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Introduction

Abstract. The surface topographical, compositional, and structural modifications induced in human enamel by
femtosecond laser ablation is studied. The laser treatments were performed using a Yb:KYW chirped-pulse-
regenerative amplification laser system (560 fs and 1030 nm) and fluences up to 14 J/cm?. The ablation sur-
faces were studied by scanning electron microscopy, grazing incidence x-ray diffraction, and micro-Raman
spectroscopy. Regardless of the fluence, the ablation surfaces were covered by a layer of resolidified material,
indicating that ablation is accompanied by melting of hydroxyapatite. This layer presented pores and exploded
gas bubbles, created by the release of gaseous decomposition products of hydroxyapatite (CO, and H,O) within
the liquid phase. In the specimen treated with 1-kHz repetition frequency and 14 J/cm?, thickness of the reso-
lidified material is in the range of 300 to 900 nm. The micro-Raman analysis revealed that the resolidified material
contains amorphous calcium phosphate, while grazing incidence x-ray diffraction analysis allowed detecting
traces of a calcium phosphate other than hydroxyapatite, probably g-tricalcium phosphate Cas(PO,),, at the
surface of this specimen. The present results show that the ablation of enamel involves melting of enamel’s
hydroxyapatite, but the thickness of the altered layer is very small and thermal damage of the remaining material
is negligible. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.21.6.065005]
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Since their introduction to commercial use in the 1960s, lasers
have been investigated as an alternative to conventional
mechanical methods in dental caries treatment. The initial
research efforts carried out using continuous wave or pulsed
CO, lasers (wavelength ranging from 9.3 to 10.6 gm)'™ and
Nd:YAG lasers with wavelength 1064 nm>® failed to satisfy
the medical requirements. Continuous wave lasers do not allow
controlling precisely the laser—material interaction time, often
leading to extensive melting, carbonization, and thermomechan-
ical cracking of the teeth and, in extreme cases, necrosis of the
pulpal tissue.” Pulsed CO, and Nd:YAG lasers, with pulse dura-
tion in the 1073 to 10~ s range, allow reducing thermal damage
but, due to the relatively long interaction time, heat transfer from
the interaction region to the tooth bulk is still important, leading
to melting, thermomechanical cracking,'** loss of collagen,
and decomposition of hydroxyapatite.” Moreover, the ablation
rates achieved with those lasers are insufficient for the clinical
applications. '’

Several approaches have been tested to improve these results.
Er,Cr:YSGG and Er:YAG lasers, which emit at 2.79 and
2.94 um, respectively, allow achieving relatively high ablation
rates with minimal thermal degradation of the teeth and became
the main type of lasers used in clinics.'"'? This is due to the fact
that their radiation wavelengths are within a strong absorption
band of water.'>'* As a result, radiation is efficiently absorbed
by the water contained in the tissues, which warms up and boils
explosively, leading to the mechanical disruption of the tissue
matrix.'>"'7 This ablation mechanism minimizes heat transferred
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to the tooth, but it has been reported that the shockwave created
by the rapid water evaporation may lead to the formation of sub-
superficial cracks.!® These thermomechanical effects can be
minimized by a proper selection of the processing parameters
and by using a cooling water spray.'” Another approach to
reduce thermal effects is using UV lasers.?>>> Eugenio et al.*?
and Sivakumar et al.”* showed that intertubular dentin can be
ablated by a KrF excimer laser with a 248-nm radiation wave-
length and 30-ns pulse duration with negligible thermal effects
and no degradation of the remaining material. The ablation
mechanism is predominantly photochemical for intertubular
dentin and photothermal for peritubular dentin.’>** However,
excimer lasers are not suitable for clinical application due to
their low ablation rate and the potential health hazard caused
by exposure to intense UV radiation. A more effective method
to reduce thermal effects is using ultrafast lasers. Femtosecond
lasers have been shown to ablate dentin®~” and bone”® effi-
ciently and with negligible thermal degradation of the underly-
ing tissue. For such short pulse durations, the interaction time is
shorter than the characteristic energy relaxation times such as
the electron-lattice energy transfer time and heat conduction
time.?® Therefore, no energy is transferred to the lattice during
the laser pulse and most of the absorbed radiation energy is
spent on the ablation process and carried away by the ablated
material. Moreover, since femtosecond laser radiation absorp-
tion by dielectric materials is highly nonlinear, the interaction
zone is confined to a very small region, similar to the focal
volume. With an ultrafast laser, the energy efficiency is very
high and the ablation rates achieved are higher than those
obtained with nanosecond pulse duration infrared®”® and UV
lasers.*® Surface analysis of the ultrafast laser ablation surfaces
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of dentin®®?” and bone?® revealed that no significant changes in

the tissue composition and structure occurred.

The ablation of enamel by femtosecond lasers was studied by
a number of authors>>?23! but no detailed characterization on
the ablated surfaces was performed. In the present paper, the
chemical and structural modifications induced by ultrafast laser
ablation on enamel are studied and related with enamel ablation
mechanisms.

2 Materials and Methods

2.1 Sample Preparation

The protocol for the collection of enamel specimens used in the
present study was approved by the local ethics committee (proc-
ess DC 2014/04). Enamel specimens were cut from recently
extracted human molars by using a low speed diamond saw
(Accutom-50®, Struers ©). One of their faces was polished
under flowing water using a 600 to 2500 grit sequence of SiC
papers. The samples were prepared the day before the laser
experiments and stored in distilled water at 4°C. Prior to the
laser treatment, they were extracted from the liquid and gently
wiped with a clean tissue paper to remove the water excess.

The laser experiments were performed in ambient atmos-
phere, using a Yb:KYW chirped-pulse-regenerative amplifica-
tion laser system with 560-fs pulse duration and 1030-nm
radiation wavelength (model s-HP, Amplitude Systemes®©,
France). The Gaussian laser beam was perpendicular to the
specimen and focused on its surface with a 100-mm focal length
lens, giving a spot radius of 35 ym. By varying the average laser
beam power, radiation fluences in the range of 3 to 14 J/cm?
were obtained. The pulse energy was determined from the aver-
age laser beam power, measured with an Ophir Photonics model
10ASHVI1.1 RoHS power meter (Jerusalem, Israel).

The enamel ablation threshold was determined by the D? and
the D-scan methods proposed by Liu*? and Machado et al.,*
respectively. For the D? method, craters were created with a sin-
gle laser pulse and a wide range of pulse energies. The diameter,
D, of these craters was measured on calibrated scanning electron
microscopy images. According to Liu,*> the relation between the
diameter of the craters and the fluence, F, is given as

F
D?* =2w} In <> (1)
Fy,

where Fy is the single laser pulse ablation threshold.
Equation (1) implies that D? varies linearly with In(F), so the
value of the ablation threshold can be estimated by extrapolating
a plot of D? versus In(F) to zero.

The D-scan method requires creating linear laser tracks by
moving the sample simultaneously in the XX and ZZ directions
at constant scanning speeds across the laser beam’s focus.>* The
width of these tracks reaches a minimum when the sample
surface is at the focus and increases with increasing distance
between this surface and the focal plane, reaching a maximum
when the fluence is equal to the ablation threshold. The relation-
ship between the material ablation threshold Fy,, the pulse
energy E,, and the maximum width of the ablated track pp..
is given as>
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E
Fip =0.117 - 5% )

max

The ablation threshold value determined by this method cor-
responds to multiple pulse conditions because pulse overlapping
cannot be avoided. The number of laser pulses incident on each
point of the track, N, can be calculated as®
N=18- m’

Uy

A3)

where f is the pulse repetition rate and v, is the sample velocity
in the scanning direction.

The laser tracks were inscribed with constant pulse
energy and frequency (150 uxJ and 1 kHz, respectively) and
scanning speeds ranging from 0.1 to 2 mm/s. The specimen
was moved by a computer-controlled XY stage (PI miCos®,
Eschbach©, Germany). The maximum width of the ablation
tracks was measured on optical microscopy images. The results
reported are the average of three experiments.

The morphology and structure of enamel ablation surfaces
were studied on specimens treated with a pulse repetition
rate of 1 kHz and a scanning velocity of 5 mm/s. The surface
treatment was performed by moving the specimen in the XX
direction to create a linear track. After completing the track, the
specimen was returned to the origin of the movement, moved
0.01 mm in the YY direction and the linear scan in the XX direc-
tion repeated. These steps were repeated until complete surface
coverage was achieved. Experiments were performed with flu-
ences of 4, 9, and 14 J/cm?. The average number of pulses per
point of the surface was 403.

2.2 Sample Characterization

The surface morphology was investigated in the secondary elec-
tron imaging mode using a JEOL 7001® (JEOL©, Tokyo,
Japan) field-emission gun scanning electron microscope (SEM)
operated at an acceleration voltage of 10 kV. To avoid charging
effects, the samples were coated with a highly conductive
Pd/Au film prior to the observation. For cross-sectional SEM
examination of the laser-treated specimens, the specimens
were immersed in liquid N, and, then, broken with a hammer.
The surface chemical constitution of enamel surfaces before and
after the laser treatment was studied by micro-Raman spectros-
copy and x-ray diffraction. Micro-Raman analysis was per-
formed with an XploRA® Confocal Raman system (Horiba
Scientific©, Japan). The Raman radiation was excited by a
5-mW, 786-nm radiation wavelength laser beam focused at the
specimen’s surface by a 50X microscope objective, which
allows a surface region with thickness of 7 ym to be analyzed.
The radiation emitted by the specimens was analyzed by a
spectrometer with a 1200 g/mm grating and spectral resolution
better than 1 cm™!. Before spectra acquisition, the Raman spec-
trometer was calibrated using a Si sample. X-ray diffraction was
performed with a Bruker D8 Advance diffractometer equipped
with a Goebel mirror, using 0.15418 nm wavelength Cu radia-
tion. The angle of incidence was varied in the range of 0.2 deg to
1 deg in order to analyze different depths of material. The 20
angle was varied in the range of 10 deg to 80 deg with a
step of 0.02 deg and acquisition time of 10 s/step. The
laser-treated surfaces were analyzed in the original condition
and after ultrasonication to eliminate loosely attached ablation
debris.
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Fig. 1 (a) Variation of the ablation threshold with number of pulses and (b) plot of the accumulated

fluence versus number of pulses.

3 Results

3.1 Ablation Threshold

The ablation threshold, calculated using the D-scan method
described in Sec. 2, decreases with increasing number of
laser pulses [Fig. 1(a)], indicating the existence of an incubation
effect.”® This effect was explained by the formation of defects in
the material for radiation intensities below the ablation thresh-
old, which create electronic energy states within the energy gap
that facilitate radiation absorption for subsequent laser pulses.*
The single pulse ablation threshold and the incubation coeffi-
cient were calculated from multiple pulse experiments’ results
using the equations proposed by Jee et al.**

Fin(N) = F(1) - N>, )

N - Fy(N) = F(1) - N*, o)

where Fy,(N) and Fy,(1) are the ablation threshold values for N
pulse and a single pulse, respectively, and S is the incubation
factor, which characterizes incubation.

The relationship between the accumulated fluence
N - Fy,(N) and number of pulses N is depicted in Fig. 1(b).
The slope of the line represents the incubation factor S. The cal-
culated values of the single pulse ablation threshold and of the
incubation coefficient are 3.2 £0.3 J/ cm? and 0.68 + 0.08,
respectively.

A plot of D? versus Ln(F) for single pulse ablation experi-
ments (F and D are fluence and diameter of the craters,

1200
1000
800 - 4
e 600
2
8 400 .

2004

0 T T T T |
1.0 1.5 20 25 3.0 35

Ln (F)

Fig. 2 Semilogarithmic plot of D? as a function of fluence and linear
fitting of the experimental data.
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respectively) is shown in Fig. 2. The single pulse ablation
threshold, determined by extrapolating D? to zero, is 3.4 +
0.2 J/cm?, in good agreement with the value determined by
the D-scan method.

3.2 Morphology of the Laser-Treated Specimens

The morphology of enamel surfaces treated with five laser
pulses and fluences of 4, 9, and 14 J/cm? are shown in
Figs. 3(a)-3(f). The surface is covered by a resolidified material
layer, which presents round pores and traces of collapsed gas
bubbles, showing that the tissue was melted and vapor was gen-
erated within the liquid, leading to the formation of gas bubbles
that collapsed upon reaching the surface. The continuity and
thickness of the resolidified layer and the size of collapsed
gas bubbles increase with increasing fluence, as shown in
Figs. 3(c)-3(f), indicating that surface temperature increases
with laser fluence.

The surface morphology changes drastically when the laser
beam is scanned continuously [Figs. 4(a), 4(c), and 4(e)]. The
laser-treated surfaces are covered with ablation debris, mostly
aggregated in clusters, and resolidified droplets. The thickness
of this layer and the size of the clusters increase with the fluence,
and particles aggregate with ~3 to 4 ym in diameter are
observed for 14 J/cm?. The layer of ablation debris layer of the
specimens treated with 4 and 9 J/cm? is poorly adhered to the
surface and easily removed by ultrasonication, exposing a layer
of molten material underneath [Figs. 4(b) and 4(d)]. The layer
formed at 14 J/cm? adheres better to the surface and a signifi-
cant amount of ablation debris remains after ultrasonication
[Fig. 4(f)]. The observation of the cross-section of a specimen
treated with 14 J/cm? (Fig. 5) reveals a layer of resolidified
material, with a thickness varying in the range of 300 to 900 nm.

3.3 Surface Constitution
3.3.1 XRD results

The x-ray diffractograms of polished and laser-treated enamel
surfaces are shown in Fig. 6. The peaks of untreated enamel can
be indexed as nonstoichiometric hydroxyapatite, according to
JCPDS card number 09-0432.*° The diffractograms of the
specimens treated with 4 and 9 J/cm? are similar to the
diffractogram of the polished specimen, but new peaks
appear at 36.2 deg and 42.4 deg in the specimen treated with
14 J/cm?, which indicate that new phases formed as a result of
the laser treatment. These peaks could be indexed as the (131)
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Fig. 3 Morphology of craters created on enamel surface using five laser pulses with radiation fluences of

(a, b) 4 J/cm?, (c, d) 9 J/cm?, and (e, f) 14 J/cm?.

and (303) diffraction peaks of p-tricalcium phosphate
Ca;(PO,), (TCP, JCPDS card number 09-0169),* respectively,
but the diffraction pattern of this compound presents two intense
peaks at ~31.5 deg and 34.5 deg, which are not seen in Fig. 6.
On the other hand, these peaks cannot be attributed to the other
two compounds that may form by the decomposition of
hydroxyapatite at high temperature, tetracalcium phosphate
Cay(PO,),0 (TTCP, JCDPS 70-1379), and calcium pyrophos-
phate p-Ca,P,0, (JCDPS 9-0346).%® Therefore, we tentatively
ascribe them to the (131) and (303) diffraction peaks of ﬁ-TCP.35
In order to investigate the depth distribution of this phase,
GIXRD analysis was performed with several angles of incidence
between 0.2 deg and 1 deg with 0.2 deg step. The diffractograms
normalized to the peak at 25.8 deg, corresponding to the diffrac-
tion of enamel apatite are shown in Fig. 7(a). The regions around
the newly formed peaks are magnified and displayed in Fig. 7(b).
The intensities of the peaks at 36 deg and 42 deg decrease for
increasing incidence angle, showing that f-TCP exist mainly
near the surface, probably in the ablation debris and in the reso-
lidified layer.

3.3.2 Raman results

The Raman spectra of the enamel specimens, normalized to the
strongest peak, at 960 cm~!, which corresponds to the v,
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vibration of the phosphate group in hydroxyapatite,?® are shown
in Fig. 8. The peaks at 470, 530, and 1025 to 1085 cm™! can be
assigned to v,, v4, and v; vibrational modes of the phosphate
group.’” The peak at 1070 cm™!, which corresponds to the v,
vibration of the carbonate group,’®3® is also observed due to
the partial replacement of hydroxyl and phosphate anions by
the carbonate anion.

The relative intensity of the v, peak of PO}~ decreases with
increasing fluence, which indicates the formation of nanocrystal-
line and/or amorphous calcium phosphate (ACP) at the surface of
the sample.**** The presence of ACP is supported by the increase
of relative intensity in the region around 950 cm™! in the spectra
of the laser-treated specimens, which corresponds to the v
Raman peak of that compound.**!' This peak is still present in
the Raman spectrum of the specimen treated with 14 J/cm? after
ultrasonication, but its relative intensity decreases (Fig. 9), show-
ing that ACP exists in the ablation debris. Raman spectra of the
specimens treated with 4 and 9 J/cm? also show traces of ACP
even after all the ablation debris were removed. The results show
that the resolidified material also contains ACP.

4 Discussion

The enamel single pulse ablation threshold of enamel deter-
mined in the present work by D-scan®* and D?*? methods

June 2016 « Vol. 21(6)
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Fig. 4 Morphology of laser-treated enamel surfaces before and after ultrasonication. Fluences:

(a, b) 4 J/cm?, (c, d) 9 J/cm?, and (e, f) 14 J/cm?.

Fig. 5 Cross-section of a specimen treated with 14 J/cm?,

were 3.2 + 0.3 and 3.4 + 2 J/cm?, respectively. This value can-
not be directly compared with those previously reported in the
literature because they were determined for multiple pulse
ablation.”** Kriiger et al.* found a threshold of 0.6 J/cm?
for 100 pulses of 615 nm radiation wavelength with 350 fs dura-
tion, while Neev et al.? reported a value of 0.7 J/cm? for 100
pulses, 350-fs pulse duration, and 1050-nm radiation wave-
length. By substituting the data reported by Neev et al.>® and
Kriiger et al.*? in Eq. (5) and using the incubation coefficient
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value found in the present work (0.68 £ 0.08), single pulse abla-
tion thresholds of 3.0 and 2.7 J/ cm?, respectively, were
obtained, in good agreement with our result. On the contrary, the
value obtained here is much higher than the single pulse ablation
threshold proposed by Ji et al.*! (0.58 J/cm?) for 800-nm wave-
length, and 85-fs pulse duration.! This difference could be
explained by the much shorter pulse duration and reduced wave-
length of the laser used by Ji et al.,>' but Rode et al.”® found a
single pulse ablation threshold of 2.2 J/cm? using laser param-
eters similar to Ji et al. (805-nm laser wavelength and 92-fs pulse
duration). The large scatter of the ablation threshold values
found in the literature reflects sample to sample variations typ-
ical for dental tissues and other natural materials. The calculated
value of the incubation coefficient 0.68 £ 0.08 is in good agree-
ment with the value reported by Cangueiro et al.”® for bone.
Several mechanisms have been proposed for the ultrashort
laser ablation of dielectric materials. At low radiation intensities,
Coulomb explosion is predominant,*** which is characterized
by the laser-induced emission of photoelectrons from the surface
of dielectric materials at the beginning of the laser pulse, result-
ing in the buildup of a high positive charge density.* Once the
electrostatic repulsion forces between the positive ions exceed
the binding forces, these ions are ejected.*’ In this ablation
mechanism, material is removed mainly by the electrostatic
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Fig. 6 Diffractograms of polished and laser-treated enamel. Angle of
incidence: 0.2 deg. The indexed peaks correspond to hydroxyapatite.
The arrows indicate the peaks corresponding to -TCP, present in the
specimen treated with 14 J/cm?.

process and thermal effects are neligible.** At higher radiation
intensities, part of the absorbed energy is transferred to the lat-
tice by electron—phonon interactions, leading to extremely fast
heating of the material, which transforms into a highly over-
heated liquid.***> Eventually, the liquid phase may undergo dif-
ferent ablation processes including liquid spallation and phase
explosion.***° In the present study, a thin layer of resolidified
material is observed at the surface of the laser-treated specimens,
independently of the processing parameters used. Melting of
enamel indicates that a surface temperature above 1600°C
was reached,”*” and that the ablation process was dominated by
thermal processes. On the other hand, the pores and traces of
burst bubbles observed in the resolidified layer (Fig. 3) show
that the liquid decomposed, resulting in the release of gas.
According to Holcomb and Young,*® enamel releases gaseous
water and CO, in the solid state at temperatures of 100°C
and 250°C, respectively, which are much lower than the melting
point of the tissue.”*® These reactions cannot occur in the
present case due to the extremely fast heating rate and decom-
position of enamel only occurs after melting, leading to gas
release within the liquid.

The ablation behavior of enamel observed in this study is
essentially different from the ablation behavior of bone?® and
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Fig. 8 Raman spectra of polished and laser-treated enamel.
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Fig. 9 Raman spectra of specimen treated with 14 J/cm? before and
after ultrasonication.

dentin® with the same laser system and fluences in the ranges
0f 0.55t02.18 J/cm? and 1 to 3 J/cm?, respectively. The values
of the single pulse ablation threshold of dentin and bone are
significantly lower than enamel’s (0.6, 0.79, and 3.2 J/cm?,
respectively). On the other hand, no melting was observed in
both cases. This difference in ablation behavior can be explained

(131) B-TCP

(303) B-TcP
(212) HA 1

(321) TTCP

Fig. 7 (a) Full range x-ray diffraction spectra obtained for different incoming angles of enamel specimen
treated with 14 J/cm?, and (b) the magnified view of the spectra.
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by the different constitution of these tissues. While enamel con-
sists essentially of hydroxyapatite, bone and dentin contain
significant amounts of organic compounds and water.*
Moreover, the cohesion of dentin and bone is ensured by a net-
work of collagen fibrils, reinforced by hydroxyapatite nanocrys-
tals. Collagen presents an ablation threshold much lower than
the ablation threshold of hydroxyapatite (0.06 J/cm?! as com-
pared to 3.3 J/cm?°?). Therefore, the cohesive strength of bone
and dentin can be reduced at lower fluences, facilitating the tis-
sue’s removal.

The surface of the specimens treated with a scanning laser
beam was covered by ablation debris, which could be removed
by ultrasonication, revealing a layer of resolidified material
underneath. The number of pulses per surface position in
these experiments was 403, which corresponds to an ablation
threshold value of 0.48 J/cm?, calculated using Eq. (4). Since
the fluences used were significantly higher than this threshold,
intense ablation was expected, leading to the ejection of a large
amount of ablation debris, which redeposited on the surface
after the collapse of the ablation plume,* forming a continuous
layer of material loosely adherent to the surface. Below this
layer of ablation debris, a very thin layer of resolidified material
exists, which for the specimen treated with 14 J/cm? presents
a thickness varying within the range of 300 to 900 nm.

Since the ablation debris and the resolidified material were
formed by rapid cooling of calcium phosphate from the liquid
phase, products such as ACP, tricalcium phosphate, and tetracal-
cium phosphate can be expected.® The present results show
that the ablation debris and the resolidified material contain
ACP, formed by rapid solidification of hydroxyapatite. Traces
of B-TCP were detected by x-ray diffraction in the specimen
treated with 14 J/cm?, but this identification needs to be con-
firmed. No other decomposition products of hydroxyapatite
were detected in laser-treated surfaces.

5 Conclusions

Enamel can be effectively ablated using a femtosecond laser
with 560-fs pulse duration and 1030-nm wavelength. The single
pulse of the ablation threshold is 3.3 J/cm?. The ablation
threshold of enamel decreases with increasing number of laser
pulse indicating an incubation effect characterized by an incu-
bation coefficient of 0.68. The ablation surfaces are smooth and
present no evidence of carbonization or cracking. They are
covered by a layer of resolidified material, whose thickness
increases with increasing fluence. The morphology of the reso-
lidified material indicates that hydroxyapatite gaseous decom-
position products (probably CO, and H,O) were released within
the liquid. In the specimens treated with a scanning laser beam,
the resolidified layer is covered by a layer of ablation debris
loosely attached to the surfaces, which can be partially removed
by ultrasonication. The thickness of the resolidified material
layer varied between 300 and 900 nm in the specimen treated
with 14 J /cmz. Below this thin altered layer, the structure and
composition of enamel is preserved. ACP was detected in the
ablation debris and in the resolidified material. On the other
hand, a new phase, probably S-tricalcium phosphate Caz (POy),,
was observed at the surface of the specimen treated with
14 J/cm?. The present results show that the ablation of
enamel involves the melting of hydroxyapatite, which is the pre-
dominant phase in enamel, but the thickness of the altered layer
is very small and thermal damage of the remaining material is
negligible.
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