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The influence of the pulse duration on the mechanical effects following laser-induced breakdown in
water was studied at pulse durations between 100 fs and 100 ns. Breakdown was generated by
focusing laser pulses into a cuvette containing distilled water. The pulse energy corresponded to
6-times breakdown threshold energy. Plasma formation and shock wave emission were studied
photographically. The plasma photographs show a strong influence of self-focusing on the plasma
geometry for femtosecond pulses. Streak photographic recording of the shock propagation in the
immediate vicinity of the breakdown region allowed the measurement of the near-field shock
pressure. At the plasma rim, shock pressures between 3 and 9 GPa were observed for most pulse
durations. The shock pressure rapidly decays proportionalty £ %) with increasing distance

from the optical axis. Aa 6 mmdistance of the shock pressure has dropped ta(8.6) MPa for

76 ns and te<0.1 MPa for femtosecond pulses. The radius of the cavitation bubble is reduced from
2.5 mm(76 ns pulseksto less than 5um for femtosecond pulses. Mechanical effects such as shock
wave emission and cavitation bubble expansion are greatly reduced for shorter laser pulses, because
the energy required to produce breakdown decreases with decreasing pulse duration, and because a
larger fraction of energy is required to overcome the heat of vaporization with femtosecond pulses.
© 1998 American Institute of Physids$0021-897@8)00312-0

I. INTRODUCTION The gross tissue displacement and tearing caused by the

When h|gh intensity laser pu|5es are focused into atran§aVitati0n bubble oscillation has been identified as a major
parent medium, such as water, they can produce a plasma $Qurce Olfz 13co||ateral damage in nanosecond photo-
the medium through multiphoton and cascade ionizatidn. disruption.=* Even though the shock wave does not cause
This plasma formation is called laser-induced breakdowrnorphological damage, in vitro experiments revealed that
and has been observed in solfdsiquids25¢and gasedin  the shock wave changes the cell membrane permeatbjility,
solids, laser-induced breakdown not only leads to materiahfluences Ce”'Viab.i"tyl,S’lG and can cause fracturing of
damage in the breakdown region itself, but also causedeoxyribonucleic acidDNA) strands!
micro-cracks if the pressure exerted by the plasma on the It has been shown that mechanical effects and therefore
Surrounding material exceeds the dynamic y|e|d streﬁﬁth_ unwanted side effects associated with laser-induced break-
The sudden pressure rise in the breakdown region also |ea@l§wr1£;elgsign_iﬁcantly reduced, if shorter laser pulses are
to an emission of a shock wave into the surrounding meused,”~"~~mainly because the pulse energy required to pro-
dium, which might cause additional damage. duce optical breakdown decreases with decreasing pulse

Laser-induced breakdown in liquids is mainly of interestduration®?®#!In this paper, the influence of the pulse dura-
for medical laser applications, such as intraoculartion on the mechanical effects was studied in order to create
photodisruptior?:® where it is used for the evaporation of & framework for an optimization of laser parameters for in-
transparent tissues. In liquids, laser-induced breakdown ndtaocular photodisruption and related applications.
only leads to shock wave emission, but also to the creation of
a cavitation bubble which contains the evaporate
material>®1° This vapor bubble first expands and then col- I EXPERIMENTAL METHODS

lapses under the hydrostatic presstire. A. Creation of laser-induced breakdown
Laser-induced breakdown was created by focusing laser
dElectronic mail: noack@mil.muuebeck.de pulses with different durations into a cuvette containing high
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TABLE I. Experimental parameters. B. Observation of events

Pulse Wavelength 0 Energy ~ Transmission A two stage imaging system was employed to monitor
duration (nm) (deg  (Ein/ud) (%0 the events in the cuvette by simultaneous streak and framing
76 ns 750 19 33000.0 41 photography. The first stageL{, EL Nikkor 63 mm, F

6 ns 1064 22 730.8 71 =4) imaged the breakdown region onto a glass substrate
Gg Si ;’gé ig 2;1.;3 31?2 with a highly reflecting coating placed under 45° with re-
300 fs 580 16 17 5910 spect to the optical axis. The coating had a 20 wide
100 fs 580 16 1.0 492 uncoated slit and the transmitted part of the image was reim-

aged by a second len& {, Nikon 105/5.6 onto the photo-
cathode of a streak camera. The image reflected at the glass

o substrate was imaged onto a camera back by another lens
purity distilled water. The laser pulses were generated by aE\L ). The magnification from object to film varied between
Alexandrite laser £, =76 ns, Light-Age Ing, a Nd:YAG s 9 )

laser (r,=6 ns, Continuum YG 671-30 and a dye-laser 11X and 45« for th.e framing images and b('aﬁwe.enmﬁand
system &, =3 ps, 300 fs, 100 fs, Spectra-Physich pulse 71X for the streak images. The large magnification was used

energy corresponding to a sixfold breakdown threshold walor the events created by the ultrashort laser pulses with low

used in all experiments. The experimental parameters arulse energy.
summarized in Table I. The streak images were back-illuminated by pulses from

The setup for the generation and observation of lasera flashlamp pumped dye laser 630 nm) coupled to a few
induced breakdown is depicted in Fig. 1. The laser beam wasneters of 300um optical fiber (o). The exit fiber tip was
expanded using a biconcave lerig€ —20——40) followed imaged into the object volume by lehs; to provide a ho-
by a laser achromatf¢{=200 mm). The expanded beam mogeneous illumination with 200-500 ns duration. The
with a diameter of 19-26 mm was focused into the samplgraming photographs, in contrast, were illuminated by an-
by another achromatf¢=120 mm) and an ophthalmic con- other dye laser emitting subnanosecond pulses. In the 6 ns
tact lens €4, Rodenstock RYM built directly into the wall - gy neriments, a small fraction of the laser pulse generating the
of the cuvette. The contact lens minimized spherical aberraﬁreakdown event was frequency-doubled and used for illu-
tions at the laser focus. For 76 ns pulses the '.”S" of me.Chaniﬁination instead. The delay between the generation of the
fr?érg?:)r?:?((:p}gcg]; bC;gtT)cl:;rl\?)r-]cso\r/\V\?esxﬂgrﬂé:r(“fg(’) ?nnrg ::] WaBreakdown event and the framing image was adjusted either
air), resulting in increased spherical aberrations and a Iarget?lectrpmca!ly or optically. The two '”“T“'”a“”g bea.ms vyere

combined in front of the cuvette using a dichroic mirror

spot size. The measured far-field focusing angledeter- )
mined by knife-edge measureméhtare listed in Table I, (PM) and separated by suitable band paB#®, =630

The energy delivered into the cuvette as well as the en®5 NM) and short pasSP,A>600 nm) filters.
ergy transmitted within the focusing angle were measured by In addition to the photographic investigations, the shock
calibrated pyroelectric detectors (EP. The pulse energies Wave pressure was measured several millimeters away from
used as well as the measured transmission values are suihe breakdown site using a factory calibrated hydrophone
marized in Table I. A detailed discussion of the breakdown(Ceram with an active area of 1 mfmand a rise time of
thresholds and the transmission can be found in Ref. 23. 12 ns.

Laser generating LIB
Pulse duration: 100 fs-100 ns

ED,

Laser for illumination
of the framing images

Pulse duration: < 1 ns

Streak camera

Laser for illumination
of the streak images —

Pulse duration: ~ 2 ps

Pulse
slicer

L, Fiber

Camera back

FIG. 1. Experimental setup for simultaneous streak and framing photography.
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C. Data analysis

(a)

The near-field shock pressure was obtained from the
streak images. For this purpose the positiét) of the shock
wave was extracted from the streak images as a function o
timet using image processing techniqéé$* Differentiation
of ther(t) curves yielded the shock wave velocity which
is related to the shock peak presspréy'®2*

p=Apou(10U-/B—1), (1)

wherec,=1483 ms* andp,=998 kg m 3 denote the sonic
velocity and the density of the undisturbed watek.
=5190 ms! and B=25306 ms! are empirical constants
determined from Rankine—Hugoniot d&ta.

The hydrophone measurements not only yielded the far-
field shock pressure, but were also used to determine thi
maximum radiusR,, of the cavitation bubble, which is re-  (b)
lated to the cavitation bubble oscillation period 2by Ray-
leigh’s formula®

Te
Rmax=—————F——. 2
Po
0.915\/
Po— Py

p, denotes the vapor pressure at ambient temperatureand (c) - 6F) .
is the atmospheric pressure. The oscillation period is indi- .w“‘. " R
cated by the time between the shock waves from breakdowr B S B A
and bubble collapse. The mechanical eneEgyof a spheri- ' -~ »

cal cavitation bubble is then given 1y

FIG. 2. Laser-induced breakdown with laser pulses of different durations:
Eg=3m(Po—P,) Rﬁwx. 3 (a) 76 ns,(b) 6 ns,(c) 60 ps,(d) 3 ps,(e) 300 fs, andf) 100 fs. The images

were illuminated with a dye laser pulse 120 {@$ ns pulses 23 ns(6 ns
pulses, and 3 ns(others after the creation of breakdown. The laser pulses

ll. RESULTS incident from the left had an energy corresponding to 6-times the breakdown

A. Plasma threshold. The length of the scale is 1 in (a) and (b); images(b)—(f)

’ are of equal magnification. The vertical lines indicate the position of the

Figure 2 shows the appearance of the breakdown regioffreak siit
for laser pulses with six different pulse durations. The im-
ages obtained after nanosecond breakdown show a Iuminef%

cent plasma surrounded by a cavitation bubble and an ouF—-rm of the initial cavitation bubbléfor the other pulse du-
ward propagating shock wavEFigs. 4a) and Zb)]. A ationg changes from conical to cylindrical with decreasing

) ulse duratiorjFigs. 2a)—2(f)]. For femtosecond pulses two
wgqucivgtaﬁlfgz g:;izg ggsﬁze]cﬁn:ogégzﬁsorpg\iens’ bgéparate breakdown sitfiSig. 2(e)] and inhomogeneities in
shorter laser pulses no plasma radiation could be observed tgtelr appearanckFig. 2f)] were observed.
all.

Since the images were obtained with an open shutter in
dark room, any plasma luminescence was imaged regardless Streak images of the shock wave emission following
of the delay between the breakdown and the illuminationaser-induced breakdown are shown in Fig. 3. Because the
pulse. For 6 ns pulses, for example, the plasma luminescengdasma radiation was blocked by a band pass fiBét, Fig.
lasted only for~15ns and had therefore already ceasedl), the plasma appears as a dark object in the streak images
when the shock wave and cavitation bubble in Figp) 2vere  when optical breakdown occutsght). As time progresses,
photographed. If any significant expansion takes place duithe plasma starts to form the cavitation bubble which be-
ing the lifetime of the luminescent plasma, the time-comes the central dark object in the images. The two inclined
integrated photographs show the plasma dimensions up wark lines above and below correspond to the shock wave
the point where the plasma emission becomes too weak fpropagating outward. For 100 fs pulses, no useable streak
expose the film, i.e., the image of the luminescent plasma isnage of the shock wave could be obtained due to poor
larger than the actual breakdown region. This is particularlycontrast of the shock wave.
true for the 76 ns pulses where plasma radiation was ob- The slope of the shock trajectory, corresponding to the
served for more than 200 ns. shock wave velocity, gradually decreases with tifhe.,

The shape of the breakdown region indicated by thdrom left to righ, soon approaching the sonic velocity.
form of the luminescent plasm@aanosecond pulsgand the Whereas with 76 ns pulses a supersonic velocity was ob-

g. Shock wave
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FIG. 4. Shock wave pressure as a function of distance from the optical axis
for different pulse durations. Each curve represents a single event. The
location of each symbol indicates the point where the shock wave detaches
from the cavitation bubble or plasma.

sure profile, the pressure amplitude, and the aperture of the
imaging lens. Thus the width of shock trajectory should not
be mistaken for the shock width.

The shock wave profiles measured a few millimeters
away from the breakdown site using a fast hydrophone are
shown in Fig. 5. The hydrophone signals generated by nano-
second breakdown show a fast rise followed by a slower
— decay. The full width half maximuntFWHM) of the signals
| e is 120 and 80 ns for 76 and 6 ns pulses, respectively. The

T R I width of the signals observed after breakdown with pico- and
femtosecond pulses was25 ns regardless of the pulse du-
FIG. 3. Streak images of shock wave emission after laser-induced breakation. In these cases the signal is limited by the temporal
down with laser pulses d8) 76 ns,(b) 6 ns,(c) 60 ps,(d) 3 ps, ande) 300 resolution of the hydrophone used.
fs duratiqn. The length of the bars represents 1@hasizontally) and 100 The far-field pressure at a distance of 6 mm decreases by
um (vertically. 2 orders of magnitude from 8.5 MPa for 76 ns pulses to 60
kPa for femtosecond pulsé$able Il). To avoid damage to

served during the first 160 ns, the shock speed observed afttehre pressure transducer, pressure measurements for 76 ns

3 ps and 300 fs breakdown differed from the sonic velocitypuISeS were performed in t.h € range 10-17.5 mm and ex-
: . trapolated to 6 mm assumirgp:1/r.

only during the first 10 ns.

_ The_ s_hoc_k wave speeds_ extracted from the streak imaggs cavitation bubble
using digital image processifit?* were converted to shock
pressures using E€L), and are plotted in Fig. 4 as a function The period of the first cavitation bubble oscillation and
of distance from the optical axis. When the shock wave dethe maximum bubble radius predicted by E@) are also
taches from the cavitation bubble the shock pressure was
found to be between 3 and 9 GPa. Only for 3 ps pulses was LA B BLELELEL BN BUELELEL B
a substantially lower shock pressure of 0.3 GPa found.

The shock wave pressure decays rapidly below 0.1 GPa,
where the deviation of the propagation velocity from sonic
velocity becomes too small to be measured accurately with
the streak techniqu&:®* The pressure decay is approxi-
mately proportional ta ~* for 6 ns, 60 ps, and 300 fs pulses.
For 76 ns pulses a pressure decay proportional to was
observed. The pressure decayr( ) observed with 3 ps I .
pulses has to be interpreted with great care because of the 0.0 300 tMm
large uncertainty(87%) at pressures on the order of 0.1 s S
GPa®? 0 100 200 300 400 500

The shock wave width cannot be inferred from the streak t/ns
images. The shock trajectories are visualized, because the

T ; ; IG. 5. Normalized hydrophone signals observed in the far-field after laser-
refractive index gradient induced by the shock wave refraCt|§nduced breakdown with different pulse durations. The hydrophone signals

the illumination light out of the imaging aperture. The width yere obtained at 10 mriv6 ng, 9 mm (6 ns, and 6 mm(300 f3 from the
of the shock wave image is therefore determined by the presreakdown site.

05
| \ ns

Normalized Amplitude
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TABLE Il. Shock wave pressures at 6 mm distance and parameters of the, 100
cavitation bubble. :EL [
= 50
Pulse Shock Bubble o
duration pressure Period radius Conversion = [
(7)) (p/MPa) (2T /ps) (Rinax/m) (ndep/%) 8 or _._.
E - 3 ps - 100fs ]
76 ns 85606  468.0:7.4  2560-41 21.6-1.6 S -50f S0 ]
6 ns 1.970.20 126.19.2 69050 19.8:3.3 6:“ [
60 ps  0.270.04 25.4-1.8 139-10 8.6+2.0 -100t . . .
3 ps 0.110.01 12.8-0.6 70:3 9.0+2.1 -200 -100 0 100 200
300 fs  0.0%0.01 10.4-0.8 574 9.3+2.4 Axial Position / pm
100 fs 0.06-0.01 8.0:0.8 44+4 6.5+2.1

FIG. 6. Geometry of the beam waist €%/contours. The axial position of
*Extrapolated fronp=5.5+0.4 MPa at 10 mm. the arrow indicates the plasma length predicted by the moving breakdown
model for pulse energies of six times threshold.

listed in Table Il. The radius of the expanded cavitation
bubble decreases from 2.5 mm for 76 ns pulses to less thgpredicted. For 6 ns pulses the length of the plasma is 1.6
50 um for 100 fs pulses. It might be assumed that the retimes longer than expected. In both cases, however, the ob-
duced size is caused only by the smaller amount of energgerved conical shape is consistent with the beam geometry.
deposited into the focal volume for shorter pulses, therefordhis is in contrast to the 100 fs pulses, where the cylindrical
the conversion efficiency plasma shape is inconsistent with the large plasma length
observed.

74ep= B/ (1=T)Ein ) There are two factors that lead to the long plasmas
from deposited energy into cavitation bubble energy is alsdength observed with nanosecond pulses: First of all there
given in Table Il. Whereas for nanosecond pulses around onmight have been a plasma expansion during the lumines-
fifth of the deposited laser pulse energy contributes to theence lifetime of the plasma which leads to an overestima-
creation of the cavitation bubble, only 6.5% of the pulsetion of the plasma length in the framing photographs. The
energy is converted to mechanical energy of the cavitatiomverestimation will be most pronounced for the 76 ns pulses

bubble created by 100 fs pulses. because of the long plasma luminescence. Figéag iBdi-
cates, however, that the radial growth of the cavitation
IV. DISCUSSION bubble after the end of the laser pulse is slow and this is also

true for the axial growtlunpublished data It seems there-
fore unlikely that plasma expansion is the only factor con-
The threshold for laser-induced breakdown is an intentributing to the long plasma length. Another possible mecha-
sity threshold?"?8therefore breakdown should occur along nism is the interaction between the plasma radiation and the
isointensity line&"?° with 1=1,,. At threshold energyEy,  surrounding mediurfi. The breakdown threshold for nano-
breakdown occurs where maximum light intensity is encounsecond pulses in pure water is given by the intensity required
tered, i.e., in the beam waistz£€0). With increasing pulse for the production of the first free electrons by multiphoton
energy, the critical intensity is also exceeded at larger crosabsorptiorf:?128Subsequently, these initial electrons are rap-
sections along the beam path and a larger plasma length rily multiplied by cascade ionization, resulting in a lumines-
sults. Plasma growth preferentially takes place towards theent plasma. In the vicinity of a plasma, free electrons can
laser because most of the energy is absorbed by the plasraiso be produced by absorption of ultraviolev) radiation
generated before the beam wais?.This is particularly true  emitted by the plasma. In this case, multiphoton absorption
for nanosecond pulses, where only a few percent of the inas a source of seed electrons is no longer required and the

A. Plasma

cident energy is transmitted through the focal region. breakdown thresholdly, drops during the laser pul§ethus
Figure 6 shows the &f contours for the 76 ns and the explaining the longer plasma length.
3 ps experiments measured by a knife-edge techrfftjiiae The low transmissiofiTable ) through the plasma indi-

beam waist for the other pulse durations was almost identicatates that plasma growth beyond the beam waist(Q) can
to the 3 ps curve and is thus omitted for clarity. At six timesbe neglected for nanosecond pulses. For picosecond pulses,
threshold energy, the plasma should extend from the focusiowever, more than half of the incident energy reaches the
up to the point(arrows where the beam cross section is six region beyond the focus and might therefore lead to plasma
times larger than in the beam waist. The geometry of thdormation in this region. For 3 ps pulses, a total plasma
beam waist and the predicted plasma length can be directhgngth of 90 um was observed, whereas according to the
compared to the shape of the plasmas in Fige)-2(f) measured beam profile the plasma should extenduB0
which are enlarged to the same scale. from the waist towards the laser. Considering the fact that
Discrepancies between experiment and prediction exisbnly 23% of the pulse energy is absorbed in the breakdown
in shape and size: The plasmas observed with nanoseconegion it does not seem unlikely that the plasma length ex-
pulses are always larger than expected. This difference i®ends beyond the waist almost equaling the plasma length
most pronounced for the 76 ns pulses where the observdeefore the focus, thus explaining the measured plasma
plasma length of 40Qum is more than twice as large as length. The plasma transmission at 60 ps is lower than for
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3 ps pulses and therefore a larger fraction of the total plasmaonlinearity of propagation, which results in a modification
length (110 um) appears before the beam waigd um). of the pressure profile during propagati§rt> The fact that

The plasma shape observed with femtosecond pulses céline speed of propagation increases with increasing pressure,
neither be explained by a changing breakdown threshold ducauses the trailing edge of a shock wave to propagate signifi-
ing the laser pulse, nor by changes in plasma transmission. tfantly slower than the leading edge, resulting in shock wave
similar to longer pulse durations, the shape of the breakdowbroadening. This shock wave broadening is most pronounced
region is indicative of the intensity distribution, the narrow in high pressure regions, i.e., near the sodrd@ased on the
plasma filaments suggest that the initially Gaussian intensitgonservation of momentum, arf/dependence of the shock
distribution must have changed significantly during propagapressure can be deriv&df shock wave broadening is neg-

tion due to self-focusing. The critical poweét,, for self- ligible. This relationship is in reasonable accord with experi-
focusing at 580 nm is given BY*? mental data obtained with nanosecond and picosecond pulses
2 at distances above 1Q@m.2®
CA S .
Py=3.7%s——=~1 MW. (5) Considering the shock wave broadening near the source,
32m°n; the finding of a pressure decay faster tharf in the imme-

This is significantly lower than the peak power in the experi-diate vicinity of the plasma for all pulse durations except
ments, which was 5.6 and 17 MW for 300 and 100 fs pulses3 ps and 76 ns is not unexpectéflg. 4). The significantly
respectively. Thus self-focusing is expected to occur for femslower pressure decay for 76 ns may be caused by the fact

tosecond laser pulséd. that the high shock pressure is maintained by the continuing
energy deposition during the rest of the laser pulse. The very
B. Shock wave slow pressure decay><(r‘1'3) observed for 3 ps pulses is not

easy to understand. It may be an artefact because at 0.1 GPa

the shock velocity deviates only by 9% from the sonic ve-
The location of the plasma rim for pico- and femtosec-locity. Such small variations from the sonic velocity are

ond pulses can be determined with reasonable accuracy fronardly detectable with the streak technique, resulting in a

the framing images in Fig. 2. Due to the expansion of thelarge measurement uncertaifty?*

76 ns plasmas during their radiant lifetime this method leads

to an overestimation of the radius where the shock wave

detaches from the plasma, thus resulting in an underestima-

tion of the shock pressure at the plasma rim. Therefore wé- Far-field pressure

have determined the plasma radius when the shock wave

detaches from the cavitation bubble in the streak im&ag

1. Plasma rim

The shock pressure at a fixed distance from the optical
3 axis decreases with decreasing pulse duration. This trend is
) . o - . _observed in the far-fiel@Table Il) as well as in the near-field
Despite the uncertainties in determining the plasma rlm(Fig_ 4, except 3 ps even though the shock pressures at the

tges égOCk prgss?ze§ obselzrved Wlthh nanbosecor;d 5}“{?}% asma rim are similar for most pulse durations. The main
(8. aare about twice as large as those observed wi eason for the decreasing shock pressure is that the total en-

qther pul_se durat_|ons, which is consistent with the observaérgy deposited in the breakdown region decreases with de-
tion of bright luminescent plasmas. The shock pressures o

. _ €S 0l e asing pulse duratidh’2thus less energy is available for
Ser\;fd3W',t5h(§§ ps(,) alnd ?;gosfs pulsles d(.) n.c]:.t d'ﬁzfrls'gn'f'_the generation of the shock wave and therefore the shock
cantly (3— & Only wi ps puises significantly lower amplitude is reduced for shorter pulse durations.

shock pressures<(1 GPa) were observed. The similarity law?® states that the shock pressure at a

It is remarkable that, at six times threshpld, the S.ho_deistancer from the source with radius, depends only on
pressure closely follows the trends observed in transmissiony, ratior/r,. Since the plasma radius, decreases with

For.nanosecond pulses almost th'e entire pulse energy is dSécreasing laser pulse duratiqifsg. 2) the relative distance
posited and thus_the_ene_rgy density of the plasmas_ create_dlj;ro increases for =const. Thus a decreasing shock pres-
very 'afge: resulting in high Sh.OCk pressures. The INCTEASING, e at a fixed distanaeis expected for shorter laser pulses,
transmission leads to a drastic reduction in energy densﬂgven if the energy density in the plasma was independent of

with decreasing laser pulse duration, and thus to a reductiO{p1e pulse duration

pf the sihocI; pres;grﬁ stat thebplasr?_a rlrr; a3 pts). The mcre;s— The far field shock pressures for pico- and femtosecond
Ing role ot multiphoton absorption or su plcoseconiéaulses are similar to those reported by Hamneeall’

p.uls.e§3 leads to a transmis§ion of 300 fs plasmas which closer to the sourc€l mm), where higher shock pressures
similar to those ngerved with 60 ps pulses, thus shock PreSia 1o be expected. This apparent discrepancy could be
sures are also similar. caused by the slower hydrophone used in the previous study
(risetime 30 ng which does not record the correct pressure
amplitude, if the shock wave duration is significantly shorter
For all pulse durations, the shock pressure decreaseban the rise timé’ The results for 60 ps and 6 ns pulses are
faster with increasing propagation distance than in the acousa reasonable accord with pressures observed in 10 mm dis-
tic limit, where a pressure decay proportional ¥/ould be  tance from breakdown with 30 ps pulses at ten times thresh-
expected for a spherical souréeThe fast pressure decay is old (0.24 MPa and 6 ns pulses at eight times threshold

caused by the energy dissipation at the shock front and th@.99 MPa.1°

2. Pressure decay
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4. Shock wave width is possible for nanosecond pulses, but only part of the break-
down region can be evaporated by femtosecond pulses.

The conversion from light to bubble energy for 3 ps and
tosecond pulses is similéFable 1), despite the fact that

arger fraction of the pulse energy is transmitted with 3 ps
Ises(Table |). This indicates that for femtosecond pulses, a
ger fraction of the deposited energy does not contribute to
the bubble formation. This is due to the inhomogeneities
lgzising through self-focusing, where a region of low energy

Considering the explosive behavior of the electron cas
cade during nanosecond breakddWit is reasonable to as-
sume an almost instantaneous pressure rise in the breakdo
region during the initial phase of the laser pulse. Thus a higr"fl
pressure shock wave starts to propagate into the surroundir‘i)gJ
medium. With time the breakdown region starts to expand r
and the pressure inside the plastmatial cavitation bubblg
decreases. If the energy deposition is almost instantaneo 2 . ) .
i.e., no energy deposition takes place during the expansion ns!ty 3‘29 formed around a filament with h'gh energy
the cavitation bubble, the width of the shock wave is only ensity™ _The mhomogengny_of the energy density is also
determined by the speed of cavitation bubble expansion. “;,;m explanation of why a c_aw.tatlon bubble is forme_d a[though
however, the high pressure inside the plasma is maintainetﬁe average energy density in the breakdown region is below
during the expansion by further energy deposition, the dural® evaporation enthalpy. . .
tion of the high pressure transient will be prolonged. There- CaV|tat_|on bubble sizetTable 1) agree well with previ-
fore the shock waves created by breakdown with 76 né)usly published data for pulse energies around ten times
pulses have a larger width than those created by shorter las eshold. lsﬁported values _for 1007_400 fs_pulses are
pulses (Fig. 5. The duration is also longer, because the 0 20#M, 80 um for 3 ps pulseé% 4%50_255'“m for
width of a shock wave emitted from a source with radiys pulselzoduratlons bet_ween 20 f'md 60'bS;*and 8.00'“ m for
(and a given energy densjtjncreases proportional to the 6 ns:” The sma_II dlscrepanme_s to thg values listed in Ta_ble
radius® and the radius of a 76 ns plasma is much larger tharhl can be .explalned by the slightly different pulse energies
of a 6 nsplasma(Fig. 2. and focusing geome.tnes. o

The shock pressures as well as the shock width observed It has been pointed out earlférthat the cgwtatlon .
with pico- and femtosecond pulses in the far-field have to b ubbles creat(_ed bY fem tqsecond_ pulses remain aspherical
interpreted with great care, because of the detector ban&broughout their entlr'e Ilfet|me. This asphericity is caused by
width. The true shock width may be smaller than the Widththe fact that the cavitation bubble energy becomes so small

of the signals in Fig. 5. For femtosecond pulses, alowerlimillhat_ th? lateral expansion IS less than the p'as”?a length

for the shock width is given by the time for the shock wave(WhICh is enlarged under the influence of self-focusing

to transverse the plasma in radial direction, i.e., the minimum

possible shock wave width is on the order of 2—-3 ns. How-

ever, it's actual duration is determined by the bubble expany. coONCLUSIONS

sion. The fact that the geometry of the plasma is similar for

pulse durations of 3 ps and less, suggests that the initial Mechanical effects such as cavitation and shock wave

cavitation bubble dynamics and thus the shock width is comemission are reduced significantly for shorter laser pulse du-

parable for pulse durations between 100 fs and 3 ps. For 3 pations, mainly because the threshold energy and thus the

pulses the shock waves might be slightly longer because afnergy available for mechanical effects decreases for shorter

the low energy density in the plasma, which could result in daser pulses. Additionally, the partition of the incident pulse

slower cavitation bubble expansion. energy into transmitted energy, cavitation bubble energy,

shock wave energy, and heat of vaporization changes with

decreasing pulse duration. Whereas for nanosecond pulses
The size and thus the energy coupled into the cavitatiomost of the incident pulse energy is coupled into mechanical

bubble decreases with decreasing pulse duration because:effects'® the transmitted energy and the heat of vaporization

(1) the pulse energy required to produce breakdown deglre the most important energy channels for femtosecond

creases with the decrease in pulse duratith; pulses.

; : For ophthalmic laser applications, the reduced size of the
(2) alarger percentage of the pulse energy is transmitted for_ . . T : .
: . : : Cavitation bubble implies less tissue displacement and tear-
shorter pulse duration@able I, with an inversion of the

: ing. The damage potential of shock waves is also reduced,
trend for subpicosecond pulggand : .
; . . because at a given distance shock pressures are lower for
(3) alarger fraction of the pulse energy is required to evapo; .
femtosecond pulses. Femtosecond pulses might therefore of-
rate the focal volume for shorter pulses and thus Ies? ) . S )
. . : er an increased surgical precision over current techniques.
energy is available for mechanical processes. o : ) .
If, however, disintegration of a larger tissue volume is re-
The volume of the breakdown region can be estimatedjuired to produce a therapeutic effect, a large number of
from the plasma photographs in Fig. 2. This, in combinationfemtosecond pulses should be applied instead of increasing
with the transmission measurements, allows a rough estimatbe pulse energy due to the strong role of self-focusing. To
of the energy density within the breakdown region. Whereasvoid interaction of the following laser pulses with the cavi-
the energy density for nanosecond pulses4(Q kJ/g, Ref. tation bubble or residual gas bubbles created by earlier
10) is well in excess of the enthalphy of evaporation which ispulse4'*? the repetition rate should be limited to a few ki-
2.3 kJ/g for water, it is less than 0.6 kJ/g for femtosecondohertz. Due to the high transmission, pulse durations around
pulses. Thus complete evaporation of the breakdown volumé ps are particularly unsuited for opthalmic laser applica-

C. Cavitation bubble
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tions, because the transmitted light poses an unnecessary riskennedy, and W. P. Roach, IEEE J. Quantum ElectiQ&-32, 670

to the retina. (1996.
21p. K. Kennedy, S. A. Boppart, D. X. Hammer, B. A. Rockwell, G. D.
Nooji W.P.R h, IEEE J. El .2250(1 .
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