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Background and Objectives: The mechanism of water
augmentation during IR laser ablation of dental hard
tissues is controversial and poorly understood. The in-
fluence of an optically thick applied water layer on the
laser ablation of enamel was investigated at wavelengths
in which water is a primary absorber and the magnitude of
absorption varies markedly.
Study Design/Materials andMethods: Q-switched and
free running Er: YSGG (2.79 mm) and Er:YAG (2.94 mm),
free running Ho:YAG and 9.6 mm TEA CO2 laser systems
were used to produce linear incisions in dental enamel
with and without water. Synchrotron-radiation IR spectro-
microscopy with the Advanced Light Source at Lawrence
Berkeley National Laboratory was used to determine the
chemical changes across the laser ablation profiles with a
spatial resolution of 10-mm.
Results: The addition of water increased the rate of abla-
tion and produced a more desirable surface morphology
during enamel ablation with all the erbium systems. More-
over, ablation was markedly more efficient for Q-switched
(0.15 microsecond) versus free-running (150 microsecond)
erbium laser pulses with the added water layer. Although
the addition of a thick water layer reduced the rate of
ablation during CO2 laser ablation, the addition of the
water removed undesirable deposits of non-apatite mine-
ral phases from the crater surface. IR spectromicroscopy
indicates that the chemical composition of the crater walls
deviates markedly from that of hydroxyapatite after
Er:YAG and CO2 laser irradiation without added water.
New mineral phases were resolved that have not been
previously observed using conventional IR spectroscopy.
There was extensive peripheral damage after irradiation
with the Ho:YAG laser with and without added water
without effective ablation of enamel.
Conclusions: We postulate that condensed mineral
phases from the plume are deposited along the crater
walls after repetitive laser pulses and such non-apatitic
phases interfere with subsequent laser pulses during IR
laser irradiation reducing the rate and efficiency of abla-
tion. The ablative recoil associated with the displacement
and vaporization of the applied water layer removes
such loosely adherent phases maintaining efficient abla-
tion during multiple pulse irradiation. Lasers Surg. Med.
31:186–193, 2002. � 2002 Wiley-Liss, Inc.
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INTRODUCTION

It has been well established that extensive water ap-
plication is necessary for the efficient ablation of dental
hard tissues with Er:YAG and Er:YSGG laser irradiation.
The mechanism of interaction between the water-layer,
the laser radiation, and the hard tissues is not clearly
understood and is somewhat controversial. Early mechani-
stic studies focused on tissue dehydration [1–4]. However,
water absorption and diffusion studies in enamel indicate
that only approximately half of the water is actually
diffusible [5] and the rate for water diffusion is quite slow,
on the order of several hours to days. Thermal analysis
studies indicate that the tissue has to be heated to tem-
peratures exceeding 200–3008C before the diffusible water
is removed [6]. Higher temperatures of up to 8008C are
required to remove the more tightly bound water [6].
Therefore, it is unlikely that simple dehydration by dif-
fusion has a significant effect during laser irradiation.

Other more novel hypotheses include cavitation bubbles,
accelerated water droplets, and apatite crystalline frag-
ments. One proposed mechanism dubbed the ‘‘hydrokinetic
effect’’ suggests that water droplets are rapidly accelerated
into the enamel by absorption in the laser beam [7,8].
Altshluler et al. [9,10] have proposed that solid particles of
ablated material are accelerated against the walls of the
crater resulting in a polishing effect that removes debris
and any protruding sharp edges. In the same study, the
authors found that the ablation of enamel could be
effectively enhanced by a factor of four via ablation with
a quartz or sapphire contact-mode fiber during the initial
few laser pulses. Solid particles were reflected by the fiber
tip and particles originated from failure of the fiber.
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Majaron et al. [11] found that if the fiber was placed in
a water droplet, there was a critical distance at which
ablation was enhanced.

Poorly crystalline fused enamel particles and any surface
protrusions or asperities formed in the ablation crater
during the initial laser pulses are likely to inhibit efficient
ablation for subsequent laser pulses leading to stalling and
excessive heat accumulation. Even if the forces imparted to
the enamel surface by laser-irradiated recoiling water parti-
cles may not be sufficient to ablate the normal intact en-
amel, they may be sufficient to cleanse the surface of loosely
attached melted or recondensed mineral after the preced-
ing laser pulses. These same forces result in the cavitation
of the water layer [12–14] and energetically propel the
remaining water on the surface several centimeters from
the tooth. Zeck et al. [15] identified areas with a ‘‘white-
chalky appearance which he labeled crystallites’’ that were
particularly evident during scanning ablation with Er:YAG
lasers when water was not used as a coolant. In addition,
Rechmann et al. [16] have shown that when troughs that
cuts were made in dental enamel without a water spray,
there was a loosely attached layer of fused enamel. Such a
layer would most certainly be water deficient and would be
more resistant to ablation with Er:YAG laser pulses.

In this study, we compared the effect of an applied water
layer on the depth of cut and crater surface morphology
after multiple pulse irradiation for several clinically re-
levant IR laser systems in which the degree of absorption
in water and mineral varied markedly (Table 1). The effect
of the pulse duration on water augmented ablation was
investigated by comparing Q-switched (0.15-microsecond)
and free running (150-microseconds) erbium laser pulses.
The associated mechanical forces important in the mech-
anism of water augmentation should be more pronounced
for shorter laser pulses that produce greater recoil forces
and stress transients. Previous studies of dental hard
tissue ablation using Q-switched Er:YAG laser pulses
indicated that stalling during multiple pulse ablation
manifested a very strong dependence on a surface film of
water applied to the surface of the enamel samples [17].

During high intensity laser irradiation, marked chemi-
cal and physical changes may be induced in the irradiated
dental enamel. These changes can have profound effects
on the laser ablation/drilling process leading to a reduction
in the ablation rate and efficiency, increase in peripheral
thermal damage, and even lead to stalling without further
removal of tissue with subsequent laser pulses. Moreover,
thermal decomposition of the mineral can lead to changes
in the susceptibility of the modified mineral to organic
acids in the oral environment. Morphological changes may
also result in the formation of loosely attached layers of
modified enamel that can delaminate leading to failure
during the bonding to restorative materials [16,18]. There-
fore, it is important to thoroughly characterize the laser
(thermal) induced chemical and crystalline changes after
laser irradiation. The mineral, hydroxyapatite, found in
bone and teeth contains carbonate inclusions that render
it highly susceptible to acid dissolution by organic acids
generated from bacteria in dental plaque. Upon heating to

temperatures in excess of 4008C, the mineral decomposes
to form a new mineral phase that has increased resistance
to acid dissolution [19–22]. Recent studies suggest that as
a side effect of laser ablation, the walls around the peri-
phery of a cavity preparation will be transformed through
laser heating into a more acid resistant phase with an
enhanced resistance to future decay [23–25]. However,
poorly crystalline non-apatite phases of calcium phosphate
may have an opposite effect on plaque acid resistance [21]
and may increase the quantity of poorly attached grains
associated with delamination failures.

IR spectroscopy has been used for half a century to study
the structure of bony tissue [26–28]. Fowler and Kuroda
[20,21] used IR transmission spectroscopy to show the
chemical changes induced in laser-irradiated dental en-
amel. Featherstone et al. [29] showed that the amount of
carbonate in synthetic carbonated hydroxyapatites could
be quantified using IR transmission measurements. The
method employed by the aforementioned investigators was
to grind away the surface of the irradiated enamel and mix
it with KBr to produce a pellet. A limitation with that
procedure is that it is never clear whether the powder used
in the KBr pellet is contaminated by the underlying nor-
mal enamel substrate since the modified layer of laser-
irradiated enamel is typically only a few microns thick.
FTIR spectroscopy in specular reflectance mode is better
suited for non-destructively resolving chemical changes on
the surface of enamel [30]. The principal advantage of this
technique is that the tissue reflectance is only influenced
by a surface layer of a thickness on the order of the
wavelength of the light. Thus, surface changes localized to
the outer 10 mm of tissue are probed. In previous studies,
the area of the carbonate bands at 1400 cm�1 were cor-
related with the transformation of mineral phase to a more
acid resistant phase of hydroxyapatite with a marked
reduction in the dissolution rate [30]. The incident fluence
that was sufficient to induce loss of carbonate in the FTIR
spectra coincided with the optimum laser fluence that
inhibited both surface and subsurface acid dissolution.
Therefore, FTIR spectroscopy is useful as a non-destruc-
tive probe to elucidate the optimum laser parameters to
inhibit acid dissolution. This technique, however, requires
smooth surfaces of large area in order to acquire suitable
spectra. Spatial resolutions of 10 mm can be achieved
across rough ablation craters using a high brightness
diffraction limited beam of IR synchrotron radiation. In
this study, using Synchrotron Radiation-FTIR (SR-FTIR),
we were able to non-destructively probe specific areas
of these ablation craters and resolve the laser-induced
chemical changes in the mineral phase. The SR-FTIR
spectra presented in this study indicate that the chemical
composition of those fused areas ‘‘crystallites’’ in the
craters deviates markedly from that of hydroxyapatite.

MATERIALS AND METHODS

Laser Parameters

Blocks of bovine enamel were irradiated using Ho:YAG
(2.1 mm), Er:YSGG (2.79 mm), Er:YAG (2.94 mm), and CO2
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(9.6 mm) laser systems. The CO2 laser is a long-pulse TEA
CO2 laser with a pulse duration of 6–8 microseconds from
Argus Photonics Group (Jupiter, FL). The solid state
Schwartz 123 laser systems were manufactured by
Schwartz Electro-Optics (Orlando, FL) and were modified
for more efficient diffuse pumping. A rotating mirror
Q-switch was used to produce the short Er:YAG and
Er:YSGG laser pulses of 150-nanoseconds duration. The
respective absorption coefficients and depth of absorption
in both water and enamel is tabulated for each laser
wavelength employed in this study in Table 1.

The laser energy was measured and calibrated using
laser calorimeters, Model ED-200 Gentec (Quebec,
Canada). Two dimensional images of the respective laser
spatial profiles were acquired using a Pyrocam I pyro-
electric array from Spirocon (Logan, UT). The beam dia-
meter at the position of irradiation was measured by
scanning with a razor blade across the beam. The spot
profile was single mode and fluences were defined using a
Gaussian beam with a l/e2 beam diameter.

Tissue Irradiation

Longitudinal cuts approximately 3-mm long and 200–
300 mm wide were produced on the enamel surface of
5� 5 mm2 blocks that were prepared from extracted
bovine incisors, and polished to a 1-mm finish. Two incis-
ions were made at each fluence, one with and one without a
layer of water. There were 20 laser pulses per spot with
overlapping laser spots separated by 50 mm to ensure a
smooth intensity profile longitudinally through the inci-
sion. The procedure is illustrated in Figure 1. The bovine
block was scanned using a computer controlled motion
control system ESP 300 Newport (Irvine, CA) with an X-Y
stage. Droplets of water were manually applied to the
ablation site before each sequence of five laser pulses using
a pipette with a volume of 5 ml. The 5-ml droplets were
950-mm thick at the center with a diameter of 3 mm. After
surface ablation, the lateral incisions were examined
with an Olympus BX-50 microscope, Olympus America
(Melville, NY) with a maximum magnification of 500 times
interfaced to a high-resolution digital camera DVC 1300C
DVC Company, Inc (Austin, TX). Measurements of inci-
sion depth and width were made with calibrated image
analysis software, Image Pro Plus image analysis soft-
ware, Media Cybernetics (Silver Spring, MD), that is

capable of direct length and area. Several serial sections of
approximately 100-mm thickness were cut normal to the
long axis of the incisions using a hard tissue microtome for
polarized light microscopy (PLM). After cutting, sections
were imbibed with water and viewed in the Olympus BX-
50 microscope using crossed polarizers and a Red I wave-
plate. The wave-plate introduces a 530-nm phase retarda-
tion so that addition and subtraction colors introduced by
the tissue birefringence induce resolvable changes in color.
In the case of thermal changes, i.e., melting and recrys-
tallization, loss of birefringence and increased attenuation
of the illumination light causes altered tissue to appear
black, which is easier to discern under polarized light.

Infrared Spectromicroscopy (SR-FTIR)

A Nicolet Magna 760 FTIR interfaced to a Nic-Plan IR
microscope, equipped with a motorized sample stage con-
nected to beam-line 1.4.3 of the Advanced Light Source
at Lawrence Berkeley National Laboratory was used to
acquire spectra of the dental enamel irradiated with the
CO2 laser [31]. Specular reflectance spectra were acquired
with a spatial resolution of 10 mm by scanning the 10 mm
spot imaged by the FTIR microscope across the laser
intensity profile from the center of the laser incision to the
normal enamel outside the incision.

Collection of Condensed Mineral Phases
From Plume

Ejected particles were collected on infrared transparent
BaF2 substrates after ablation with the 9.6 mm TEA CO2

laser in a high-vacuum system. The vacuum system, a 2.5-
inch small-volume spherical chamber was pumped down to
a microtorr using an EXC120 turbomolecular/diaphragm
oil-free pumping station Edwards High Vacuum Interna-
tional (Crawley, West Sussex, UK). Ejected plume debris
was collected at a 458 angle to the ejection axis (see Fig. 9).

RESULTS

Lateral Incisions With and Without Water

Lateral cuts were produced in the bovine blocks at
irradiation intensities up to 200 J/cm2 using free running
and Q-switched erbium laser pulses. When water was not
used, the ablation craters were typically quite shallow
and areas of fused enamel were clearly visible. After the
application of a water layer of sufficient thickness,
smooth craters, devoid of any fused areas of enamel were

TABLE 1. Absorption Coefficients in Water and

Enamel for Each Laser Wavelength Employed in This
Study Are Tabulated in the Table Below [37–39]

Laser

wavelength

Absorption

coefficient in H2O

(absorption depth*)

Absorption

coefficient in enamel

(absorption depth*)

2.1 mm 25 cm�1 (400 mm) < 5 cm�1

2.79 mm 6,500 cm�1 (1.6 mm) 400 cm�1 (25 mm)

2.94 mm 12,250 cm�1 (0.8 mm) 800 cm�1 (13 mm)

9.6 mm 590 cm�1 (17 mm) 8000 cm�1 (1.3 mm)

*depth at which intensity falls to (1/e) of initial intensity.

Fig. 1. The setup for producing lateral cuts in polished bovine

enamel blocks. A syringe was used to manually apply a drop-

let of water before each five laser pulses.
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produced. The craters were markedly deeper suggesting
that the fused material observed upon ablation without
the water presents inhibits further ablation. Shorter
Q-switched laser pulses produced more uniform cuts
through the water presents layer at markedly lower
fluences than those required for efficient cutting using
the longer erbium laser pulses. If no water layer was
applied, ablation was not as efficient and areas of fused
enamel were observed, see Figure 2c,d. Serial sections of
100-mm thickness taken from the ablation craters and
viewed under 500� magnification in polarized light show
peripheral cracks and evidence of thermal damage when
water was not used (Fig. 3). In contrast, uniform conical
craters were produced with minimal thermal or acoustic
damage (cracks) when water was applied before ablation.
For Q-switched Er:YAG laser pulses smooth incisions were
produced above fluences of 40 J/cm2 while for the free-
running Er:YAG fluences in excess of 100 J/cm2 were
required (see Fig. 4). We did not observe the peripheral
damage that was observed in a previous study of Q-
switched Er:YAG laser ablation [17] for larger spot sizes.

Similar results were observed for free running and Q-
switched Er:YSGG laser pulses. The threshold for smooth
cuts was 28 J/cm2 for the Q-switched Er:YSGG laser and
81 J/cm2 for the free-running Er:YSGG laser. There was a
fivefold increase in the ablation depth at fluences exceed-
ing 20 J/cm2 with the added water layer before ablation
during irradiation with the Q-switched laser pulses
(see Fig. 4). At high irradiation intensities, >100 J/cm2,
a similar increase in rate was noted for the free running
Er:YSGG laser pulses with the added water. The ablation
depth versus incident fluence saturates between 20–30 J/
cm2 for Q-switched laser pulses due to plasma formation

above the surface of the tooth. Absorption of the incident
laser radiation in the plasma restricts the ablation rate
[17,32] and the most efficient ablation occurred near the
threshold for plasma formation.

Extensive damage to the mechanical integrity of the
bovine block and thermal damage to the underlying dentin

Fig. 2. Lateral cuts in the surface of polished bovine blocks

using a 9.6 mm TEA CO2 laser pulse with a fluence of 70 J/cm2,

(a) no droplet added, (b) water added; and a Q-switched

Er:YAG laser pulses with a fluence of 15 J/cm2, (c) no water

added and (d) a water droplet placed before each five laser

pulses.

Fig. 3. Polarized light images of 100-mm thick cross sections

of the Q-switched Er:YAG laser cuts of Figure 2c,d with (a)

and without (b) water. The respective crater dimensions are

(a) 125-mm across and 490-mm in depth and (b) 33-mm across

and 52-mm deep.

Fig. 4. The ablation depth at various irradiation intensities

for the free-running (150 microseconds) and Q-switched

(150 nanoseconds) Er:YSGG laser pulses with (dotted line)

and without (solid line) the addition of water. The shaded

regions represent the fluence range in which smooth lateral

cuts were achieved similar to those of Figure 2d. Five laser

pulses per spot, 300-mm spot size and 50-mm scan distance.
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was observed after irradiation with the free running
Ho:YAG laser at 2.1 mm (Fig. 5) even with a layer of water
applied to the surface. Laser light at 2.1 mm is only weakly
absorbed by water. Therefore, it is able to penetrate
through that water layer without the transfer of much
energy and through the outer 1–2-mm layer of enamel
where it is absorbed by the dentin resulting in thermal
damage. Monte Carlo simulations of light deposition in
teeth followed by calculation of the subsequent tempera-
ture rise have predicted localized thermal damage at the
dentin–enamel junction (DEJ) during Nd:YAG (1.064 mm)
irradiation without ablation of the outer enamel [33].
Localized subsurface damage was visible at the DEJ after
Ho:YAG irradiation. At higher incident fluence, thermal
stresses generated at the DEJ produced large fractures
transverse to the path of laser irradiation resulting in the
destruction of the bovine enamel block. This result exemp-
lifies the danger of irradiating teeth with free-running
Nd:YAG and Ho:YAG laser pulses—even with extensive
water spray.

During CO2 laser irradiation, particularly at 9.6 mm,
absorption is an order of magnitude higher in the mineral
than in the water (see Table 1). Therefore, we did not
expect to observe a pronounced effect from the water layer.
As we expected, the water reduced the depth of the
ablation craters and the efficiency of ablation. However,

there were profound differences in the surface morphology
of the ablation crater with and without the water layer
(Fig. 2a,b).

Large uniform areas of the ablation crater were covered
with fused enamel resembling a glazed or glassy surface
when water was not used. In contrast, the surface morpho-
logy produced with the water is of uniform roughness and
does not contain the glazed zones of enamel. SR-FTIR
spectra from the ablation craters indicate that the fused or
glazed zones contain non-apatite phases of the enamel
mineral (see below). In contrast, with the water layer
present the chemical composition of the mineral phase on
the crater walls is a purer phase hydroxyapatite mineral
with the removal of the carbonate defects.

SR-FTIR

Spectra acquired from within different regions on the
samples irradiated using TEA CO2 laser pulses with and
without an applied water layer are shown in Figs. 6 and 7.
The spectral series shown in Figure 6 was taken across
the lateral incision shown in Figure 2a with a spatial
resolution of 10-mm. The marked differences of the spectra
with position in the crater indicate that the chemical com-
position of the irradiated dental enamel varies markedly
throughout the regions of the crater that were exposed to
different laser intensity levels. In Figure 7, two spectra
taken from the incisions shown in Figure 2a,b are com-
pared with normal non-irradiated enamel. The first spe-
ctra of Figure 7a represents the normal enamel with the
characteristic peaks due to the phosphate group in carbo-
nated hydroxyapatite near 1000 cm�1 and two small peaks
near 1400 cm�1 due to the carbonate group. The second
spectrum of Figure 7a was taken 60 mm from the center of
the crater (Fig. 2a) and it contains none of the bands
representative of hydroxyapatite, tetra-calcium phos-
phate, or even tri-calcium phosphate phases. Some of the
bands are more representative of lower order calcium

Fig. 5. Laser irradiated bovine blocks using a free-running

Ho:YAG laser at 2.1 mm (upper left). Front surface of bovine

block after laser pulses at 70 J/cm2—no damage is visible on

the enamel surface, however, subsurface dentin damage is

visible (upper right). Dentin side of bovine block shows

extensive charring of the dentin proteins (bottom). Higher

incident fluences, 150 J/cm2, result in extensive fractures

transverse to the laser cut.

Fig. 6. (Top left image) CO2 laser produced incision in the

surface of a bovine enamel block at a wavelength of 9.6 mm,

pulse duration of 8 microseconds, and fluence of 70 J/cm2

without an added layer of water. SR-FTIR spectra were ac-

quired with a spatial resolution of 10 mm from the center of the

incision to the normal enamel. The spectra change markedly

across the crater topography.
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phosphates such as mono-calcium phosphate or calcium
hydroxide which was observed by Aminzadeh et al. [34]
using Raman spectroscopy after CO2 laser irradiation.
With the exception of Ca(OH)2 these new bands, to our
knowledge have not been previously observed after either
the heat treatment or laser irradiation of dental hard
tissues. However, these non-apatitic phases are likely to
exhibit higher dissolution rates and be poorly attached
to the underlying mineral. Figure 7b shows two spectra
taken from an incision produced under the same condi-
tions as the incision shown in Figure 2a with a droplet of
water added before each sequence of five laser pulses. The
first spectrum is of normal enamel and the second is taken
from the center of the laser incision. We suspect that the
added layer of water aids in preventing the formation of
fused areas of the non-apatitic phases and results in a
more desirable surface morphology. The modified enamel
within the crater are lacking the two carbonate bands
located near 1400 cm�1, indicative of the formation of the
desired purer phase hydroxyapatite with fewer chemical
defects [20,30,35].

Spectra were taken from the craters produced with and
without water using the free-running Er:YAG laser at a
fluence of 200 J/cm2. Non-apatite phases are apparent
similar to tri- and tetra-calcium phosphates when water
was not added, see Figure 8. In contrast, spectra acquired
with the added water exhibit minimal changes, i.e., minor
changes in the phosphate and carbonate bands, near 1000
and 1400 cm�1, respectively.

In order to test our hypothesis that non-apatite mineral
phases are formed in the plume and are redeposited on the
tissue surface, we collected material ejected from enamel
during CO2 laser ablation on IR transparent (BaF2) sub-
strates in a vacuum. SR-FTIR and optical images of the
particles are shown in Figure 9. Some of the spectral bands
are similar to those of the secondary phases of Figure 7a
produced under similar conditions suggesting that the
origin of the CO2 ‘‘recrystallites’’ is recondensation from
the plume. The spectra acquired at erbium laser wave-
lengths are fundamentally different from Figure 7a and
9, and the mechanism of ablation differs from that of
the carbon dioxide laser. Therefore, we postulate that
there may be a different mechanism responsible for their
formation.

DISCUSSION

This study demonstrates that an applied water layer
of sufficient thickness has a profound effect on ablation
rate, ablation efficiency and the surface morphology of
the crater walls. This is of particular importance for Q-
switched erbium laser ablation in which the influence of
the water layer on preventing stalling and excessive peri-
pheral damage is apparently more pronounced. In pre-
vious studies investigating the efficiency of enamel and
dentin ablation with Q-switched erbium laser pulses, it
was difficult to assess the influence of water on the
ablation process. It is probable that the water layer was
not of sufficient thickness [17,32,36], that, it is much easier
to assess the effect of the water layer on incisions produced
on polished surfaces rather than on single ablation sites.

Based on the phenomenological observations of this
study, we can provide some speculation about the mech-
anism of the water–enamel interaction. We can easily rule
out the mechanism proprosed by Rizoiu et al. [8], i.e., the
hydrokinetic effect, in which water droplets in the water

Fig. 7. SR-FTIR spectra taken of the lateral incisions pro-

duced using the CO2 laser shown in Figure 2a (top-a) and

Figure 2b (bottom-b) are indicated by gray dotted lines.

Spectra of normal enamel are represented by the black solid

line in each figure. The vertical dotted line at 1041 cm�1

represents the laser wavelength. Note the shift in the

absorption maxima in (a).

Fig. 8. Spectra of bovine enamel from the ablation crater

produced by a free-running Er:YAG laser (200 J/cm2) with

(gray line) and without (black line) an added water layer. The

spectrum with added water is similar to that of unmodified

enamel, while other phases are visible when water was not

applied before ablation.
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spray are accelerated by the laser photons, since there was
no water spray, only a static water layer. Although the
effect of secondary bombardment by particles and water
droplets proposed by Altshuler [9] explains the smoother
crater and higher ablation rate with the erbium laser
pulses it does not explain the presence of fused/melted
enamel with both CO2 and erbium laser pulses and the
decrease in ablation rate with CO2 laser ablation. It is
likely that the forces associated with strong absorption of
the laser radiation in the water followed by the subsequent
recoil of the water removes any poorly attached non-
apatite phases of modified enamel that may adversely
affect bonding and solubility, in addition to reducing the
rate and efficiency of ablation.

There was an optimum fluence regime for both the free-
running and Q-switched erbium laser pulses that pro-
duced smooth craters with the applied water layer, al-
though the Q-switched ablation craters manifested less
surface roughness than the free-running ablation craters.
Dental enamel ablation for Q-switched Er:YAG and
Er:YSGG laser pulses is markedly more efficient than for
the free-running erbium laser pulses if a water layer of
sufficient thickness is used. If the water layer is not
sufficiently thick then ablation rapidly stalls after only a

few laser pulses leaving a fused layer of non-hydroxypatite
calcium phosphate phases. For long-pulse TEA laser
pulses (6–8 microseconds) at 9.6 mm the surface morpho-
logy was markedly different when a layer of water was
used. Although the water layer reduced the efficiency of
ablation, the resulting surface morphology was superior
consisting of a purer hydroxyapatite with fewer chemical
defects. In contrast, areas of the ablation crater produc-
ed without water contained areas of less desirable, non-
apatite calcium phosphate phases.

Under the appropriate laser irradiation conditions,
with an applied water layer, minor chemical and crystal-
line changes were observed in the enamel. These desirable
changes are likely to be associated with higher bond stren-
gths to restorative materials and increased resistance to
acid dissolution [30,35]. Using SR-FTIR, we acquired well-
resolved spectra from the rough surfaces of the interior of
the ablation craters with a spatial resolution of 10 mm. The
spectra acquired after CO2 and Er:YAG laser irradiation
without water exhibit peaks between 700 and 1400 cm�1

that have previously been unobserved after laser irradia-
tion. Such non-apatite phases formed after ablation with-
out water may potentially be more susceptible to acid
dissolution and be loosely attached to the underlying

Fig. 9. Ejected particles collected in a vacuum system at 1-mtorr after ablation of enamel

using a 9.6 mm TEA CO2 laser. The particles are deposited in a fan shaped distribution on a

BaF2 substrate. Optical images (320�) of the low density zone (top) and high density zone

(bottom) are shown on the right. SR-FTIR spectra of the particles (gray) and normal enamel

are shown on the left.
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unaltered enamel substrate leading to poor bonding to
restorative materials.

Future efforts will focus on elucidating the morphologi-
cal and chemical nature of the material ejected or ablated
from the enamel and the mechanism of particle formation.
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