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Influence of pulse duration on ultrashort laser pulse
ablation of biological tissues
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Michael D. Feit range. For the water experiment, the surface ablation and subsequent
Alexander M. Rubenchik propagation of stress waves were monitored using Mach-Zehnder in-
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1 Introduction This necessitates the use of an articulated arm. It is therefore

of interest to compare the characteristics of ablation using
subpicosecond pulses with a few picosecond pulses since it is

plasma-mediated ablation the laser energy is absorbed byconceivable that the few picosecond laser pulses might be
electrons which transfer their energy through collisions to the ransmitted through fibers with less detrimental effects of dis-
ions. The absorption coefficient of plasma is typically several Persion and fiber damage. It is also likely that picosecond
orders of magnitude higher than that of the un-ionized mate- 12sers will cost less than femtosecond lasers. o

rial. The result is that laser absorption occurs in a very thin 1€ objective of this study is to investigate ablation in the

layer of material. In the case of ultrashort laser pul&SLP) low picosecond and subpicosecond range of pulse duration.

(pulse duration<1 p9 most absorption occurs in depth less For the hard tissue experiment, ablation craters were exam-
than 1000 A. Using USLP reduces the amount of energy ined for the pulse duration range of 130 fs—10 ps. As a close
transfer to the deepéunablatedi layers since the plasma ex- approximation of soft tissue ablation, water ablation was stud-
pands rapidly, which results in rapid cooling. Also, the ied using Mach—Zehnder interferometry. Patterns of shock

amount of energy transferred from the electrons to thejons ~ Wave generation in water due to USLP were investigated in

lattice) is reduced. These effects have been used to explain thetN® same pulse duration range. In fact, the shadowgraph

low thermal collateral damage produced by USLPThe method used by other researchers might give clearer pictures

-18 :
other advantage of USLP ablation is that the generated shockOf the shock wave&:™*However, interferometry was used so

wave is quickly attenuated before propagating very far into _that the pressure could be quantified, which will be published

the material. For nanosecond lasers the absorption process id! @ Separate report in the future.
complicated by plasma expansion which can generate an ab-

sorbing plume of low density material several hundred mi-

crons thick. In this case the region of maximum absorption is

decoupled from the ablation front thereby reducing the abla- 2 Materials and Methods

Intense laser pulses can ionize atoms and break up molecule
to create high temperature plasm@sns and electrons In

tion efficiency. . ~ The complete ultrashort pulse laser system was composed of
~ Numerous efforts have been rr;ade to apply USlLiln medi- four separate, commercially available lasers. The actively
cine. Examples include dentistty;® ophthalmology;"**and mode-locked oscillatofSpectra-Physics, Tsunanproduced

neurosurgery” Many of these applications take advantage of an 80 MHz pulse train with maximum output power of 800
the minimal damage, high precision, and high ablation effi- mw at 800 nm. This oscillator was pumped by a 5 W, con-
ciency of USLP ablation. tinuous, frequency-doubled Nd:YAG laséBpectra-Physics,
Clinical use of subpicosecond pulses in tissue ablation is Millenia). The 80 MHz pulse train was amplified in a regen-
not practical at this stage. It is still too expensive to build erative amplifiePositive Light, Spitfiré by the chirped-pulse
subpicosecond lasers compared to longer pulse lasers. Alsoamplification process. The regenerative amplifier was pumped
due to group velocity dispersion and fiber damage problems, by a Q-switched Nd:YLF lasefPositive Light, Merlin. The
it is difficult to use standard optical fibers for USLP delivery. maximum output energy of the amplified pulse was 1 mJ/
pulse at 800 nm and the pulse duration could be continuously
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Z U the time delay between USLP irradiation and probe beam. The USLP

Tissue sample ‘——D is incident vertically to the water surface inside the cuvette.
Power Meter
N—] . .
Shutter Scanning 2.2 Water Experiment
controller autocorrelator . .
The USLP generated shock waves were monitored by using

Mach—Zehnder interferometry. The experimental setup is
shown in Figure 2. The probe beam is split into two paths
using a 50/50 beam splitter. One of the beam paths contains a

Fig. 1 Experimental setup for hard tissue ablation. The pulse energy is
controlled by rotating the A/2 wave plate. The energy per pulse and
the pulse duration are measured by directing the beam to the power

meter and to the autocorrelator. The mechanical shutter was used for cuvette filled with purified water. Angther water-filled cuvette
allowing 1000 shots for each ablation craters. The repetition rate was is placed on the other path of the interferometer to equalize
1 kHz and the beam size was 130 fs. the two beam paths. The two beams were recombined in an-

other beam splitter to generate fringe patterns. As a probe,
pulses from a\, laser-pumped dye lasérSI Inc) with wave-

] length of 480 nm and pulse duration of 4—5 ns were used.
compressor. A scanning autocorrelator was used to measurerperefore, the temporal resolution of the interferograms is
the pulse duration and the shortest pulse duration was 130 fs.,4 _5 5. The USLP was incident normal to the water surface

The schematic of the experimental setup is shown in Fig- of one of the cuvettes. The stress wave generated from the
ure 1. The output beam energy was controlled by rotating the gface causes water density changes that result in the fringe
zeroth-order half-wave plate placed in front of fi2° polar- shifts on the interferograms. A 50 mm camera objective
izing beam splitter and matchirk® mirror. Energy transmit- (Konica Inc) was used to image the deposition zone onto a
ted through the beam splitter was dumped and only the re- ccp cameraPrinceton Instruments Inc.The time interval
flected beam was used for tissue ablation. The beam waspetween intense USLP irradiation and probing time was con-

focused using a 500 mm focal length antireflection-coated tro|led by triggering the ultrashort pulse laser and dye laser
lens for hard tissue experiment and using a 250 mm lens for from a pulse generatdStanford Inc.

water experiment. The beam size was imaged at the focal
plane using a microscope objective and a charge coupled de-3 Results
vice (CCD) camera(Cohu Inc). The spot image was dis-

played using a beam analyz@piricon Inc). The focal posi- 3.1 Hard Tissue Studies

tion of the focus was found by moving the objective and CCD Several groups have reported the ablation thresholds of vari-
camera along the beam path and searching for the smallesbus dielectrics for multiple pulse duratioh$!® Similar mea-
spot size. The beam mode was close to TEMOO for all casessurements were performed using human dentin and the results
without noticeable hot spots and the beam size was/80  are shown in Figure 3. For each pulse duration, the dentin
for hard tissue studies and Gfm for water ablation experi-  slices were irradiated with 1000 pulses on a single spot and
ment. multiple spots were irradiated using a range of fluences. The
ablation threshold was defined as the minimum fluence that
. . induces morphologic changes on the dentin surface. The rep-
2.1 Hard Tissue Preparation etition rate was fixed at 1 kHz and the beam size was 480
The hard tissue samples were human tooth slices. The teetHull width half maximum. The pulse length range scanned was
were collected from a local dental clinic after being sterilized. 130 fs—20 ps.
The teeth were cut into thin 60@m thick slices using a It is well known that the ablation thresholds for dielectrics
low-speed diamond sawBuhler Ing. After being cut, the increase as the square root of pulse duration for pulses longer
surfaces were polished using a 0.3 mil polishing paper. The than tens of picosecondshe threshold for dentin was found
quality of the tooth slices were examined under an optical to follow the same rule for pulse durations of 5 ps and longer.
microscope, and tested for surface defects. These slices werdhe threshold scaling differs from*? when the pulse dura-
placed on transparent glass slides and irradiated with normallytion is shorter than 5 ps. Our threshold values are in agree-
incident beams. After irradiation, the dentin slices were coated ment with published dataThe threshold fluence for 130 fs
with platinum—gold coating with thickness of 20 nm before was0.75 J/crd and increases up t.8 J/cn? for 20 ps which
seen under scanning electron microscope. is approximately four times the 130 fs threshold. Three
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Fig. 3 Ablation threshold for human dental tissue (dentin). The mini-
mal fluence that causes surface modification is defined as an ablation
threshold for each pulse duration setting. Error bars correspond to the
standard deviation from three measurement on three different tissue
samples. The solid line is fitted to the data and the slope is propor-
tional to (pulse duration ). The repetition rate was 1 kHz and the
beam size was 130 um.

samples were measured and the error bars correspond to th
standard deviation of these three measurements.

Ablation craters were created on the dentin surface using
fluences at twice the threshold values for 130 fs, 1 ps, 5 ps, s
and 10 ps pulses. The beam size was L3 for all cases. '
Top and side views of the craters are shown in Figure 4. These
pictures were taken using scanning electron microscopy
(SEM). The walls and edges of the craters created using pulse
durations 1 ps and shorter show comparatively smooth sur-
faces. The dentin tubules are mostly intact and open, both at
the wall and at the periphery of the craters. On the other hand,
the pictures of craters created by 5 and 10 ps pulses sho
rough surfaces and melted edges.

Figure 5 shows the measured depth of the ablation cratersFig- 4 Top and side view of the ablation craters created by (a) 130 fs,
as a function of the number of shots for 130 fs, 1 ps, and 10 ps ) 1 P$: () 5 ps, and (d) 10 ps pulses. Two times the ablation thresh-

old values (Figure 3) were used for each crater. It is observed that the
pl_JIses. The ﬂ_uences were the same as those used for crat_ers I&iges of 5 and 10 ps craters melted indicating thermal accumulation.
Figure 4—twice the threshold values for each pulse duration. ror 130 fs and 1 ps craters, the dentin tubules are open and intact
Single datum was collected for each combination of pulse both at wall and edge.
duration and number of pulses. Some graphs show slightly
decreased ablation depth even with increased number of
shots. This is simply because of the site to site variation of
different spots on the dentin. The depth of the craters could denced by melting at the crater walls and edges. A detailed
not be measured using conventional optical microscopy be- €xplanation will be given in the discussion. Figure 6 shows
cause it was difficult to image the bottom of the craters due to how the ablation efficiencyum/uJ) drops off quickly as the
the high aspect ratio of the crater shdptnstead, a SEM was  humber of shots increases. The initial efficiency is the highest
used to measure the depth of the craters. They were measurewhen 130 fs is used. The ablation efficiency drops by 35% for
by focusing the SEM images at the surface and at the bottom1 ps and by 60% for 10 ps.
of each crater. The distance between these two foci corre-
sponds to the crater depth. For all pulse durations a limited .
crater depth was achieved in a finite number of shots. This is 3-2 Water Studies
a well-known phenomenon, and is due to the strong scaling of The water ablation threshold was defined as the fluence that
the ablation threshold with intensity combined with the creates an observable spherical acoustic wave. The spherical
Gaussian focal spot intensity distributit?° From Figure 5, waves are generated when the pulse energy is deposited on
it is evident that the final crater depth improves with longer the surface. Figure 7 shows the measured threshold of water
pulse duration. This may be caused by additional thermal ab- in the pulse duration range of 130 fs—10 ps. Similar to Figure
lation that is associated with longer pulse irradiation, as evi- 3, the ablation threshold scales with the square root of pulse

&
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Fig. 5 Ablation depth as a function of number of USLP. Initial ablation
rate is approximately 1 um/pulse for all cases. Longer pulse duration
results in moderate improvement of final depth. Variations in ablation
depth after 100-200 shots are mostly due to artifacts due to inhomo-
geneous materials.

duration for 5 and 10 ps pulses but a reduced scaling is ob-
tained for 1 ps and shorter pulses. The beam size was60
for all cases.

Interferograms were taken near threshold using a CCD
camera; resulting images are shown in Figure 8. Since the
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Fig. 7 Threshold fluence of water shock wave. The minimal fluence
that causes surface-generated spherical shocks are defined as thresh-
old. The solid line is fitted to the data and the slope is proportional to
(pulse duration) %>

stress waves were generated from the surface and propagated
spherically forming hemispheres. For the cases of 5 and 10 ps,
cylindrical waves propagated radially from channel formed at
the beam axis in addition to the spherical waves. A transition
between 1 and 5 ps pulse lengths is observed in terms of stress
wave propagation. A possible explanation of this observation
is presented in the latter part of this paper.

fluence is near threshold, the stress waves are barely seen in
these pictures. The delay time between the USLP and probe4 Discussion

beam was approximately 70—100 ns for all cases. The picturesadvantages of plasma-mediated ablation due to subpicosec-

for 130 fs, 500 fs, and 1 ps show a similar pattern, that is,

0.005 [Tt —T—T—T=]=T—T—T—=T—T—T——T—T—T
0.004 [ ]
) [ : ]
2 F g —e—1301fs | ]
§_ 0.003 —o—1ps |
= B —o— 10 ps 1
1y [ ]
c L \ |
2 0.002
° - -
=] L |
wl L i
0.001 | ]
5 _.\ o
0 2 32 3 L3<i M el \i\f‘ s 32 3
0 200 400 600 800 1000 1200

Number of Shots

Fig. 6 Ablation efficiency defined by um/u] is the highest for 130 fs
pulses and decreases with longer pulse duration. Efficiency rapidly
drops to near zero after several hundred shots.

ond laser pulses have been studied theoretically and experi-
mentally, and reported by many researchers. However, practi-
cal use of femtosecond lasers might be hindered by their high
cost and difficulty in providing a delivery system. We as-
sumed that if laser pulses in the range of 1-10 ps showed
similar ablation characteristics as femtosecond pulses, the cost
and delivery problems might be alleviated. This was the major
issue explored in the present study.

The ablation threshold for hard dental tissue between 130
fs and 1 ps differs only by 50%, and the longer pulse offers a
larger(25% final depth. Also morphology of ablation craters
formed by 130 fs and 1 ps pulses are not noticeably different.
However, ablation craters formed by 5 ps and longer pulses
showed more thermal damage both at the edge and wall. A
larger fraction of absorbed energy of the 5 ps or longer pulses
is used for heating the material rather than for material re-
moval, which results in reduced ablation efficiency with
longer pulsegFigure 6.

Considering that 70%-80% of the body mass is water,
water ablation is a good approximation for soft tissue ablation
except that there might be more linear absorption for biologi-
cal tissues. Considering that linear absorption does not play a
significant role for USP plasma-mediated ablation, this ap-
proximation is further justified. The stress waves generated
with 130 fs—1 ps and 5-10 ps show clearly different patterns.
For 130 fs—1 ps, only spherical waves are generated from the
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Fig. 8 Interferograms of the USLP-induced shock waves. The pulse durations are: (a) 130 fs, (b) 500 fs, (c) 1 ps, (d) 5 ps, and (e) 10 ps. Cylindrical
waves from beam axis are observed from the images of 5 and 10 ps (S: spherical wave, C: cylindrical wave).

surface while vertical channel and cylindrical waves are also beam intensitf GW/cn¥), and P(l) is the multiphoton ion-
observed for 5-10 ps pulses. This result is consistent with theization rate.P(l) is normally expressed as a function Idf
transition in our hard tissue studies; a possible explanation iswhere

given below.
The free electron number density) evolution during E
USLP irradiation can be described®oy k=intege ﬁ‘f’ 1
an indicates how many photons are needed to cross band-gap
ot al(t)n+P(l), 1) energyEy, wheret is the Plank’s constant andis the light

frequency. For example, for 1053 nm light in fused silicas
where « is a avalanche constafen?/ps GW), I(t) is the 8. In case of water ablation by 800 nm ligi#(1) is propor-
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tional to|° since the water band-gap energy is approximately facturing cost can be reduced using 1 ps pulse lasers rather
6.5 eV 2 Free electrons are generated not only by the linear than 100 fs lasers.

term (aln, electron avalanche ionizatiprbut also by the
strong nonlinear terrfiP (1), multiphoton ionizatioh For de-
velopment of avalanche ionization, initial “seed” electrons
are needed. Such seed electrons are produced by multiphoto
ionization when the laser intensity is high. For extremely
short pulseqsuch as a few tens of femtoseconasth high
intensity, multiphoton ionization alone can produce enoug
electrons for material damagdé??® For longer pulses, most
electrons are produced by avalanche, nevertheless, mu|tiphoAcknowIedgments

ton ionization plays an important role by creating necessary This work was performed under the auspices of the U.S. De-
“seed” electrons. Detailed theoretical studies of electron evo- partment of Energy at Lawrence Livermore National Labora-
lution for water were reported by Noack and Vogel. tory under Contract No. W-7405-ENG-48.

For plasma-mediated optical breakdown of material, the
ablation threshold is usually defined as the fluence at which
the free electron densityn) reaches the critical electron den- ) o
sity (N~ 10PY N2 em™3 where\ is in um). Above threshold, 1. J. Noack and A. Vogel, “Laser-l'nduced plalsma formation in water at

el L . . nanosecond to femtosecond time scales: calculation of thresholds,
the critical electron density is reached within the duration of absorption coefficients, and energy densitEE J. Quantum Elec-
the pulse. Whem>n, the light penetrates approximately one tron. 35(8), 1156—-1167(1999.
skin depth into the plasma layer and is partially reflected. All 2. B-EMSt;afPt, M. D“-NFeit S. HeéTa?' At- M. Rulaelnchik,_ Bd- W-dSBOfe,k
energy deposition is confined to this surface plasma layer. For ggwn . d'ielgé?r/i’c s,"?fr‘ﬁi‘.e?&. E;_)’s(jr)““ ‘135232”176}31‘955%_““ rea
extremely short pulses where multiphoton ionization contrib- 3 A A Oraevsky, L. B. Da Silva, A. M. Rubenchik, M. D. Feit, M. E.
utes significantlyn, is reached near the pulse peak and the Glinsky, M. D. Perry, B. M. Mammini, W. Small IV, and B. C. Stuart,
later half of the pulse is absorbed. However, wineis below “Plasma mediated ablation of biological tissues with nanosecond-to-
N the laser can penetrate into and through the plasma layer I%'L‘TE’SIECE‘E“}'%S;T ?g:f_eé:ur:r']?%eé‘l’e'it‘r’;é'g&agg{‘f;g&'ig%‘;absorp'
and deposit energy at depth. As the pulse duration lengthens, 4 | g pa silva et al., “Comparison of soft and hard tissue ablation
a supercritical plasma layer may be created only toward the with sub-ps and ns pulse laser®foc. SPIE2681, 196—-200(1996.
end of the pulse. In this case the leading edge of the pulse is 5. J. gl%eVéL-S?- Dta %ll\t/a, ';{l |t3- Fleit, I'Vl- D. ':errr)]/, Ad- t'VI Rub%rrcthikx .
able to penetrat.e S|gn|f|cantly into the material gnd deposit ?EnEE J Sel. #2;,_’ Qu;"’,‘;n?rE@%ﬁ&iﬁe%o‘irso%hgéséue o
energy volumetrically See Figures @) and &e)]. This volu- . M. Lenzner, J. Krger, S. Sartania, Z. Cheng, Ch. Spielmann, G.
metrically deposited energy may not be useful for ablation Mourou, K. Kautek, and F. Krausz, “Femtosecond optical breakdown
since much of the material is not heated enough to vaporize it . i'\r;I dﬁelilqtrics,”“if;]yS- E%/-dLetBOEjlfi), 40??—40?9&1992- ol break
due to_low deposited energy, although it may be melted or ‘- down olsmpzdlse ?jra?ion,,if)pepr;_ e;ﬁfs? Laestﬁ E;g(]l(ljj)c,elﬁgplfflsgea
otherwise damaged. It was demonstrated that the free elec- (1995
trons are formed more rapidly for shorter puldasis implies 8. F. H. Loesel, M. H. Niemz, J. F. Bille, and T. Juhasz, “Laser-induced
that a larger fraction of the pulse energy is transmitted into the ~ optical breakdown on hard and soft tissues and its dependence on the
samples when longer pulses irradiate the material. It was also g;'sf;ljgr_alt';’znile;gg”me”t and modelEE J. Quantum Electron.
shown th"?‘t more engrgy is needed to 'mt.'ate the ablation of 9. G.’ B. Altshuler, N. R Belashenkov, V. B. Karasev, A. V. Skripnik,
the material when using the longer pulgésgures 3 and J and A. A. Solounin, “Applications of ultrashort laser pulses in den-
Therefore, for longer pulses more energy is transmitted tistry,” Proc. SPIE208Q 77-81(1993.

through the material causing distributed energy deposition. 10- A. M. Rubenchik, L. B. Da Silva, M. D. Feit, S. Lane, R. London, M.
D. Perry, and B. C. Stuart, “Dental tissue processing with ultra-short

5 Conclusion

hAbIation threshold and crater morphology studies show that 1
ps pulse duration might be suitable for low-damage and effec-
tive tissue ablation. Longer duration pulses waste more energy
h on collateral heating and mechanical damage.
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