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LASER-PRODUCED PLASMAS IN MEDICINE*
S. ). Gitomer & R. D. Jones
Applied Theoretical Physi_s Division, Los Alamos National Laboratory, Los Alamos NM 87545 USA

ABSTRACT

The laser has found numerous applications in medicine, beginning with uses in ophthalmology in the 1960’s. To-
day, lasers are used in tissue cutting, blood coagulation, photo-dynamic cancer therapy, arterial plague removal, dental
drilling, etc. In this paper, we examine those areas of laser medicine in which plasmas (ionized gases) are produced.
In fact, the presence of a plasma is essential for the application at hand to succeed. We consider examples of the plas-
mas produced in ophthalmology (c.g. Jens membrane destruction following cataract surgery), in wrology and gastrocn-
terology (e.g. kidney and gall stone ablation and fragmeatation) and in cardiology and vascular surgery (c.g. laser abla-
ton and removal of fibro-fauy and calcified arterial plaque). Experimental data are presenied along with somc re-
sults from computer simulations of the phenomena. Commens on future directions in these areas are included.

I.INTRODUCTION

The cover of the jounal stated "Zap Goes the Kidney Stone” and the articie title [1] claimed that "Plasma Physics
Breaks Stones.” Thus we were first aleried w0 the fact that plasmas were being beneficially used in laser medicine. The
srucle continued that ps duration dye laser pulses, introduced into the body via a fiber optic delivery sysiem were suc-
cessfully fragmenting kidney stones in patients. From that first article to the work presenied below, our intercst in
laser produced piasmas in medicine has grown.

It is well known that lascrs have been utilized in medicine for many years. Lasers were used first in ophthalmolo-
gy and dermatology. beginning in the early 1960's, shordy following the laser’s invention. Today's applications of
the laser in medicine are diverse - including tssue cuting and welding, blood coagulation, photo-dynamic cancer thera-
py, arerial plaque removal, Port-wine-stain (dermatology) removal, dental drilling, ewc. It is not so well known
that there are a few areas of laser medicine in which a plasma (ionized gas) piays a central role. It is the purpose of
this paper w introduce the reider 10 the present day applications of laser produced plasmas in medicine and Lo speculawe
on the future of this phenornena.

When a laser is incident upon a material, a number of effects can be observed depending upon the laser intensily,
pulse duration and wavelength. Considering intensity alone, for the moment, we'd cxpect that as inlensity is in-
creased, we would first observe heating of the material, followed by melting and then vaporizotion. At still higher
laser iniensities, we'd expect the breaking of chemical bonds and finally ionization. A simple energy density ordcning
for these phenomena is shown in Fig. I-1, using H20 as a sample material. In the Figure, p('Pn.Tn) is the mzss densi-

ty (xm/cm3) a1 pressure P and iemperawre T, while the symbol € denotes the eneigy in eV 10 which the material is

being raised (e is presumed 10 be of the order of unity). Thus, & laser deposiied energy density of 334 .l/c:m3 would be

needed 10 melt ice (mass density | gm/cm3) while 2258 J/cm3 would be needed 10 vapcrize water, ¢ic. Depending up-
on the mass density and the final energy, vaporization, bond breaking and ionization may all be compeling processes.
When one deals with biological tissue, eack of the foregoing stages from heating to ionization may be observed.

The diversity of medical applications of lasers can be more fully appreciated by reference 1o the "Medical laser in-
teraction map” taken from the work of J.-L. Bouliois [2). This map is displayed in Fig. I-2. Power density (or irradi-

mommsnymwchmz) is ploited versus inicraction time (in seconds). Diagonal lines denote constant laser

2

fluences in Joules/cm®. The various interaction regimes from thermal and photochemical throngh photoablative and

electromechanical occur for a limited range of {luences (between about 10 and 1000 J/cmz). The interaction regimes
can be roughly separated by the time duration of the laser pulse.  Long pulses correspond 1o the thermal and photo-
chemical regimes while short pulses correspond 10 the photoablative and electromechanical regimes. Bouinois defines
these interaction regimes as follows: (1) thermal - conversion of electromagnetic energy into themmal energy: (2) pho-
tochemical - spertrally sensitive chemicals (chromophores) injected locally, activated by absorption of laser photons;
(3) phowoablative - direc: photodissociation of intramolecular bonds by sbsorption of photons; and (4) electromechani-
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cal - thermionic emission or muluphnton production of free electrons leading to dielectric breakdown and plasma pro-
duction. We will concern ourselves in the remainder of thus paper with the electrumechanizai regime - the one in
which a plasma is produced.

It is worthwhile 1o note that non-laser produced plasmas appear in biology and medicine. In palcobiology, for ex-
ample, it has been speculated that amino ecids, essenual to life, could have been formed in Earnth’s primordial aimo-
sphere by lightning discharges. Thus lifc may owe its origin 10 a8 plasma process. In addiuon, RF electric discharges
have been used in dermalology to remove skin growths, in general surgery to remove diseased tissue (the technique is
commonly referred W as electrocautery), and in urology to fragment kidney stones (the technique is known as electro-
hydraulic lithotrirsy). It is even possible that medical research will ye. investigaic a plasma (liquid pan of the
blood) plasma (ionized gas)! We will concem ourselves here, however, with the werk on plasmas in medicine by lim-
iting owr scope 1o those plasmas which are produced by lasers.

II. LASER PRODUCED PLASMAS IN OPHTHAL MOLOGY

Almost since the invention of the laser in the early 1960's, lasers have been used in p wide range of ophthalmic
procedures. Laser produced plasmas in ophthalmology. however, are more recent, appearing to date from the work of
Krasnov (3], Bass et al. [4]), van der Zypen et al. [5] and Aron-Rosa et al. [6). These researchers used short pulsed ru-
by, dye or Nd:YAG lasers (lens of ns 10 one ps laser pulse duration, tens of mJ laser energy, tens of pm laser spot di-
ameter). The laser light was focused by an exwernal lens upon strucw:es within the eye, producing 8 plasma. The re-
searchers [5,6] hypothesized that following the plasma producton, shock waves were produced which caused the ob-
served tissue destruction. The ophthalmologic procedures in which plasmas are produced include: (1) shatiering of the
opaque posterior capsule (capsulotomy) which remains in the eye following cataract remova and aruficial lens impian-
tation [6); (2) puncwring an opening in the iris (iridoiomy) to reduce intraocular pressure in glaucoma [3,4,7): and (3)
destroying opaque strands within the vitreous humor {8]. For reference, we show in Fig. 1I-] a diagram of the human
eye [9]. The posterior capsule refers 1o the membrane forming the lens surface nearest o the vitieous. The iris and the
vitreous are also shown. The term photodisruption has become accepled parlance among ophthalmologists for the ef-
fect of the laser in the above menuoned procedures.

Following the research of van der Zypen and Aron-Rosa, work was commenced on understanding the physical phe-
nomena involved in the laser interaction. Questions conceming the characteristics of the plasma produced, the efficacy
of plasma shielding, the utiliry of concomitant shock or acoustic waves, the short lerm anc long term damage risk w
nearby tissue, eic. were addressed. Rescarch was concentraled on breakdown and subsejuent phenomena for lasers fo-
cused in liquid media (saline, water, vitreous, etc). Let us consider the phenomena studicd 10 date, both during and foi-
lowing the iaser pulse, and their effects.

A.Phenomena for0 <t <1
laser

The physical phenomena which are likely taking place in the lascr interaction are the following [10]. Free elec-
oors are iniually produced either by muluphoton effects or via thermionic emission. These elecrons grow in number
and are thumselves accelerated in the laser field to lead o avalance breakdown. The resulting plasma then grows until
it achieves dimensions comparable 1o the focal spot diameter. The plasma continues o grow and absorb the laser light
which impinges upon the focal volume, now by inverse bremustrahlung absorption [11).

The opucal breakdown aspect of the laser pulse focused in saline was studied by a number of rescarchers [10), [12] -

[16). Saline is used as a modcl material for various kinds of tissue. Both Q-switched and mode locked Nd:YAG la-
sers were employed. It was noted that "Optical breakdown with plasma formation was detected as a visible spark o a
dark adapted observer™ [10].  The results of the breakdown threshcld studies for the two different laser types are giv-
en in Table 1. It is worthwhile w note that the thresholds fall near or within the electromechanical region defined by
Boulnois [2] as shown in Figure 2. Variations in breakdown threshold between groups using similar lasers appear to
be due to imponani differences in laser pulse shape and/or bubbles and impurities in the saline medium,

Masma luminescence or lifetime has bheen studied experimentally by several groups [14], [17], [18] & [19). Tumc
resolution was obtained in these experiments with photomullipliers, fast photodiodes and sireak cameras, The signals
were charac'=rized by fast initial nisetimes followed by slower decays. For the subnanosecond laser pulses [19], the
pead luminescence lags the peak of the laser pulse. For the nanosecond Nd:YAG laser pulses [14), (18], [19], both
peaks coincide. Results for ruby [17) show the peak emission lagging the pcak of the laser pulse by 15 ns. The rcason
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for the inconsistency between ruby and Nd:YAG lasers is not understood. Bremsstrahlung emission, whose stergth
al any ume should scale gs the electron density squared, appears Lo be responsible for the observed luminescence [19).
Docchio [19] has also shown that both electron-ion recombination and electron-neutral attachment are important pro-
cesses in the decay of the luminescence radiation.

The temporal and spatial evolution of the breakdown plasma has also been studied by Docchio et al. [18] & [20].
Experiments in distilled water, using 12 ns Nd:YAG laser pulses, were diagnosed with a streak camcra and a photo-
multplier. It was found that following breakdown, the plasma grows in time as a cylindrical column, toward the la-
scr (away from the focal point). The portion of the plasma nearer to the laser, shiclds the plasma closer to the focal
point causing the luminescence signal near focus to decay. The longest duration luminescence signal occurs for the plas-
ma lormed ncarest o the laser. Using a moving breakdown model augmented by a distibuted plasma attenuation of
the laser beam, the authors have fit mather well the spatial and temporal evolution of the plasma luminescence in the
nanosecond regime.

B. Phenomena for ¢ > 1Iaser

Following the end of the laser pulse, the plasma cools and expands. The physical phenomena present were firs!
elucidated clearly by Felix and Ellis (21], although much work on laser produced plasmas in liquids came before
[17,2223]. First there is the emission of a shock wave into the surrounding liquid medium. The shock which propa-
gates initially at supersonic speed slows to sonic within the first 100 wm (14,16) (see Fig. I1-2). Measurements of the
shock wave and subsequent acoustic transient into which the shock wave evolves have been made using a pump-probe
technique [14,16,24] and using high-speed photography [25]. This work shows that the propagation far into the liquid
medium of the acousuc transient is a1 the Jocal sound speed (roughly 1500 m/s in water). Mecasurements and analysis
[using work from Ref. 26] by Vogel and Lauterborn [24] have shown that as much as 3.5% of the incident laser pulse
energy is carmied away in the acoustic transien’ for a 4 mJ laser pulsc.

The plasma filled cavity continues 10 expand and cool, evolving into a cavitation bubble. Such cavitation bubbles
have long becn studied, by a variety of techniques [21.27]. The high-speed pholographic technique, pionecred by Lauter-
born [27], is very helpful in visualizing the cavilation bubble’s temporal behavior (see Fig. 11-3). As uimc passes, the
cavilation bubble grows in size, reaching a maximum dimension which can be related to the energy of the bubble. The
bubble then collapses. Al the time of collapse, another acoustic transient is emitied, of energy somewhat smaller
than that in the shock/acoustic transient. The cycle of growth to a maximum followed by collapse and emission of an
&coustic transient may repeat several times before the cavitation bubble finally dissipaies. The energy in the cavitation
bubbdle, determined from its first maximum, is found to reach 7.5% of the energy in the incideni laser pulse [24]. It is
worthwhile 10 note that the maxiraum cavitation bubble radius has been shown experimentally to scalc as the 1/3 pow-
er of the incident laser energy (16], for a range of laser energies spanning nearly three orders of magnitude. This result
provides an excellent confirmation of the classic relauonship derived by Rayleigh [28).

Quantitative information on cavitation bubble pressure can be obuained from the combination of pump-probe Lme
resolved measurements with hydrophone recordings of acoustic transients [24). For a hydrophone located 10 mm away
from the laser focus in O.IN saline, pressures ranging from 50 bar for a 1.2 mm maximum diameter cavitation bubble
up 0 450 bar for a 5 mm maximum diameter cavitation bubble were obwained. The pressure scaled lincarly with bub-
ble maximum radius.

With quantiative information in hand on the encrgies going into the cavitation bubble and first acoustic transient,
we can make order of magnitude comparisions with the phenomena shown in Fig. 1. Vaporization and ionization re-
ceive energy directy from the laser light while the acoustic transient and cavitation bubble receive their energy from

the vaporization and ionization, Let us assume that the laser light is absorbed in 8 cylinder with radius 6.5 um (see

Ref. 24) and length 362 um (see Eq. 5 in Ref. 20) for a 4 mJ laser pulse with breakdown threshold of 0.7 mJ. Let us
further assume the plasma iemperature of 15,000 deg. Kelvin (1.29 eV) as given in [17), the only spectroscopic temper-
ature determination of which we are aware. Then the amounts of energy estimated 1o be needed for vaporization and
ionization are 0.11 mJ and 0.60 mJ respectively. These energies, although rough estimaies, are comparable to the encr-
gies found experimentally for the acoustic transient and the cavitation bubble, 0.14 mJ and 0.30 mJ respectively [24) .

C. Effects of the Laser-Produced Plasmas

Laser produced plasmas in ophthalmology have a wide range of effects. These include such direct effects as mem-

e '._-n



LLvLi=13

brane destruction in the posierior capsuloomy and iridotomy and indirect effects such as plasma shielding of the retna
and retinal damage by acnustic waves. Research both in vive and in virro has tried 10 determine the imponance and
risks of these direct and indirect effects and suitable laser parameters to accomplish the desired therapics while mini-
mizing deletenous consequences.

Tissue disruption, the most striking effect of laser produced plasmas in ophthalmology, was investigated in vitro
using three different model systems [25,29.30]. 1n order to separate the effect of the plasma from that of the acoustic
transient and cavitation bubble, the authors chose illumination geometries both parallel 10 (focus located tens to hun-
dreds um above the surface) and perpendicular 10 the target surface. Beilin et al. used 2 single cellular layer of onion
skin [29] (laser wavelength 1.06 um, pulse lengths 30 ps or 10 ns, energy up w0 8 mJ or 50 mJ); Vogel et al. studicd a
polyethylkene membrane [25] (laser wavelength 1.06 pm, pulse lengths 30 ps or 7 ns, energy up to 5 mJ or 15 mJ); and
Zyssel et al. investigated corneal endothelium [30] (laser wavelength 1.06 pm, pulse lengths 40 ps or 10 ns, energy up
w 25 mJ or 200 mJ). Perforation of the membrancs was determined Lo occur only when the plasma was in contact
with the membrane [25,29). Acoustic transients and cavitation bubbles were not able to produce a membrane perfora-
tion. Zysset et al. [30] found however, that with the parallel focusing geometry, comneal endothelial cells could be
damaged or removed and the underlying (Descemet’'s) membrane ruptared solely by acoustic transients and cavitation
bubbles. The authors showed that the range of the damage scaled as the cube root of the laser energy [30). [he maxi-
mum radius of a cavitaton bubble is known to scale in this same manncr [16, 26). Thus sensiLve structures like come-
al endothelium damage from acouslic transients and cavilalion bubbles while perforation of more robust structures ap-
pear [0 require direct contact with the plasma

Plasma shielding was investigated by Stzinert et al. [12] , [13] and by Docchio et al. [31]. Once breakdown occurs
and the plasma is formed, laser light which conlinues to fall upon the focal volume is absorbed, reflecied or scat-
tered. Thus the plasma shields structures within the eye (such as the retina) beyond the focal point The straight-
through energy transmission of a laser bcam focused in saline was measurcd. It was found that once threshold is ex-
cceded, the plasma substantially reduces energy transmission along the laser beam path. The mcasured encrgy reduc-
tion appears o lie in the range of 23% 1 56% of the incident laser energy, for intensities above breakdown threshold.
No sysiematic study of the encrgy reflected or scauered from the focal region was underaken. The energy above that
required 10 achieve breakdown likely is scauered, reflecied and absorbed, providing addiuonal local heating and pres-
sure increase in the focal volume.

The ability 1o lacalize disruption within the eye 10 scales of a few um improves as the lascr pulse length is re-

duced Zyssel et al. have used time integraled luminescence to measure plasma dimensions of 30 um length and 8 pm
width for ps Nd:YAG laser pulses at 8 |J [16). Because the size of the damage zone scales as the cube root of the la-
ser energy [30], lower energies are expected to produce more localized damage. Incisions in comeal tissue, using ps and
fs pulscs, show characteristically smooth walls and minimal subsurface dJamage for energies in the tens of W range for
532 and 625 nm lasers [32). The incisions compare very well with Liose obtained using excimer lasers which rcly on a
photo-chemical rather than a plasma-mediatcd process for ablauon. Surgery in the vitreous, very near the retina, may
now be possible bt the use of these suion pulse, low cnergy Lisers.

IIl. LASER PRODUCED PLASMAS IN UROLOGY & GASTROENTEROLOGY

The laser was first proposed for use in urology to fragment kidney stones, more than two decades ago, and expeni-
ments with pulsed ruby and CW C02 lasers confirmed the wility of the approach [33]). Ten years later, Fair [34]

showed that stones (also referred to as calculi) could be successfully fragmented by ruby laser (1.8 J energy, 20 ns
pulse) induced stress waves with pressures above about 3.2 kbar. The abiliiy :0 produce such stress wave pressurcs de-
pended con the presence of a laser produced plasma at the surface of the stone. It was not until the decade of the 1980's
thai suilable fiver-optic d=livery systems were devised [35 - 37] which made laser mediated lithotripsy (literally,
mone breaking) a clinical reality [38 - 40). Progress with laser lithotripsy of gallstoncs has followed closely the
work on kidney siones [41] and clinical success has been achieved here ar well [42). It is worth noung that ultrasound
lizhotripsy, which dates from the mid 1970's, is probably the mare popular of the non-surgical techniques available -
day for destroying and removing calculi. The laser mediated approach, however, offers advantages, possibly for elder-
ly patients and for patients whose calculi are impacted or rest in areas where the ultrasound wechnique is ineffective.

In laser miediated lihotripsy, laser pulses from a high power dyc laser (typical wav:ziength 0.5 - 0.7 pm. pulse-
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length 1 ps, fluence of tens of J/cmz. pulse repitition rate 5 Hz) are delivered 10 the stone via a fiber optic cable
passed into the body endoscopically. The fiber optic tip is either in contact with or within a few mm of the swne.
Tens to hundreds of laser pulses arc needed 1o fragment stones of most material compositions. The small fragments
which result are then passed out of the body spontaneously, by mmigation or removed by further procedures. Success
rates in clinical sdies in excess of 90% have been reporied with linle evidence of collateral damage (38 - 40). /n vil-
ro experiments have shown that, in arder for fragmentation of the kidney stones or gallstones 10 occur, a plasma must
be present.

A. Phenomenafor 0 <t S 1.

The physical phenomena present include laser absorption and plasma production at the stone surface followed by
plasma growth. Afier the plasma is initialed, inverse bremsstrahlung is likely the mechanism for further absorption
of the laser light within the plasma, which now shiclds the solid surface. Afier the peak of the laser pulse, the plas-
ma decays, on roughly the same time scale ac the laser pulse. In an experiment in which gallstones were irradiated by
flash-lamp pumped dye lasers (0.4-0.7 um wavelength, 0.8 or 360 us pulse length, 1.5 or 0.1 J maximum energy),
measurements were made of time resolved, broad-band (.35 w0 .45 um wavelengths) emission from the laser produced
plasma [43]). The laser epergy was transporied to the sione via a 300 um core dic =ter fiber optic cable. Information
on the tine of plasma initauon and the duration of the plasma luminescence was Stained. The experiments showed
that a cerain time elapses between the beginning of the laser pulse and the onset of visible light emission [cf. Refs. 15
& 31). The energy deposited during this time, referred 10 as the threshold energy, is found to be roughly independent

of laser pulse width. Threshold fluences for the 0.8 ps pulses ranged from 4 10 12 J/cmz . corresponding 10 energics
of 2.8 10 8.5 mJ. It was found that once the plasma initation occurred and the peak emission had been achieved, the lu-
minescence decayed with a slightly longer time scale than the driving laser pulse.

Using a galed optical muluchanncl analyzer and a spectrograph (resolution 0.5 nm), measurements were also made
of time-resolved visible emission spectra [43]. The spectra show & broad contnuum with line spectra from neutral and
singly ionized Ca superimposed. For a time well afier the end of the laser pulse, the contnuum disappears leaving a

rich line spectrum. Analysis of the spectra yields electron density of the plasma in the lOlglcm3 range [43,44] consis-
tent with modeling using a one dimensional hydrocode [45). Estumates of the electron temperature were obtained as
well.  Spectral analysis yielded a temperature of about 15,000 deg. K. {44] while hydrocode modeling gave a tempera-
ture of about 5,000 deg. K. [45]. Further experimental work and modeling will be necded o resolve this disagreement.

B. Phenomenafor t > 1
laser

After the laser pulse ends, the plasma expands rapidly and cools. High pressure stress/acoustic waves are general-
ed which propagele into the stone and the surrounéing medium. In an experiment using gallstones and kidney stones
immersed in water, mcasurements were made of the stress waves propagating through the stones, and the acoustic
waves and cavitaton bubble which were found in the liquid [46]). The stress waves were measured using an oploacous-
tic technique (deflection of a probe He-Ne laser beam by an index of refraction change induced by stress wave propagat-
ing in a fixture supporing the stone) and a piezoclectric technique (stor: is resting directy on a piczoelectric ele-
ment). These (wo measurements agreed and showed that « tenfold increase in signal strength was achieved by immers-
ing the stone in al least .3 cm of water. A similar increase (4 to 5 tmes) was noted in modeling the plasma pressure
directly, for s'ones in water compared with stones in air [45]). The increased presswes certainly responsible for causing
the observed signals are due 10 the confinement of the plasma between the solid stone and the waler [47). It was also
found that the stiess wave signal strength scaled as the 1/2 power of the laser fluence, consistent with an ideal gas
model [4C).

The acoustic transient was measured by a pump-probe laser technique [cf. Ref. 14). The acoust.c trunsisnt propagat-
ed at the local sound speed, with no evidence of the hypersonic speeds measured by others [14,16]. Time resclved mea-
surements were also made of the evolution of the cavitation bubble, using the pump-probe laser 1echnique and micro-
second duration flash photography [4€,49). The cavitation Lubble grows, reaches a maximum size and collapses. With

maxir.um measured radii fmax of 0.3 cm and 0.42 cm for laser fluences of 21 and 90 J/cm2 respectively, 1. propor-
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tional to the 1/3 power of laser pulse energy is satisfied [28] as we have s=cn above [cf. Ref. 16]. Using the fact that a
photograph taken at Lime 3.6 ps (relztive w0 the beginning of the laser pulse at 1=0) shows the fiber optic Lip to have
been displacsd, one can estimate that a 1 kbar pressure was required to achieve the observed displacement [46,49]. This
pressure is consistent with other experiments [24,34] and with model studies [45).

C. Effects of the Laser-Produced Plasmas

The motvation for the gallsione and kidncy stone research cited above is that pulsed medical lasers can fragment
most types of stones with relative ease. Several studies have been done 10 quantify the fragmentation efTects of dye la-
sers [SO - 52). Fragmentation threshold, defined as the minimum encrgy required o produce visible damage on the sur-
face of a targel sione, was measured for kidney stones [51,52] and gallsiones [50,52). Gallstones showed a uniformly
lower fragmentation threshold than all types of kidney stones. Bhatta & Nishioka report a threshold of 3.9 mJ for
gallsiones and a range of 4.5 10 41 mJ for fragmentable kidney siones (504 nm iaser wavelength, 1 us pulse length,
200 pum diameter optical fiber) [52). Longer pulse lengths (8 microsec) give slightly higher thresholds [see Table 1,
Ref. 52). Watson et al. showed that for kidney stones threshold increases with wavelength and fiber diameter (sce Ta-
bles 1 and 3, Ref. 51).

Fragmentation rate, defined as the amount of mass remcved from a sione per laser pulse, has also been investigated
for gallstones and kidney stones [SO - §2]. In general, it was found that for stones immersed in water or saline, the
higher laser pulse energies yielded higher tragmentation rates and larger stone fragments. Fragmentation rates decreasc
with increasing laser pulse length. Bhatia and Nishioka have found a fragmentation rale of 1.1 mg/pulse for a struvite
urinary calculus (S0 mJ pulse energy, 504 nm laser wavelength, 1 ps pulse length, 200 pum diameter opucal fiber)
[52). At the same laser wavelength and pulse energy, Watson el al. found a rate of .035 mg/pulse for a calcium ox-
alate calculus (1.5 ps pulse length, 600 um diameter optical fiber) (51]. This difference in fragmentation rate may be
due 1o the higher fluence used or 1o impontant variations in kidney stone material properties.

D. Proposed Mechanism

The mechanism proposed [53) to explain the laser-calculus interaction proceeds as follows. The laser interacts
with the gmaque stone surface producing a thin localized heated layer. As the healing conlinues, there is vaporization,
liberation of {rec elecuons and plasma formation. Aliematively, there can be material desorption from the swone sur-
face followed by heating and free electron creation in the desorbed material {54). The plasma continues 10 absorb the
laser light, likely by inverse bremsstrahlung absorpuon. Then the plasma expands either freely (in air) or mechanical-
ly constrained (in water) and creates a back pressure on the stonce surface. Evidence of this back pressure has been secn
experimentally in the rapid recoil of the fiber optic delivery cable on ume scales of the order of a few us [46]. The
pressure induces strong acouslic waves (stress waves) within the stone material [46). These waves are compressive
stress waves initially. Upon reflection from intenal stone inhomogeneilies or from the stone-air or stonc-waler in-
terface, the waves become tensile stress waves of sufficient strength o fragment the stone [5). Aliematively, & frag-
mentation shock wave may propagate through the porous sione material, mosi efficiently removing matcrial when the
laser pulse energy just exceeds the fragmentation threshold [44).

IV. LASER PRODUCED PLASMAS IN CARDIOLOGY & VASCULAR SURGERY

Because coronary heart discase is one of the leading causes of monality in the developed world, the prospect of us-
ing lasers 17 clear plaque filled anteries is very exciting. The procedure, known as laser angioplasty, has been in clini-
cal use for several years, Laser angioplasty ulilizes fiberoptic delivery of CW laser mdialion o the coronary or pe-
ripheral aneries and proceeds by eithe. heating 8 mewl probe which melts the plaque or by direct ilumination and ab-
lation of the plaque. CW lasers work well with soft plaque deposits but have not been able to ablate heavily calcificd
plaque. The process is not without its problems. These include anerial wall perforation, aneurysms, pain and spasm
which result from injury of normal Lissue adjacent 1o or underlying the plaque. ’

Laser produced plasmas in this area of medicine have not yet reached the clinical setting. Several studics (56 - 60]
have shown that the phenomena which we have discussed above, namcly visible light emission, acoustic transients and

material removal, are all present here.  Laser pulses of short duration (tens of ns 10 ens ol ps), moderaic encrgy (iens
to 100 mJ), and small spot diameters ( hundreds of um 10 a few mm) ‘with wavelengths from 193 nm o 658 nm were
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used. Studies were all done in vitro for atherosclerolic and normal arterial samples in air, saline or blood. We discuss
below the phenomena and the effects.

A.PhenommfcrOStSths"

During the laser pulse, a plasma is formed which emits Jight at visible wavelengths. The plasma likely persists
for the duration of the laser pulse (although no measurements of this plasma’s lifetime have been reponied). Experi-
ments were performed with excimer [59] and dye [57] lasers 10 obtain time integraied [59) or rime-resolved [57] emis-
sion spectra, and time-integrated plasma luminescence [57] (see Fig. IV-1). In the wark of Clarke e1 al. [59], pulsed
excimer lasers (wavelengths 193 nm, 248 nm, 308 nm and 351 nm; energy 100 to 250 mJ; spot dimensions 1 x 5 mm)
were used o irradiate carviovascular tissues exhibiting atherosclerosis. Plasma {ormation was always observed for tis-
sue samples in air but never for experiments in water (although the suthors showed plasma production in water with a
highly absarbing graphite target). Time-integrated visible light spectra showed the rich line structure similar 10 those
observed in the case of laser irradiation of gallstones [43). Prince and co-workers [57] used a dye laser (wavelength
658 nm, energy approximately 100 mJ, pulse length 0.8 pr) w0 irradiate both calcified anerial plaque and normal ar-
tery. They found an emission spectrum, taken during the laser pulse, which exhibited line structure and a superim-
posed continuum {c.f. Refl. 43] (see Fig. IV-2). The presence of ionized Ca lines confirmed that a plasma was present.
A ume-integraied photograph of the luminescence (see Fig. 1V-1) provides graphic evidence for the presence of plasma
for laser irradiation of calcified arterial plaque.

A crucial problem for CW laser angioplasty and plasma-mediated laser angioplasty is how 0 know whether the
laser is encountering anerial plaque or healthy tissue. The unique presence of Ca lines in emission specua, detecled in
light which retuns through the same fiber used for irradiation, offers the prospect of an unequivocal diagnostic {59].
Broadband light emission was also observed by Bhatta, Rosen and Dretler [60] who used il and the concomitant acous-
lic emission as a tandem diagnostic to discriminate calcified plaque from normal artery.

B. Phenomena for t > 1hser

Following the laser pulse, acoustic wave emission takes place. Observations of a loud snapping sound accompany-
ing plasma production were reported in all the cited references (56 - 60]. Acousuc signals were detected by a hydro-
phone (with frequency response 10 350 kHz), in the experimental work of Bhatta, Rosen & Dreter (60]) . A dye laser
(wavelength 504 nm, energy 5-50 mJ, pulse duration 1.4 us) was used w irradiate specimens of human aorta with calci-
fied plaque, soft plaque, and normal anenial wall. The acoustic signals, occurring along with plasma light emission
signals, provided a unique signature for laser ablation of calcified or soft arterial plaque in blood. Normal ancrial
wall produced negligible acoustic and plasma light emission signals while blood alone yielded strong acoustic signals
only. The suructure seen at carly ume in the hydrophone signals may be due 10 the initial acoustic transient and first
few collapses of a cavitation bubble [c.f. Refs. 24 & 25).

C. Effects of the Laser-Produced Plasmas

The object of laser angioplasty is to efficienlly remove atherosclerotic plaque with minimal effect W underlying
healthy tissue and minimal collateral impact on the vascular system. To accomplish this task, optmum laser parame-
ters of wavelength, pulse length and pulse energy need 10 be identified. Jn vitro swudies [56 - 58] have begun this pro-
cess;, ablation thresholds, ablation rates and characteristics of ablation fragments have been invesuzated. The ablation
threshold is the laser energy at which observable tissue ablation is oblained. The ablation rate (or ablaton efficiency)
is the mass removed divided by the total energy delivered.

Ablation thresholds were measured for several laser wavelengths, in saline and air, for calcified plaque and nor-
mal anery [57]. General conclusions are thai the dye laser (wavelengths 450 w0 700 nm, pulse duration 1 ps) yiclds
thresholds for calcified plaque lower by more than a factor of two than the ablation thresholds for normal anery.
For example, at 482 nm wavelength, the threshold for calcified plaque in air or water is 34 mJ compared (o thc 80 mJ
threshold for narmal artery. The effect of laser pulse length on ablation threshold was studied by LaMuraglia et al.
[58) at 480 nm. Thresholds generally increased with increasing pulse length reaching 90 mJ for calcified plaque and

131 0 169 mJ for three types of normal arterial wall tissue at 50 ps pulse length,
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Systematic measuremerts of ablation rates were mads [S6 - 58] for narmal antery and calcificd and fibrous plaque
using a dye laser (wavelength 480 nm). In general, every sample of atherosclerotic plaque ablaied more efficiently
than every sample of normal artery. Ablaton in saline was mare efficient than ablation in air. Finally, efficiency
showed a marked drop for a SO s laser pulse compared 1o results at 1 and 8 ps. The important lesson 10 be Jearned
from the data [see Table 1 of Ref. 56, Table 2 of Kef. 57, and Table Il of Ref. S8) is that the plasma-mediated ablation
process for dye lasers is very selective, That is, it is considerably easier o ablale calcified or fibrous plaque than it is
0 ablate normal artery for the same laser conditions. For example, the ablation rate for calcified plaque is 4.1 mg/J
while normal ariery abla‘es a1 a rate of .05 mg/J for 80 mJ pulses, 1 ps in durauon [58] (see Fig. IV-3 for a coinpila-
tion of ablation rales).

Laser angioplasty removes undesirable material from the anieries. If the plasma-mediated approach is o be adopt-
ed clinically, deuiled knowledge of the sizes of removed particulate material must be known. Such material may be
large enough 10 block small aneries, if the parnculates enter the blood smeam.  The ablation of calcified plaque by
dye laser under saline produces debris [56.57]. Microscopic examination s..ows that tissue fragments and occasional
cholesterol crystals are present [56,57]. Most of the fragments are under 20 um in size although there are occasional
fragments up o 100 um. No systematic examination of these fragments has been made, however.

V. CONCLUSION

Much has been leamned, over the last 25 years, of laser-produced plasmas m medicine with regard (0 the plasma
phenomena present and the plasma’s direct and indirect effects. We expe:t that futwre work in ophthalmology will
take advaniage of the localizability possible with the shorier laser pulse lengths and lower threshold energies. Laser
lithotripsy will continue to provide an alternative therapy choice i uiltrasound hithotripsy. We look for the into-
ducuon of percutaneous (through the skin) procedures in the area of gallstone lithotripsy. New avenues are anticipated
in plasma-mediated laser angioplasty, paricularly ones which take ad‘antage of the efficiency of material removal of
the calcified plaque and solve the problem of release of particulates intc the blood. Progress in all these areas must re-
ly upon further in vitro research on plasma and mechanical issue characterizztion and theoretical modeling.
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TABLE i. Optical breakdown threshold in physiological saline for Q-switched and mode-locked

Nd:YAG lasers.
Reference Wave Pulse Spot Breakdown Threshold in Saline
Length Length Diam Energy Fluence Intensity
(um) Thocer (um) @J)pulse  (Jem?) (Wicm?)

Q-switched Nd:YAG laser:

[10] 1.064 22 ns 50 6.8 347 16x 1010
[12] 1.064 15ns - 4.5 -— ---

(13] 1.064 15ns - 37,78

[15) 1.064 7ns 350 299 311 45x10°
[15) 1.064 7ns 230 189 455 6.5x 10°
[15) 1.064 7ns 94 7.0 100.8 14x10'0
(15] 1.064 7ns 50 14 175 25x10'0
[16) 1.06 10 ns 4 38 3024 30x 10'!

Q-switched Nd:YAG laser:
[12] 0.532 15ns - 04 -
(14] 0.532 10ns - 6

Mode-locked Nd:YAG laser:

[10) 1.064 30ps 50 0.044 227 7.6x 1010
(12) 1.064 25 ps - 0.04
(16 1.06 40 ps 4 0.005 9.8 1.0x 10'2
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TABLE 2. Laser produced plasma lifetimes in liquids. Mm is the ratio of the experimenial laser intensity to

breakdown threshold intensity.
Laser Weve Pulse "u. Plasma Remarks, [Refererice]
Length Length lifetime
Taser (FWHM)

NAYAG 532 um 10 ns 3 10 ns saline [14]

Ruby 6943 um 30 ns - AN ns filiered, doubly distilled
water [17}

NdYAG 1.064 um 12 ns 5 2-12ns doubly distilled water,
spatially dependcnt [18]

Nd:YAG 1.064 um 12 ns 1 3.5ns distilled water [19)

NdYAG 1.064 um 220 ps 1 400 ps distilled water [19]

Nd:YAG 1.06 um 40 ps 12 500 ps* distilled water [16]
*instrumental limit

NdYAG 1.06 um 40 ps 250 1.5ns distilled water [16)

NaYAG 1.064 um 30ps 1 250 ps distilled water [19]

Melting g  Vaporization =g Bond Breaking e=jp»- Ionization
334 p(P;,T)) Jem3 2258 p(Py,T,) Jem? 27,700 p(P4.T3) Vem® 9632 € J/em?

Fig.1-1. Schematic display of physical processes with associated energy densities for increzsing laser
energy deposition on materials. p is the mass density (gm/cm3) al pressure Pn and tempera-

ture T_. € denotes the energy in eV o which the material is being raised.
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Fig. I-2 Medical laser interacion map. The ordinate shows the irradiance (in W/cmz, or a logarithmic scalc), and is
common'y labelled the power density. The abscissa shows the interaction time.

lines of constant fluence (in J/cmz). The boxed arcas, labelled electromechanical, photoablative, thermal and
photomechanical enclose points that correspond W more than 50 expenimenially delermined optimal values ob-
wained from most published reports of clinical ana expenimental applicauons of lasers in medicine. Nd-YAG,
neodymium-doped yurium aluminum gamel laser; XeCL, xenon chlonide laser; ArF, argon fluoride lascr,
KrF, krypton fluoride laser; Ar, argon laser; Kr, krypton laser, C02. carbon dioxide laser; LAVA, laser as-

sisted vascular anastomosis; He-Ne, helium-neon laser; HPD, hematoporphyrin derivative; RF, radio frequen-
cy: ps. picosecond; ns, nanosecond; opth, ophthalmology, ENT, otorhinolaryngology; gyn, gynecology; gastr,
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gastrology; dermato, dermatology. hepat, hepatology. (Figure and caption from Rel. 2).
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Fig.1I-1. Schemaiic diagram of the human eye (Figure

from Ref. 9).
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Fig.11-2. Spatia! scans of probe laser transmission

through plasma region between times § ns
and 100 ns following 25 W, 40 ps Nd:YAG
laser pulse. Horizontal axis measures dis-
lance from the laser focal point in water.
Central feature evolves into a cavitation
bubble; symmeuic small features strad-
dling the central feature show the shock
wave (Figure from Ref. 16).

Fig. I1-3.
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Optical breakdown and cavitation bubble ev-
oluuon caused by focusing 8 SmJ, 7 ns
Nd:YAG laser pulse in saline. The bubble
is back illuminated and the framing ratc is
20,000 frames per second. Scale of black bar
in final frame is 5 mm (Figurc from Recf.
25).
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Fig.IV-1. Luminescent ablauon plunie (plasrna) from  Fig. 1V-2. Laser-induced emission spectrum from calci-

irmdinu'nr.l of calcified human anenal f.ed human arienial plaque 0.6 ps after stan
plaque with a single 100 mJ, 1 ps, 450 nm of a 0.8 us, 690 nm laser pulse. Continuum
dyr laser pulse.  Scale is in mm (Figure #.d ionized and ncuwal Ca emission Iins
from Ref. 57). ~r¢ evident (Figure from Rel. 57).
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Fig.IV-3 Compilation of data on mass ablation efficiency. Mass loss per laser pulse (ug) is plotted versus laser
pulse energy (mJ). Plasma production occurs in all cases. Hard tissue appears 10 be much easicr 1o ablale
than soft tissue. Legend: upper case letters for measurements in water, lower case letters for experiments
in air, A - kadney stones, dye laser [61]; b - guinea pig skin; COz laser {62); C - gallsione, XeCl laser [63);

d - atherosclerotic aorta, XeCl laser (mass density 1 gm/cc assumed) (64); e, E - calcificd plaque, dyc lascr
[57); F - kidncy stone, dye laser [52).
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