in Saline
Ltngth Length Diam Energy Fluence Intensity

m) %ser m) (mJ)/pulse (Jlcm2) (W/cm2)

Q.switched Nd:YAG laser:

[10] 1S&l 22 ns
[12] 1.064 15ns
[13] 1.064 15ns

[15] 1.M4 7 ns

(15) 1.064 lns

[15] 1.064 7 ns

[15] 1.(M4 7 ns

[16] 1.06 IOns

Q-switched Nd:YAG laser:

[12] 0.532 15ns

[14] 0.532 IOns

Mode-locked Nd:YAG laser:

[10] 1.(M4 30 ps
[12] 1.064 25 pS

[16] 1.06 40 ps
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50
. .

4

6.8
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.37,.78
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TABLE 2. Laser produced plasma lifetimes in liquids. Mti is he. ratio of me experimen~l laser intensiry to

breakdown threshold im.ensity.

Iser Wwe Pulse
%

P18sma Remark, [Refererice]

Length Length lifetime

%ser -)

NckYAG S32 pm 10m 3 10ns saline [14]

Ruby .6943W 3ons – Mm fiherd, doubly distilled
waler [17]

NdYAG l.cwjlm 12 ns 5 ?-12ns doubly distilled warn,
@y dependenl [18]

NdYAG l.osp-rn 12 m 1 3.5 ns disr.i.lledwaw [19]

NdYAG l.or$lp.rn 220 ps 1 m ps distilled waler [19]

NdYAG 1.06p.m 4LJps 12 SW ps” d.isr.illedwater [16]
●insuumenla.1 limil

NIIYAG 1.06pm 40PS 250 l.sns distilled water [16]

Nd’YAG 1.064 p.rn 30PS 1 250 ps dislillcd water [19]

Melting + Vaporization ~ Bond Breaking + ionization

3 27,700 P(’P3,T3)J/cm3 9632 E J/cm33 2258 P(P2,T2) J/cm334 PO’l,T1) J/cm

Fig, 1-1. Schematic display of physical prcccssa wif.hmwxiatd energy dcnsirics for incrwsmg laser

uwrg-y clepsit.ion on mamials, p is he mass densily @n/cm3) aI pressure Pn and tempera-

ture Tn. c denotes the energy in CVLOwhich the material is being raised.
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Fig, I-2
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Medical laser interaction map. The ordinate shows the irnl.iance (in W/cm*, or a Iogarhhmic scale), and is
txxnmon:y labllcd the poww densily. ‘l%e abscissa chows tie interaction lime. The diagonals show several

lines of constant !lucmce (in J/cm2), The boxal areas, Iabcllexl elwtrome-chanical, phomablative, thermdl and
pholomwhanical enclose points lhal correspond w more lhan 5(J ex~nmcndy determined optimal values ob-
Lairml from mosl publishul rqxms of clinical MU exprimenud applications of lasers in modicinc. Nd-YAG,
neix!ymiumdopd yttrium aluminum gamel laser; XeCL, xenon chloride laser; ArF, argon fluondc laser;
KrF, kqqmn fluoride Iascfi A, argon k, Kr, hypmn law; C02, -n dioxide law; LAVA, Im+cras-

risld Vascldnranamrnosi.s; He.Ne, klium-nmn 1-, HPD, hemamporphyrin derivative: RF, radio frquen-
cy; ps, picosacmd; ns, nanosaond; @, ophddrnology; ENT, omfiinolaryngology; gyn, gynaology; gastr,
gasuology; denna.m, derrrmology; hepat, hcpmology, (Figure and caption from Ref. 2).



1202-13

Oa

f

/“ :.:.~,.....
mcTl N4

k

.,, ,— - .;

... ,”,.. . . . :“
,.

“u’ Y? ‘ “

o

. .

Pllc
DISC

U

Fig, II- 1. Schema[ic diagm-n of tie human eye (Tigure
from Ref. 9).
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Fig. II-2. S@al -s of probe laser mamrnission Fig, 11.3. Gp(.icrIlbreakdown and eatiuition bubble ev-
shrough plasma region between tics 5 ns olution caused by fausing s 5mJ, 7 ns
mnd lCM)m following 25 pJ, 40 ps Nd:YAG Nd:YAG k pulse in saline, TIM bubble
IS15cfpl.lk. Horizonml axis measures dis. is back illuminated and the framing ra[c is
-e from Lhe Iascr focal pint in waler. 20,~ frames per second, Scale of black bar
Cenual feature evolves i.mo a cavita[irjn h final frame is 5 mm (Figure from Rcf,
bubble; aymmcwic mall fcalll.rcs slrad- 25),
dling lhc cen~d] kausrc show lhc shock
wave (Figure from Ref. 16),

/q



1202-13

Fig. IV-1

Fig, IV.3

Luminwent ablation plunm (plasma) from

*t.iotI of w]cifi~ human ~n~

plaque witi a single lrM ml, 1 ~s, 450 nn
dye I&r pulw. Mle is in mm (Figure
from Ref. 57).

1

.s

o
3( D

&-induced emksion sjxztrum frnm calci.

fd human me.rial plaque 0.6 ps after swr

of a 0.8 W, 690 nm her pulse, Continuum
v’,d icmizcd and ncuual Ca emisslorl IIn:t
‘:s evident (Figure fr~m Ref. 57).

I

10 20 50 100 200 500 1000

Laser Energy (m)llljoules)

Compilation of data on mass abiation effkiency. Mass loss per k puk (Bg) is ploued versus laser
pulse en~gy (ml). Plasma production acurs in all c-s. Hard lissue -s LOlx much wsicr 10 ablale
Ihan eofl tissue. bgend: upper CASCIewzrs for measurements in wata, bwer c= ieucrs for experimcnu
in tic A . tidney ~nes, dye juer [61]; b . guirw pig skin; C02 laser [62]; C . gdlslonc, XCCI laSCr [63);

d - ~[h~sclcrotic mmta, XtiI w (U demi[y I gm/cc assumed) [~); e, E . ~lcifid plaque, dyc Ia.wr
[57]; F - tidncy sumc, dye Iawr [52],

G/mAF/f2


