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Human enamel surface was irradiated with ArF excimer laser 
and examined under light microscopy and scanning electron mi- 
croscopy (SEM). Enamel surface was irradiated at three different 
areas with different energy fluences. It is demonstrated that the 
ArF excimer laser causes ablation of the calcified hard enamel 
tissue. Ablation curves were measured. There was no significant 
difference found in the etch depth between the three different 
areas of enamal surface. The morphology of the irradiated areas 
seen under the SEM was found to be dependent on energy flu- 
ence. It changed with increase in energy fluence from being 
etched to forming a smooth, fused, glaze-like surface and then at 
very high energy fluences producing a rough surface. The influ- 
ence of the laser irradiation was confined to the irradiated area 
only, with no visible heat damage to the surroundings. These 
results suggest that excimer laser could be applied in a controlled 
and defined manner for tooth enamel treatments in dentistry. 
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INTRODUCTION 

Interest in the use of lasers in dentistry has 
been increasing since 1964 [1,2]. Treatment of 
tooth enamel with the ruby laser with a wave- 
length of 694 nm showed a crater-like morphology 
surrounded by a glass-like appearance at the ir- 
radiated zone [l-61, which seems to be caused by 
fusing, melting, and recrystallization of enamel 
crystallites. The exposure of human teeth to a 
ruby laser caused the surface enamel to be more 
resistant to subsurface demineralization in vitro 
[7]. Further studies, however, revealed a severe 
irreversible damage to the pulp as a result of ex- 
cessive heating 14, 8-101. The use of other lasers 
such as the Nd:YAG laser (wavelength of 1,060 
nm) and COz laser (wavelength of 10,600 nm) was 
therefore suggested [11,121. 

Structural and phase changes in surface 
enamel were observed after interaction with CO, 
laser light characterized by a thermal mechanism 
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[13-251. Similar results were obtained after tooth 
enamel irradiation with low energy lasers, such 
as q-switched Nd:YAG [26,271, and argon laser 
[29]. The effect of these physicochemical changes 
in tooth enamel confirmed increasing resistance 
to subsurface demineralization [7, 21-23, 27-311. 
There was an attempt to apply the CO, laser in a 
dental clinic replacing the drilling machine for 
caries removal, sterilization, dentin repair, and 
increasing resistance to caries [32,331. However, 
cracking and carbonization of the irradiated sur- 
face with damage of the pulp tissues were ob- 
served due to heat conduction during the laser 
tissue interaction [34-361. Laser application in 
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dentistry was therefore limited to preventive den- 
tistry. 

Recent studies have focused on the Er:YAG, 
which is a pulsed laser with a wavelength of 2.94 
pm. This laser was effectively applied to remove 
dentin and enamel with minimal damage of the 
surrounding tissue [37,38]. The rationale for us- 
ing the Er:YAG is principally concerned with the 
strong water absorption at this wavelength, 
which results in a micron-size absorption depth, 
and partially selective interaction with tissue 
having high water content. 

An alternate strategy for laser applications 
in dentistry is the use of excimer lasers. The ini- 
tial study with this laser was concentrated on the 
use of the XeCl excimer laser at 308 nm for the 
treatment of dental root canals [391. All the exci- 
mer lasers and especially the argon fluoride exci- 
mer laser at 193 nm are characterized by its 
nonthermal photoablation interaction with poly- 
mers [40,411, and, therefore, it seemed to be an 
effective solution for laser irradiation of tooth 
enamel without thermal damage to  the pulp. At 
such a wavelength, the covalent chemical bonds 
absorb radiation and enter an excited state in 
which there is a dissociation without significant 
deposition of heat. 

In this preliminary study, we examined the 
etch depth and surface morphology of mature, hu- 
man enamel treated by 193 nm excimer laser at 
seven different energy fluences ranging from 250 
to  650 mJ/cm2. The results established a correla- 
tion between etch depth per pulse, different mor- 
phology of irradiated surface, and energy fluence. 

MATERIALS AND METHODS 
Preparation of Tooth Enamel for Laser Irradiation 

A total of 42 longitudinal sections of - 0.7 
mm in thickness were prepared from four sound 
human wisdom teeth (I11 molars), from the tip of 
the crown to the cervical margin, with a Beuhler 
diamond low speed sectioning machine. Immedi- 
ately after extraction the teeth were carefully 
cleaned from soft tissue and blood under dissect- 
ing microscope using soft tissue paper to avoid 
any damage to the enamel surface. The tooth re- 
gions selected for laser irradiation were covered 
with sound enamel with no obvious caries or any 
other malformations. 

Approximately 10 parallel longitudinal 
(from mesial to distal) sections were made from 
each tooth, and the enamel surface was irradiated 
and analyzed as described below. 

Irradiation of Enamel Surface With Excimer Laser 

A Lamda Physik Model EMG 103 MSC ArF 
excimer laser was used with a wavelength of 193 
nm and a pulse duration of 20 ns. The irradiation 
spot size was fixed to 1 mm in diameter by a metal 
mask. The laser beam was concentrated with a 
convex cylindrical lens and passed through this 
mask at average powers of - 25,30,35,40,45, and 
50 mw with energy fluences ranging from 300 to  
650 mJ/cm2 per pulse respectively. Laser beam 
power was measured with the DGX Laser Power/ 
Energy Meter, Ophir Ltd (Jerusalem, Israel). 
Seven sections were irradiated at each energy flu- 
ence. Each longitudinal section was irradiated in 
three regions: occlusal enamel, medial enamel, 
and cervical enamel, i.e., a total of 126 enamel 
regions were irradiated. The sections were fixed 
to a special holder that could be moved on an optic 
bench relative to  the metal mask. They were ir- 
radiated at  10Hz for 4,000 pulses. 

Etch Depth Measurement 

A total of 252 etch depth measurements were 
made from 126 profiles of irradiated areas (two for 
each irradiated enamel region) using a scaled bin- 
ocular microscope (accuracy of ? 3 pm). 

Examination of Irradiated Enamel With Scanning 
Electron Microscope (SEM) 

Human enamel specimens irradiated with 
the excimer laser at seven different energy flu- 
ences and an untreated specimen used as control 
were examined under JEOL 840 Scanning Elec- 
tron Microscope at 15KV. 

The samples were attached, with epoxy 
resin, to  aluminium stubs then sputtered with 
- 200A thick layer of carbon. 

RESULTS 
Etch Depth Measurement 

The etch depth of each irradiated enamel 
area can be seen in Table 1. These data were an- 
alyzed using an analysis of covariance model. The 
results show that as the energy fluence increased 
so did the etch depth of the irradiated enamel (p 
= 0.0001) measured at three different regions: 
occlusal, medial and cervical (Fig. 1). No signifi- 
cant difference was observed in the etch depth 
between the three regions at  the same energy flu- 
ences (p = 0.1457). 
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TABLE 1. Etch Depths of Each Irradiated Enamel Area at Different 
Energy Fluences 

Energy fluence Etch depth of Etch depth of Etch depth of Etch depth of 
mJ/cm2 occlusal area medial area cervical area average of the 
(t 25mJ/cm2) (nmipulse) (nmipulse) (nm/pulse) areas (nm/pulse) 

318 2.5 t 1.0 2.3 t 0.8 2.5 t 1.8 2.5 _t 1.3 
382 4.5 t 1.5 3.5 k 1.3 4.3 t 1.0 4.0 2 1.3 

12.8 ? 5.5 11.5 t 5.0 446 11.5 2 3.5 10.8 & 5.8 
16.5 t 5.0 510 17.5 t 3.3 16.3 t 6.0 15.8 z 5.3 
20.3 t 6.0 573 22.2 t 8.0 19.3 k 4.0 19.8 t 5.5 

637 28.8 2 6.0 26.3 k 7.0 26.5 t 4.3 27.3 2 5.8 
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Scanning Electron Microscopy (SEM) 
The surface morphology of occlusal enamel 

produced by a lOHz, 4,000 pulses laser treatment 
of intact human enamel at seven different energy 
fluences can be seen in Figure 1. The enamel was 
examined at the center as well as at the periphery 
of the irradiated areas. 

The control enamel surface, without laser ir- 
radiation, shown at low magnification (Fig. 1 con- 
trol(i)), is a relatively structureless layer of 
enamel with transverse wavelike grooves, periky- 
mata, believed to be the external manifestations 
of the striae of Retzuis. At higher magnification 
(Fig. 1 control(ii)) rod ends, cracks, and micro- 
pores were observed. 

The low 255 5 25 mJ/cm2 energy fluence 
laser treatment of enamel (Fig. l a )  produced very 
slight erosion observed under low magnification 
exhibited a delicate periodic surface roughening 
with a bright halo of - 100 pm width around the 
irradiated area. At this magnification, the periky- 
mata were still visible transversing both the ir- 
radiated and unirradiated areas (Fig. la(i)). At 
higher magnification (Fig. la(ii)) the outer prism 
free layer and the rod boundaries were removed, 
resembling an etching pattern resulting from an 
acid treatment of enamel surface where the rod 
peripheries are preferentially eroded leaving the 
rod core intact. At the periphery of the irradiated 
area, 3-5 concentric lines of rod ends were ob- 
served (Fig. la(i)). A narrow layer of micro parti- 
cles, probably from the ablated material, was cov- 
ering the enamel surface around the boundaries 
of the irradiated area (Fig. la(i)). 

The 318 & 25 mJ/cm2 energy fluence treat- 
ment (Fig. lb )  (etch depth of 10 * 5 pm) produced 
a surface etching morphology resembling that of 
the 255 mJ/cm2 energy fluence. At low magnifi- 
cation, the periodic surface roughening of the ir- 
radiated area and the bright halo around it were 
observed (Fig. lb(i)). At higher magnification 

(Fig. lb(ii)) the rod boundaries were partially re- 
moved and it appeared that adjacent rod ends 
were joined together. The Iayer of ejected mate- 
rial around the irradiated area appeared to be 
melted and cracked (Fig. lb(i)). 

The 382 +- 25 mJ/cm2 energy fluence treat- 
ment (Fig. lc)  (etch depth of 16 ? 5 pm) produced 
a rough area, less periodic when compared to ei- 
ther of the 255 mJ/cm2 and 318 mJ/cm2 energy 
fluence treatments. At low magnification the 
roughed irradiated area and the bright halo 
around it were observed (Fig. lc(i)). At high mag- 
nification (Fig. lc(ii)) the irradiated area gave the 
appearance of partially fused rod ends with a net- 
work of crystallites above and between the rod 
ends. A covering cracked fused layer around the 
irradiated area might be ablated material that 
was melted and got quickly solidified on the sur- 
rounding surface (Fig. lc(i)). 

The 446 2 25 mJ/cm2 energy fluence treat- 
ment (Fig. Id) (etch depth of 46 t 20 pm) pro- 
duced a periodic arranged area that at low mag- 
nification (Fig. ld(i)) exhibited a pattern of 
rounded clusters, each - 70 pm in diameter. At 
higher magnification (Fig. ld(ii)) the rounded 
clusters were made of fused melted rod ends with 
some areas that were covered also by a network of 
crystallites. The melted surface exhibited very lit- 
tle micropores, - 100-200 nm in diameter. The 
surface around the irradiated area, for a distance 
of more than 200 pm, was partially covered by 
what appeared to be the ablated material (Fig. 
ld(i)). 

The 510 k 25 mJ/cm2 energy fluence treat- 
ment (Fig. le) (etch depth of 66 t 20 pm) pro- 
duced a coarse roughening that at low magnifica- 
tion (Fig. le(i)) exhibited no special pattern in 
comparison to  446 mJ/cm2 energy fluence treat- 
ment. At higher magnification (Fig. le(ii>) the ir- 
radiated area, although rough, was partially cov- 
ered also by a smooth fused glazelike surface. The 
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Fig. 1. 
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melted surface exhibited also the same micro- 
pores as described with the 446 mJ/cm2 energy 
fluence treatment. Some particles from the ab- 
lated material covered the surface around the ir- 
radiated zone (Fig. le(i)). 

The 573 k 25 mJ/cm2 energy fluence treat- 
ment (Fig. l f )  (etch depth of 81 % 24 pm) pro- 
duced a smooth area that at low magnification 
(Fig. lf(i)) exhibited a smooth fused glazelike sur- 
face. At higher magnification (Fig. lf(ii)) a deli- 
cate pattern of the rod ends that had the appear- 
ance of horseshoes were observed (also described 
in decalcified enamel section). The micropores of 
the melted surface were even more prominent 
than with the 446 or 510 mJ/cm2 energy fluence 
treatment. The surface around the irradiated 
area, for a distance of more than 200 pm, was 
covered with a fused layer that appeared to  be the 
ablated material, which was melted and solidified 
on that surface (Fig. lf(i)). 

The 637 5 25 mJ/cm2 energy fluence treat- 
ment (Fig. lg) (etch depth of 109 f 23 km) pro- 
duced rough area that at low magnification ap- 
peared partially smooth (Fig. lg(i)). At higher 
magnification (Fig. lg(ii)) small projections, 
- 300 nm in diameter covered the surface. 
Around the irradiated area some particles from 
the ablated material were observed on the surface 
(Fig. lg(i)). 

DISCUSSION 
The present results, which are concerned 

with effects of the ArF excimer laser on the sur- 
face of mature erupted enamel, indicate that 
short pulses (20 nsec) of 193 nm laser radiation 
produce a defined ablation not only of the organic 
but also of the mineral component of the hard 
enamel tissue. 

The mature enamel consists mainly of inor- 
ganic material 196% (wiw)] and only a small 

Fig. 1. Etch depth per pulse plotted against energy fluence 
logarithm for the average of occlusal, medial, and cervical 
areas of human sound enamel(**). Scanning electron micro- 
graphs [a-g(i-ii)] of the irradiated occlusal enamel surfaces 
are related to the plotted points by letters. (i) = magnifica- 
tion x 20; (ii) = magnification x 1,000. "No measurements of 
etch depth were taken for energy fluence of 255 f 25 mJ/cm2, 
because the resolution of the method was not enough for that 
slight etch depth. 

amount of organic substance and water 14% (w/ 
w)l. The enamel is composed of apatite crystals 
arranged in enamel rods or prisms with a very 
small amount of organic material surrounding 
them. The interprismatic material is termed the 
rod sheaths. 

Two distinguished morphologies of the irra- 
diated enamel areas were observed under the 
SEM; an etching produced by low energy fluences 
of the irradiation (255-382 f 25 mJ/cm2) (Fig. 
la-c), which was probably mainly due to a 
nonthermal ablation process of the organic rod 
sheaths and mineral, and a second type of mor- 
phology produced by higher energy fluences of ir- 
radiation (446-637 k 25 mJ/cm2) (Fig. Id-g), 
which exhibited features of melting. The surfaces 
become smoother with increasing energy fluence 
from 446 5 25 mJ/cm2 (Fig. Id) to 573 % 25 mJ/ 
cm2 (Fig. lf). At higher energy fluence (637 k 25 
mJ/cm2) (Fig. lg) a different morphology is ob- 
served. 

From an energy fluence of 446 -t 25 mJ/cm2 
to  573 +- 25 mJ/cm2, it appears as if the process 
includes an increasing proportion of heating that 
results in melting of a thin surface layer. The 
transition from 510 k 25 mJ/cm2 to  573 % 25 
mJ/cm2 results in a pronounced change in the sur- 
face appearance after laser irradiation: a series of 
fairly uniform holes can be seen to  emerge over 
the whole irradiated area. At this energy the 
melted layer becomes thicker and can fill the in- 
terprismatic spaces resulting in a fairly uniform 
surface. Within this uniform surface appears a 
network of micropores with a typical diameter of 
100-200 nm and with a distance between them of 
submicron dimension. This structure is less obvi- 
ous at  lower energies and only becomes fully ap- 
parent at energy level around 573 +- 25 mJ/cm2. 
At even higher energies this surface becomes less 
regular, and this probably results from partially 
melted fragments that fall down on the surface 
from the cloud of ejected material and stick to the 
irradiated region. If such an explanation is cor- 
rect, it is expected that at even higher energies a 
smooth surface will once again form due to the 
presence of a larger degree of melted material and 
the longer time that is required for cooling. 

The present results of higher energy fluence 
irradiation with the ArF excimer laser resemble 
in appearance the thin smooth fused surface layer 
and the underlying rougher enamel observed 
with the IR lasers [6,11,21,22,281. Tagomori and 
Morioka [28] suggested a rapid melting and sub- 
sequent resolidification of the enamel crystals, 
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when a long pulse (0.3 msec) Nd:YAG laser was 
used. Nelson et al. [221, who used a pulsed COz 
laser with a pulsed width similar to Tagomori and 
Morioka [O. 1-0.2 msec), suggested that the sur- 
face roughening may be caused by preferential 
surface melting or by the rapid thermal cycles 
during laser irradiation. Despite the resemblance 
of our ArF excimer laser results to  these earlier 
IR laser investigations, there were also some sub- 
stantial differences. The interaction of UV laser 
pulses (ArF excimer) with enamel was distin- 
guished from that of IR laser by the sharply de- 
fined boundaries with a geometry that is defined 
by the light beam without charring or detectable 
damage to  the surrounding. Enamel irradiated 
with the ArF excimer laser did not contain sur- 
face features such as cracks, surface flaking, and 
craters typical of IR lasers irradiated enamel, 
which were explained by stresses in enamel due 
to expansion and contraction through localized 
heating and shock waves associated with the 
beam's interaction with the tooth [251. 

Another typical feature of UV laser is the 
control over the depth of the etching by defining 
the number of pulses and the energy fluence of 
the laser. The typical shape of the etch depth plot 
(see Fig. 1) indicates that at low energy fluences 
the initial curve region approaches the abscissa 
asymptotically. This is followed by a region of en- 
ergy fluences in the range of 446-637 * 25 mJ/ 
cm2, where the etch depth per pulse is linear with 
energy fluence logarithm. In this linear region of 
energy fluences the morphology of the irradiated 
enamel exhibits the features of melting. 

From the results obtained, it seems reason- 
able that by controlling the energy fluence of the 
laser beam, it would be possible to  sterilize and 
selectively remove carious enamel without con- 
siderable damage to the surrounding sound 
enamel. The laser technique might be useful for 
treatment of carious and noncarious (preventive 
treatment) of pits and fissures that are hard to  
reach with the conventional technique. 

Low energy fluence irradiation, which re- 
sults in etching of the enamel surface, could pro- 
vide mechanical retention for dental restorative 
materials with a defined area and depth. Frent- 
zen and Koort [421, e.g., have demonstrated that 
the bond strength values of composites with ArF 
excimer laser irradiated surfaces corresponded to 
- 75% of those obtained by acid etching tech- 
niques. 

Higher energy fluences laser irradiation of 
enamel produces a smooth melted surface. Stud- 

ies with IR laser irradiation had shown that sim- 
ilar smooth melted surfaces were more resistant 
to subsurface demineralization [7,21-23,27-311. 
These studies also showed [28] that treatment of 
enamel surface with fluoride solution after laser 
irradiation increased uptake of fluoride into sur- 
face enamel. 

Work is proceeding in an attempt to estab- 
lish the precise morphological and chemical 
changes that occur on sound enamel in order to  
understand the ablation mechanism that is be- 
lieved to be a mixture of photochemical and pho- 
tothermal dissociation and to verify the potential 
of this laser in dentistry. 
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