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MODELING OF LASER ABLATION AND FRA(3MENTA’I’ION OF HUMAN CALCULI

SJ. Gitomer & R.D. Jones, Los Alamos Nationaf Laborsmxy,Los Akunos, NM 87545 and
C. Howsarc, Uniform Scrvkcs Univmity, Bahcs& Marybnd ~144799

ABSTRACT

TIE large-scale radiation-hyddynamics computer code LASNEX, has been used to model ex@ncnUtl results
in the fascr ablation and fragmentation of rwml and biliary calculi. Recent experiments have dcrnonstratcdIascr abla-
~~ ~d ~gm~~i~ o? hm calculi in vitro and in VI-W. In the intcract%n, Iasez light incident upmi the calcu-
lus is of sufficient intensity to produce ● plasma (a hot ionized gas). ‘lltc physicxd picture which cmcrgcs is ns fol-
10WS. ‘Ilw pfasma couples to mmustic and b waves which tin propagate through the denac stone material, caus-
@ @ and titurc by refkction 6orn material diac(mtinuitics m bodarks. Expcxinwnta have tk far yielded
data on the iMeraction a@st wbkh rnodds can bc temcd. Data on the following tlOVC teen published (1) tight
anission, (2) absorption and emission apcctra, (3) _tation effickncy, (4) cavitation bubble dynamics and (5)
mass rcmova!. We have ped’orrncdone dirncnsionaf aimdatiau d the 18swmattcr intcractkm to elucidate the ir-

e-t ph}f~~ mwtims. We fmd that good quantitative fits betwcem aimuiation and expccimcmt arc obtained
ftr visible light emission, electron tcmpcraturc, electron dcmsity, plasma prtssum d cavitation bubbk gsowth.
WII$ rqasd to mass remvsl, expcsimcnt and airnufationarc amaistent with each othcs and giw an excelknt esti-
mate of the ablatioo threshold, ‘k modeling indicates that ● very asmll dduiur iaya at the surface of the cahdus
is rwponsibk fcu signifkant mass 10ss by flagrncmtationwithin the bulk of the cafculus. With such quantitative fits
in hand, wc bclicvc this type of modeling can now hc applied to the study d ahcr jmxahms involving plasma fcm
motion of interest to the medical canmunity.

INTRODUCTION

Ovcr*jmst tmycars, thcschas bcenmnsidcrable progmaa inthcnm-ausgicd ckatructionand rcmovafdhu-
man catculi. UIUasound lithouipsy, the fmt of the rnodan Lmsurgid rexnova,lmcthoda, todny cmjoys wide.qxrd
@ic8tion. Another method, Iascz mcd~atcd litho@my, was fm rqmrd in 1985 [1]. lrI this tochnquco law

pulses from a high POVICFdye laser (typkal wavekngth 500 - 700 nm, pulsckngth 1 ~, intensity 108 W/cm2,
@C ~itition mtc 5 Hz) - k~ve”d to * CdCUhISvia a flbu optic cable pmmd into the body through s urctcro
mxpc. Tens m hundreds of Iascs puises were needed to vaporke#mgmcm atmcs of mcw material compositions. SW-
ccss mtes in clinical stw!!es in cxx~s of !0% have been repostcd [2). /n vim cxpcrirncnts have shown that, in ordcx
for v_cm/fragrncntation of Lhcstones to occur, a gar-ious plasma (ionixcd gas) must bc ptwent.

Modeling of km mat!cr intcnKti~,ti , UI which a plasma is peacnt, has ken the province of laser-fusion re-
X2archcrsfor many years [3]. Tools developed within this cummunity, for high intensity, short pdac Iaacm, may bc
q)plid with arnall modifim[mn to the physical intczadon wc an cawidcring here. lhc mols to which wc refer am
kgc tic mdumon-hydru+mamic computer models which pqM@c laser ligh~ usc equwons of atatc and tabular
~itics fm apccIfii makxiafs of interest, follow plasm evolution in onc or two apatid dcgrtxd of fmdom, etc
[4], Such models arc to ix contrasted with simpkr mathcrnaticaf mcrckls[5], intended w @Y to b maw inkr.
wsior,Ain which heating of the targcI intis occur - &ii noI plarmo~omsawn. Models [Sj -h the dcsiml in-

tmsity range of 108 W/cm2 from below whik odwr resIwchcss [6; have enpkwul intcmsitieawhich -h our tar-
gcl intensity from a?ovc. WC &licvc that WCwc the fti to cApkxe h givtn laser intensily region with a large!
Kak compulu c* ~licd to the amdy of lhe calculi,

This gmpr~is osganind into Dectiom as foltows, First, wc surnmd.se the cqcrimcntat data ●vailable 10 dmc
d the pqmscd mechanism fm tk laaerdculus icterdon, NexL wc Molly dcscrh w mcxkl md pmscnt m-
OUILSobtained ttmxtk-xn. Finally, wc aummarizrthis work and drawconclusions,

EXPERIMENTAL RESULTS AND PROPOMN$ MEC’HANISM

[n a series of in virrc experiments, a number 0[ unprwm; cflects have been okrved for Iascrs interacting with
cakufi. PuIxxf dye krs were ahown to bc sbk to ~.xgrncnt calcuh idws e~tckruly. As much as 2% of calculus
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mass could be removed per pulst at the highest law energies used [7’1. The fragmentation of calculi relies upon the
threshold for plasma production to be excAcd [X]. A signature of the plasma production is optical emission during
and ah the laser puke. ‘l%ccqxical signal is chanwtcrizd by broadband cxxrtinuumemission at early times (a few
hundred ns after the beginning of the lsser puke) followed by the devehpment of strong emission lines (ident.i!kd

with excited and singly ionized C@ at lata times (a pa or more aftez the bsginning of the k pulse). Blackbcdy

“” ~ fits to the optical continuum uniwion yield tempcramm tmlucs of the cxder of a few thousand %. Eke

19 clcctronshn3 have berm inferred tit the spectral line widths [8j.bon densities of the order of 10 Experiments
hSW Shown the ~ Of StKIIlgU)llStiC WWCS ~tirlg through targIClstOWS [9]. COUphlg Of tk - to
tlm stones, as measurd by the strmgth of the acoustic waves, wss substantially cmhanccd when the stones were irn-
merscd in water ccrtnprvcdto the case fci stones in sir [10], Also observed were cmi!ation bubbles, for the immemd

- stone expcziments, with bubble lifetimes of the oder of 1 ma (laser pulses were ●lways about 1 ps in duration) [9].
Rcssufe tmnsicnts in the rcghn htwccn the calculus surf- and the end of the fiber optic delivery cable wefe csti.
mated to&in thelKBarrange [9].

The mechanism proposzd [10] to explain the Iascrdculus intaxtiat pmcceds as follows. I?u laser interms
with the opaque stone surke producing a thin bnlized hcatd layer. As the he.uhg continues, there is vaporiza-
tion, liberation of free ckcucms and plasma formation. Alternatively, there an be material @orption from the
stone surfhce followed by heating and free eiectron creation in the dcmrbed material [11], ?ne plasma continues m
absub the laser light, likely by inverse bremsstrahhmg ●bsorpticm. Ilen the plasma expands either freely (in air)
w mechanically constrain (in water) and crrxtes a &k pxsure on the storw stmfarx. Evidemx of this back pressure
hx been ~ expmirmmudly in the rapid recoil of the fiber optic Mivcry cable on time wales of the der of a few
mi .cnneconds [9]. ‘ile pressure induczs strong mmustic waves (stress waves) within the stone material [9]. The*
waves are compressive stress waves initially. Upon mflecbon from internal atone inhornogesuities or from the stonc-
air or stone-water interface, the waves become m-milesfmss waves of sufficient strength to tlagment the stone [I 2],

SIMULATION MODEL

In this wink, we use the LASNF.A rdiat.ion-hyh@n,atnics computer code w simulate the behavior of dw la-
W4CUIUS interaction. The dctnils of the physical mockl which LASNEX U% arc ~nted in Ref. 4, Briefly stat-
ed, the rmde treats an initial plasma ot ions and electrons absorbing b light of ● given wavekmgth and emitting
mdhr ●bsorbing a spectrum of radiation at wavcleagths mx dm of the mtace laser. Hydrodynamic equations are
mlvod fos the evolution in time of one fluid wi~ temperatures for clectsons d ions, yielding positions, velocities,
tesnpcfatures, dcnsitlcs and pressures, A multigroup (that is, mmy wavelength grwps) mdiation treatment is cm-
pbycd to trc# the emissim and abamption of the pm of rdiatkm ●-te to the ~dculus intanc-
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to model lmcr 8bsorption ●l material
the percentage of ionimion,

tcmpcmurcs WOW 10,000 ‘K and m Iasa intcnsilics of about 108 W/cm2, i
which is umd in the fmrmda for rnvcrse tmnsstrahlung, is adjusted. We use

values in the code, consistent wi~ Ssha equilibrium ICSuhs, to yield initial absorptkm dcplhs in the simulation
which appr.Mmak shomcfound expcrirncnially for cold done mmerird [16]. We model calculi hen using h cqua-.
tbn-f-stak for CaC03 (trdm as ● rcpruxmfatiw calculus maacrh!) with asI tiw mld - *nQIy of ~.2 ffmkm3

(mansurd from sunpk calculi). We note here thaathe physics of fmgmcnution is not treated by LASNEX and thus
Would nacdlobc ssudicdusingamhd InmerMaxk. Wcrcporl hcrcordy oncakulstions puforrncd wilhoncspn-

– sisldcgrec offrccdom.

SIMULATION RESULTS

Rcliminary rcsu!ts of this research have baea previously reponcd [17], Wc -t hcxc a quamddve axnpari-
sion between our simuhuion msuhs and thow obmkd hn cx~rncms cited above. Fi~ cmnsitkr visible light
anission. Broadband visibk light emission is one of the signatures of ~d-ks akulu$ intcmtion. Such emis-
sion always accompanies cslculus fragmcmmion. Time nmlved &oadbmd (4a)to7cQ nmkmnd)sigluds have bcal
rncasmd [8]. Figure 2 shows the cxpairncnta! k pulse and tk brotsdbmd emission signal. ploucd witi peak in-
tensities nowrmlized IO unity for cue of eornparison. one notes L!! the amission signal begins Ialu *, rises 8s

~idly as, peaks later than, md falls more slowly than k driving k pulse. Tlw mdiation spectrum which is can-
puud by LAS?NEXmay be prorzssed to yieid ● ccxnpmable brmdii emission signal. W result is shown u she
doued curve in the figure. Although both simulation and experimental emission signals hsve the same gcncsd shape
md time oi msc~ h simulmion signsl shows ● slower initial growth and later peak Ihan the experiment. ?Ns dis-
agreement is due to poor modeling of k initial plasm fmmation.

O@.al spctra obuincd in the cxpcnrnam show prominent line anis.sion [8]. Identification of W: of the
lMS wi~ excited and singly ionixal Cs has been made. one cm thus take the f- kmti ~mial of (2s (6. I
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eV)togivc anordcz ofrnagn.ituck wirnxtc Ofthcplasrrla ekct.runeqmtureto bcexpccwli nrhclswczproduced

_ P1 * (Al that 1 CV = 11600 %). Expcrinmmtswith bsers intcr&ting with metals have yielded

ckctron tanpczmums of 1.4 K)4.0 eV far k.rs with inknsitics of 108 W/cm2 [18], Such V8hs = e%~”d IO
owcxdmatc tunpcxmumsf orcalculi inwhich akqtioni ndcpth,ratha than thcsurf- dmptionofmctsk, is
micipmed. FinaIly, om can fit a bkktmdy qmmwn to the published spccmal dsta fcwcalculi [8] md obtain a tcm-
pcmtm of qspmimstcly 0.6 eV. In Fig. 3, wc show plots of the LASNEX results for electron temperate versus
rime fcx (l) CM03in8ir8nd (2) CK03invacr. Displsycd aswcUaesppr@.m4tc~ tanpmuuevaiucs

Waincd Cxperimrudy (from S8tiosof spearal lins intensities) [191. These is qrcemcnt brzwcen simuMiol’1 d
Cxpeshml on k magnitude of be electron Wnpesallm m tanplmlmm appc4rs w fall more slowly With time
for * simukicms dlus for k Cx@fIKmts.

Yk Cmixsion spuxm m b Usc!d. a well, to Cstinkmc ekron dcmsity. In Ibis -. $mnd8rd fcumubs Asl-
inglinc width mckcuondmsitymuscd [20]. Ancxperimentxl damlimh was made of dectron density [8]

yislding 10’9 ekctmm*m30ver atimeintrmmlf raw 0.64 toO.!Xl psaftathcstMofthc Iascrpuhc. lnFig.4,
this result is plottd along with ximuhtitm results of clacuon density as ● funcdcm of time for both CK03 in wa-

tmndcac03inti. lheq=bcntdpoimS 4m!ewithLAsmxsimuMm Sinti.

Expeirnustd studies of moustidstrcss W*VCprqa@ln through calculi hsvc been rcposwd [9]. b studies
show thst these is ● tenfold cnhanrzsncnl of ~~~ “ signnls lvhrmcllculi meimmcrsed inwa-
tcr8scornpared tocaktdi in air GUTtirnulation modd, Ming ss it * with plasms, tmnot provide tit infor-
mation cm mmustis@ress waves in solia. Ncvcnhckss, we bclicvc thstitutltcplssrm pessurc, gemcmedbythc
b.r pulse at the stone surke, which chives dw acmstichtress W8VCinto IIWstone. LASNEX carnputcs pksrns
pusurcs giva lad nmowid tity and tanperaturc (from b ~ustiowM-mwe tables). Results of our aJculs-
tions - shown in Fig 5. Here.plxssr~pmssurtixpkmodumfimctim oftinw. Noethuthc plmmagucasumfcx
H3in H20UOIMCaVaWg C4105 drncspemcrth xnthemsuItfm-3rn air. TMsrcsulti srnmdmmmd
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~~t wim IhOWnqmrted in Ref. 9.
It is wwth noting that qumuhative estimates of the plasma ~ have also k made [9]. The vmlucsob-

tained -0.6 Ktnr (using data on aviwion bubble evolution in water) and 1.0 Kbar (using rncaxurd recoil of he fs-
b optic ddivuy ublc). ~ m umsisten! with cxpen’hncntd values d)lxincd by others [21]. I%e csrimaws fm
alculiinwalcr arcalxoincxcdknl agrcmcnt with W LASNEX msuhs shows; in Fig. 5.

Experiments on calculi imrnerncdin water have shown ~ presmcc of cavitation bubbles [9]. - hubblcs
growintime toadiamctu dnc.rirlyl crnovcr etirncqan oftit2SO~. Afur~hirng amaximumdiamctcr,
k bubbics &cay. Time rcmlvcd mcmummmls of cavithrn bubble evolutian have bam made using both ● pump
pso&bscr technique MdmhacUmd dm8tion flash photography. The IA.SNEX simukions, likewise, show *

~of=hav-~~1=. *q~-d-Ym* inti-30P@?rn~ov~

time. In Fig. 6, wc plot in s log-log display the cxpcrimcnts.1and LASNEX simulation results for Imbbk diameter
asafunction ofcirnc. Thcrcis good8greemalc bctwtxm fhctwoin dlcirregia lo fovedqh Forkmgtimcs, lhccx.
~~~ ~ ~Y b ~ (N - M @ SIOPC) Ah -@c results m bubbk dimncti grs)wh !:2]. The

_li~~*&tmU~ s$a_cuwci.ntiFwtwwIxying thccx~rncnulrcdts
Here100,CXdkXll qmamnl ix -n.

Finally, ccmsirkr the cxpcrirncntal mmdts cm mass removal [23]. Ma is ~ntd for k M m~s of frag-
mcms removed fkornsample smncs by s single b puk of ● givcsI energy. Fragmca sizes ranged from less dun
lSO~K)grcatcx IJm21nmindi8mc&r. thcdisuibulkm ofrrmssimoanumtmr of fmgmcntsiwrangcsbcingvmy

dependent on laser mcrgy. Mass lost pcrla’= pulxc(pg)isploud vwsuslmx rmcrgy(mJ) in Fig. 7.whcm he
cxpcrimmul rcsultsfms YMnm publdye~uc~by X’s. 1.m6tnmss intksimuiat%n is the pmmnof

* CK03 w- mus dcmi~ h8s ~ed m less Ihm SO%of h initial lkxuity (1.2 gm/cm3>. LASNEX re-

sults arc &notad by MCsquarts. ‘flw simulation and cx@rrwnt wc c.onsism whh each ocher for ti foltowing rc.a-
sons. Ax slsd dmvc, LASNEX is ● plasma ximulatmn code, ptxticting as it dots the behavior of m ioruzcd ~,
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k CX@MCIMSdWX)’S pft)dUCCd@AMW ad fia&rWLISofStOIU. ‘NIus the cx@ncntal vahcs will always equal
o“ exceed the LASNEX @dictions of mass JOSIa.rplasma done. We would expect the code and experiment 10 yield
thex9ne rca4dtnar thrthrcahold forpl&sma produtxion. one mimatcs s~hatkcahold from fJtc FMurcmbetia
~ ~ of about 20 MI, wkrt extrapolations of airnuki(m ad cxpcrimcmal results -. Ex~cntal awd-
ka of ablation thmalmld (minirmn Iaxu cmergy need to -C visible damage orI ● stone’s surface) yicid threshold
b cmcrgies from 5.6 to 20.6 rnJdcpcndng UPWIlasts wavckngth [24] - in good agrwncnt wih our caimmc. AS
can bc-boMdu Ftgwc. atencrgks grcatcr tb20aLJ, adyasndlktion ofthctotal loarnassisinthc
fmnofplasrrw Moatofti rnassloss isintJmfrxrnc# fkagrncsm Thcilgurc ckrncmsmtes
a%sisofrnass rwnoval inthclaacrcalcldus imractim.

COIUCLUSlONS

We have modeled the ~t,ian of pulaal b with hwnm calculi. using s hrgc-d

how eflicicnt the pm

rxiiaticmhydrodynam-
ics* LASNEX. WC have modckd a body of expmirncaml data to help elu;ida* k physical @nrxncna *g
place &. Expszimcntal tiwa on light emission, abao@m md emission spmtra, fragmrmuion efftcicncy, cavJu-

MsI bubbk dynamics and mass loss, wuc considmd. We have obtained good agrtwnent buwecn experiment and aim-
U&tia] with IASNEX on visibk light emission, ckctron tan~, dccuon dcsuit.ies, plasma prewwes and ~vi.
-ion bubble dynamics. Regading mass lass, expuirncnt ad sirnulukm w- amsiaunt with each other. In tlw ex-
pc8imcnL rMsswas rcsnoved frornthcstmes inthcfmndplasmamd~fragrnmts lnthcaimtdatmn.o rdy
mass m the plasma Stae was rcsnovuJ. Ancxtqdation ofnwsloasresuhst O IOwbscr mgicsykldcdmesti-
tnatsnf dWiOn threshold,in good agfccmcnt with eqdnwnt.

Itiswosthwhik rs)nouthat damlincspcaxa mdonfiagmcntdon havcnotbccnrnakM. Funhuatud-
iuwiti LASNEX, withpoaaibly a~reakticlawz~rrdcl, arcretpired totrulthc lincspcrtra.
With regard to fsqpncntation, the subject ~ to be rnvcatigud using ycx wmshcr simulation code (e.g CHART-D
[2Sl), cmcwhichtmatsxWs. SuchacxxJc would rc@cmm@utcncrgy umau, thctirnc rJqxmknttigc.nmM-
al pmaaurcrxxnfwtcdby LASNEX.

Wcbcluvc thalthe tylcdlvlolkl ingstllclypfescntod hc!fccan bcfruilfldly @id tooshcr poc%hsresofin-
-withmthc medical community -prcrccdura mwhicha ~--plaarnais~nt.
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