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Abstract

This article reviews work on the laser dental hard tissue ablation. Results 
obtained by irradiating dentine and enamel using Nd:YAG laser irradiation 
are presented. Results were analyzed using SEM, optical microscopy, LIBS 
and Micro Raman Spectroscopy. Dentine and enamel ablation, crater depth 
measurements, morphology of processed cavities in dentin and enamel, the 
appropriate set of laser parameters to ensure surfaces with no evidence of 
melting, carbonization or micro-cracks are investigated. Micro Raman spectra 
were utilized for hard tissue ablation studies. The EDS quantitative analyses are 
presented to study the atomic percentage of carbon in tandem with an increase 
in laser energy density for enamel and dentin. EDS quantitative analysis are 
used to Ca/P ratio as influenced by the laser energy density increase for enamel 
and dentin.

laser, hard tissue laser, and non-surgical laser such as diagnostic 
composite and photo-disinfection. Laser dental applications have 
several advantages: 

(I) They limit hemorrhage in soft tissue [7].

(II) They can be used in the treatment of soft and hard tissue, 
such as Er, Cr:YSGG and Er:YAG. They were approved by the FDA 
clearance for both hard and soft tissue applications [8];

(iii) They have unique properties, such as monochromaticity - a 
property that makes laser to have impact on a specific type of tissue or 
compounds without interfering with the rest of the compounds [8].

(iv) Their high energy which facilitate using laser radiation as 
sterilizing tool, by killing most of the bacteria [9].

(v) Laser devices make little or no noise compared to conventional 
tools, giving patients greater psychological comfort [10].

(vi) They reduce the feeling of pain, thereby reducing the need to 
use anesthetic [10].

However, lasers have the following disadvantages in dentistry:

(i) Laser ablation of calcified tissue can lead to irreversible harm of 
fractures and fissures, owing to the fact that hard tissue is susceptible 
to both shear and compressive stresses [11].

(ii) Temperatures may rise in the pulpal chamber during laser 
irradiation [12].

(iii) Lasers cannot be used on teeth with fillings already in place 
[13].

(iv) Laser devices can be more expensive compared to hand drill 
[13].

Despite the dangers associated with the use of lasers to ablate 
hard tissue, they are still attractive since they offer the potential for 
rapid, precise, and accurate operation with minimal thermal and 
mechanical damage to surrounding tissue [11].

On the other hand, laser risks and adverse effects should be 
addressed. When evaluating any product such as lasers for use in 
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CW: Continuous Wave; FDA: Food and Drug Administration; 

FESEM: Field Emission Scanning Electron Microscopy; LIBS: Laser 
Induced Breakdown Spectroscopy; EDS: Energy Dispersive X-ray 
Spectroscopy; IR: Infra-red

Introduction
Soon after its advent, laser was used as a tool for scientific 

research. During the 1960s and 1970s, there was a rapid advancement 
with the development of different types of lasers [1]. Laser ablation 
is implemented in several scientific and technological fields. It has 
become a dominant technology for such applications as production 
of nano-materials, deposition of dielectric films, micromachining 
and chemical analysis. It is an active subject of theoretical and 
experimental investigation, which has been widely studied for its large 
applications ranging from basic physics investigations to medical 
and technical applications. Laser ablation of biomaterials including 
human teeth is of currently growing interests. Laser applications in 
dentistry started directly soon thereafter its advent. Initially, laser 
operation modes were CW with non-contact delivery, which were 
found to be too hot for practical dental use. One of these early lasers 
that were proposed for dentistry applications was CO2 laser [2]. It was 
developed repeatedly and had a limited use for ablation of soft tissue 
by oral surgeons. Laser medical technology underwent significant 
development in the early 1980s since the appearance of short laser 
pulse durations and fiber optic contact delivery [2]. Laser devices 
found their way to the dental industry fairly rapidly, but along with 
concerns regarding heat transfer and, consequently, possible damage 
to the tooth [3].

Since 1990s, lasers began to be used in dental procedures [4] with 
success [5,6]. The breakthroughs involved better control over the 
delivery of laser light in both the temporal and spatial characteristics. 
The major competitors in this market have been utilizing either 
Nd:YAG, with wavelength (λ) at 1064nm, Er:YAG, with wavelength 
at 2940nm, and Er,Cr:YSGG, with wavelength at 2783nm. Dental 
lasers have had a huge growth in practical dental applications [2]. 
Nowadays, dental lasers are divided into three basic types: soft tissue 
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patient’s treatment, their safety, efficacy and effectiveness have to 
be considered and investigated [14]. Safety requires that collateral 
damage be assessed histologically at multiple points and can be verified 
from being within the allowable limits [14]. This evaluation includes 
consideration of the healing outcome in terms of the pre-operative 
state and any lasting and undesirable damage along with clinical 
benefit. The risk-benefit proportion must be small, with significant 
capabilities of interest to the patient [14]. The risk of eye damage is 
the main physical risk in laser treatment. While this had never been 
reported, the risk of possible eye damage should be considered, 
especially when using invisible radiation. As a result, the patient 
should put on appropriate protective goggles [15]. Furthermore, 
there are many challenges facing laser dentistry. For instance, there 
are still many areas of dentistry where only conventional treatments 
can be performed effectively. As an example, laser dentistry cannot be 
used to penetrate teeth with previous fillings or in patients who have 
cavities between teeth. Moreover, treatment cost is significantly higher 
compared to conventional therapies. Another challenge is the fact 
that some lasers such as Nd:YAG, with power levels of 1-3 W, elevate 
temperatures in the pulp chamber to a sufficient degree that cause at 
least localized pulpal inflammation and possibly irreversible damage 
to pulpal tissue [12]. The enamel layer is damaged in the course of 
time, pre disposing the patient to dental caries, breakage and dentin 
sensitivity [16]. Accordingly, there is a need to develop lasers capable 
of overcoming the aforementioned problems. Dentin and pulp may be 
injured not only by dental caries but also from procedures necessary 
for the repair of lesions involving dental hard tissue [17]. We expect 
that laser ablation is not going to injure dentin and pulp if laser 
thermal effects are avoided. Laser ablation leads to the escalation of 
vapor if laser is used on amalgam (dental restorative material). It may 
be prudent for clinicians to polish amalgam restorations after laser is 
used to minimize any inadvertent damage to these restorations [18]. 

Moreover, conventional dental treatment is always accompanied by 
worry, fear, pain and discomfort. Accordingly, it is important to look 
for other dental treatment approaches to avoid the aforementioned 
discomforts. Thus, it is necessary to invent better approaches, which 
can attain better treatment results.

Laser tissue interaction
To select a suitable laser system for the medical applications, it is 

necessary to understand its biological effect on tissue. Therefore, for 
any laser to have an effect on living tissue, the tissue molecules must 
first absorb it. If the energy is reflected from the surface of a tissue, 
or if it is completely transmitted through a tissue, then no biological 
effect would result [19]. When the laser beam interacts with tissue, 
several processes may occur such as scattering by changing their 
direction of flight according to the probability function known as the 
anisotropy factor, or absorbed by tissue molecules that would lead to 
molecules excitation by an electronic transition [19]. There is another 
possibility, where about 4–10% of laser beam might be refracted due 
to the refractive index change and according to the angle of incidence. 
Also, after laser beam penetrating the tissue initially it refracted, 
according to Snell’s law, which provides: “that photons entering 
a medium with a higher refractive index are refracted towards the 
vertical axis to the surface”, (Figure 1), summarizes these processes 
[19].

Laser tissue interaction parameters: To design a pulsed laser 
system for tissue ablation purpose, first several irradiation parameters 
must be selected. Typically, one selects the wavelength first. 
Unfortunately, it is usually the case that not all parameters can be 
selected independently [20]. Laser-tissue interactions can be affected 
by many parameters such as, the target tissue characteristics (optical 
and thermal properties), also by laser type and settings (wavelength, 
pulse duration, energy density, and exposure time). The parameters are 
summarized in (Table 1). The previous interaction parameters share 
single common information that is the characteristic energy density 
that ranges from approximately 1 J/cm2 to 1000 J/cm2. So the main 
parameter that controls the laser tissue interaction is the duration of 
the laser exposure [21]. A summery map of the relationship between 
the main classifications of laser-tissue interactions, and the most 
important interaction parameters (energy density, exposure time and 
power density) is shown in (Figure 2) [22].

Figure 1: Optical behavior of a tissue layer during irradiation with laser light 
[19].

Tissue Properties
Laser Properties

Optical Properties Thermal Properties

Reflection
Absorption
Scattering

Transmission

Heat conduction
Heat capacity

Wavelength
Exposure time

Power and energy density
Spot size

Operation mode

Table 1: Laser tissue Interaction Parameters.

Figure 2: Laser tissue interaction mechanisms over time of interaction [22].
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Laser ablation 
Merriam-Webster dictionary defined the ablation as “loss of 

a part by melting or vaporization”. In order for ablation to occur, 
energy absorption is needed. The energy can be provided in the 
form of electrical discharges like a spark or in the form of light as 
a laser. The laser ablation can be defined as follows: “the process of 
removing material by using laser beam energy, either by melting, 
fusion, sublimation, ionization, erosion, and/or explosion”. Laser 
ablation produces a gaseous vapor, plasma, and fine particles. The 
laser-material interaction can be divides into two cases depending 
on the energy density. First, at low laser energy density, the material 
is heated by the absorbed laser energy and evaporates or sublimates. 
Second, at high laser energy density, the material is converted to 
plasma, and this often occurs by using a pulsed laser. Usually, laser 
ablation refers to ablated material with a pulsed laser, but it is possible 
to ablate material with a continuous wave laser beam if the energy 
density was high enough [23].

Fundamental ablation processes: Laser ablation is governed by a 
variety of distinguished nonlinear mechanisms. The moment that the 
pulsed laser beam illuminates the sample, plasma formation may take 
place, which leads to remove a mass from the sample surface in the 
form of electrons, ions, atoms, molecules, clusters, and particles. Each 
of the processes is separated in time and space. An understanding of 
the basic mechanisms involved in each of these processes is critical 
for efficient laser-tissue interaction, and to removing mass in the right 
shape for analysis [24].

Laser ablation steps are divided into the following three major 
processes:

1. Breaking the material bond and plasma ignition.

2. Plasma expanded and cooling.

3. Particle ejection and condensation.

These laser ablation steps occurring over several orders of 

magnitude in time, beginning with electronic absorption of laser 
beam energy (10-15 second) to particle condensation (10-3 second) 
after the laser pulse is completed [24]. Summary of these three steps 
are shows in (Figure 3). During the plasma ignition process, the 
plasma properties and mechanisms are strongly depending on the 
laser intensity and pulse duration. For a nanosecond laser pulse 
with intensity less than 108W/cm2, the predominant mechanism is 
thermal vaporization, the temperature of the solid surface increases, 
and a well-defined phase transition occurs, from solid to liquid, liquid 
to vapor, and vapor to plasma [24].

Photomechanical induced ablation: When short-pulsed laser 
interacts with the material, specifically pulse duration in nanosecond 
region and the laser produces heat, which produces explosive behavior 
in the affected zone (laser-material interaction area). Because of the 
sudden rise in temperature, the sample experiences an impulsive 
mechanical excitation that creates acoustic and shock waves [25]. 
Removing the material using these mechanisms is denoted as photo-
mechanically induced ablation. However, the zone, which surrounds 
the ablated region, is exposed to photomechanical collateral damages 
in the form of fractures and cracks. For the sake of exciting stress 
waves that are capable of introducing physical damage, the laser 
pulse length (τp) has to be shorter than the acoustic diffusion time 
(τa), which is needed to insure propagation of stress waves out of the 
laser-affected zone. The stress wave propagates through a medium at 
the speed of sound (σ). Therefore, the acoustic diffusion time can be 
expressed as:

τa = δ/σ (1)

The optical penetration depth (δ) of the laser beam is the depth at 
which the energy of the collimated laser has been reduced to 37 % of 
the incident energy. This depth is related to the absorption coefficient 
(μa) as:

δ(λ)= 1/ μa (λ) (2)

Laser pulse durations, which are shorter than τa are able to 

Figure 3: Major laser ablation processes with several mechanisms which occurring during each process [24].
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introduce mechanical energy within the optically affected zone in the 
form of, stress waves. The afore mentioned condition is referred to as 
the stress confinement, and is determined by the following criteria 
[25].

τp<τa (3)

The differentiation between plasma-induced ablation and photo-
disruption is emphasized and properly substantiated.

Nanosecond laser ablation: The ablation in the nanosecond 
region is completely dominated by hydrodynamics, where the plasma 
plays a significant role in nanosecond ablation. Beginning with the 
laser material surface interaction, a low-density plasma corona would 
form in front of the target surface. With the plasma is formed, the 
laser beam interacts with the plasma and it would absorbed in the 
plasma corona at the critical surface. After that, the energy will be 
transferred inside target surface by electronic-thermal conduction 
[26]. The material particles are constantly removed from the target 
or ablation surface, while the plasma is fed by laser beam energy and 
expands in a vacuum. A shock wave would form behind the ablation 
surface and expands inside target material, which is formed because 
of momentum conservation. The shock wave spreading inside target 
material and lead to pressure formation that compressed the material. 
The shock wave front and the ablation front move inside the material 

that cause photo-disruption. The shock is also a very effective factor, 
which produces further ablation of material. However, measuring the 
ablation depth can be difficult because of the rough ablated surface 
[27]. During the photo-disruption, mechanical forces split the 
tissue. Whereas plasma induced, ablation is spatially confined to the 
breakdown region. For pulse durations in the nanosecond range, the 
spatial extent of the mechanical effects has been already of the order 
of millimeters even at the very threshold of breakdown. Shock wave 
and cavitation affects the propagate into adjacent tissue, thus limiting 
the localizability of the interaction zone [26].

Results and Discussion
This section includes a full description of the tooth surface 

qualitative evaluation as the normal histology, and the morphological 
changes of enamel and dentin after Nd:YAG laser treatment. It also 
provides quantitative evaluation of the ablation behaviours using 
the nanosecond pulse duration Nd:YAG laser at wavelength 1064 
nm. Furthermore, it presents the laser effects on enamel and dentin 
surfaces by using different energy densities and number of pulses. 
Results of this article are compared to works of other researchers 
whenever necessary.

Enamel and dentin morphological analysis 
The teeth were sectioned into slices, after that, FESEM images 

were taken for the sliced surface to understand the morphology 
evolution after laser treatment. Results can be seen in (Figure 4 and 
Figure 5). FESEM images show smear layer. It is a layer of micro and 
nano-crystalline, which is formed during cutting process. (Figure 4 
and Figure 5) show nano-crystalline structures of dentin and enamel 
surface respectively following cutting with diamond disk. The smear 
layer might act as an obstacle in the field of vision and imaging. It 
was completely removed by using polishing method. After that, tooth 
histology was observed by optical microscope as seen in (Figure 6 and 
Figure 7). In (Figure 6) we can see the boundary between the enamel 
and the underlying dentin that is called a dental - enamel junction. 
At the light microscopic level, the characteristic arrangement of 
crystals gives rise to rod core and inter-rod substance. In the cross 
section, enamel rods demonstrate a characteristic key hole or fish 
scale pattern as seen in (Figure 6 and Figure 7). These patterns are due 
to the differences in orientation of the enamel crystallites, in the rod 
core, apatite crystals are oriented parallel to the long axis of the rod. 
In inter-rod substance, the crystals have an oblique angulation. The 
rod sheath is due to an increase in space, and as a result an increase 
in water and protein [28]. As shown (Figure 7), we can see dental 
tubules and enamel rods very clearly. The normal enamel surface 

Figure 4: SEM image of dentin surfaces after cut it with diamond disc.

Figure 5: SEM image of enamel surfaces after cut it with diamond disc.

Figure 6: General view of the tooth slice by using an optical microscope.

Figure 7: Optical microscope images for enamel and dentin.
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of sound teeth presents characteristic depressions and enamel rod. 
In (Figure 6 and Figure 7) the surface of the sound dentin shows 
numerous parallel dentin tubules. In addition, the dentinal tubules 
are structures that span the entire thickness of dentin, they radiate 
outward through the dentin from the pulp to the exterior enamel 
border.

Laser ablation characteristics
Ablation thresholds determination: To determine the ablation 

thresholds (J/cm2) of dentin and enamel, a multi-pulse irradiation of 
the samples at a variable laser energy density (J/cm2) was performed. In 
this work, ablation threshold is defined by the appearance of minimal 
intensity of calcium line by using LIBS. The ablation threshold is 
generally defined as the minimum energy that atom needs to escape 
from the material [29]. Dentin and enamel samples were ablated 
with Nd:YAG laser operating at 1064nm, with a 5ns pulse duration, 
and 1Hz repetition rates. When a high power pulse-laser beam is 
incident onto the target, it leads to local heating and evaporation 
of the sample materials. The ablated materials expands and forms 
the plasma plume front in the ambient atmosphere [30]. From this 
point, there is a relationship between the plasma intensity and the 
ablated material. Using higher laser energy lead to obtained highest 
plasma intensity and ablated material. One of the good methods to 
study this relationship is by using LIBS. Using LIBS allows defining 
both the element in the sample and plasma intensity. The intensity 
of a given emission line is proportional to the number density of 
emitters which, in turn, is proportional to the concentration of the 
emitter in the irradiated sample. Therefore, the emission intensity 
is linearly correlated to the concentration of a given species in the 
sample [31]. The integrated peak area of the calcium line at 393.3, 
396.8, 422.6, 442.5, and 445,4nm were plotted for different energy 
densities in (Figure 8). As expected, an increase in emission intensity 
with the increased incident energy density. We noticed that ablation 
thresholds for enamel and dentin were close to plasma formation 
thresholds. The line spectrum of calcium appears clearly at an energy 
density of 3.5J/cm2 for both enamel and dentin. The relationship 
between integrated peak areas of calcium line and energy density 
were examined by a curve fitting analysis of the experimental data 
for enamel and dentin. The best curve fitting for enamel results was 
exponential fit; while the best curve fitting for dentin results was the 
linear fit for all calcium lines. After selecting the best equation from 
curve fitting, the interrupt points with X-axis were determined for 
all curves. The ablation thresholds of Nd:YAG lasers in enamel and 

dentin were found to be 1.37, and 0.6 J/cm2, respectively as reported 
by authors somewhere else [32]. Enamel has a higher threshold than 
those of dentin. This may be imputed to the following reasons: Enamel 
is composed by volume of 85% mineral 12% water, and 3% organic 
proteins. Dentin is composed by volume of 47% mineral, 33% protein 
mostly collagen, and 20% water. Dentin has a higher water content 
and less mineral density than enamel [33,34]. Using a high energy 
density to ablated dentin must be excluded since dentin contains 
organic materials and nerves that make it very sensitive as getting 
near to the pulp [28]. Moreover, tooth dentin has abundant dentinal 
tubules that make it as porous as sponge. In addition, the tubules 
provide the tissue with elasticity and relatively low hardness that 
would then result in the dentin’s lower ablation threshold with lasers. 
Interestingly the ablation threshold values of this reported work were 
found to be lower than given in previously published work (Figure 
9) and this is attributed to using shorter pulse duration [35]. Laser 
ablation characteristics depend on both the physical properties of the 
target material and the parameters of the laser radiation. Normally, 
the object under study is pre-determined and the main problem 
lies in the selection of the laser parameters for the effective ablation 
(wavelength, intensity, pulse duration, and pulse repetition rate) [35].

Figure 8: Enamel and dentin LIBS spectrums.

Figure 9: Dentin and enamel ablation threshold Literary survey [12,73,78,82-
89].
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Enamel and dentin morphological changes
Morphological changes were studied, for both enamel and dentin 

after laser irradiation by using two techniques; the optical microscope 
to give a general view of the craters and the FESEM to study the 
microscopic changes in enamel and dentin surface.

Optical microscope results: Using an optical microscope allows 
getting a general view of ablation surface and cracks. The general 
view of craters in dentin that were obtained using energy densities 
of 17.08, 11.18, and 5.6 J/cm2 and 300 pulses for each crater is shown 
in (Figure 10). The surrounding area showed very clear melting with 
some cracks. With increasing energy density, the melting and cracks 
were increasing. The crater depth also increases by increasing the 
energy density. Unlike dentin, enamel has not been affected by laser 
irradiation, though, same energy densities that were used for dentin 
(17.08, 11.18, and 5.6 J/cm2) and the same number of shot (300 shots) 
as shown in (Figure 11). In enamel, melting at the edge of crater and 
a non-uniform surface of ablation has been observed. The crater’s 
depth was found to increase with the increase of energy density and 

the ablation surface was uniform. By comparing enamel crater to 
dentin crater, it was noticed that dentin has deepest crater even when 
using the same experimental setup.

Dentin SEM results: By using fixed number of (300shots), and 
by using different energy densities ranging from 17.08, 11.18, to 
5.6 J/cm2, the results of (Figure 12) were obtained. All samples that 
were irradiated with Nd:YAG laser show significant morphological 
changes. Samples that were exposed to a high number of shorts or a 
higher energy density showed the strongest morphological changes. 
Laser number of shots and energy density are the main factors 
responsible for producing significant morphological changes in 
dentin surface. SEM results for all samples showed that there is a total 
elimination of smear layer, and there are some of open dentin tubules, 
but in all sample surfaces, clear traces of melting and re-crystallization 
that appears in the form of small debris and bubble can be seen. 
Using Nd:YAG laser with high energy density, at higher number 
of shots have led to both greater damage and more undesirable 
morphological changes. Interestingly this finding is in agreement 
with the findings of Moriyama et al [36]. By increasing the energy 
density, the results showed formation of well-defined crater edges 
with the existence of margins, debris and bubbles. The later result is in 
total agreement with the findings of Watanabe et al [37]. Lin et al. also 
observed cavities appearance [36]. Moreover, Lin et al also observed 
the globules (bubble) and debris formation inside the craters. They 
also observed the formation of fissures and melting traces not only 
inside the craters but also outside the craters. Increasing the energy 
density and the number of shots will lead to forming a deeper crater 
with fissures and melting surface [36]. Despite the fact that dentin 
has a low absorption coefficient in near infrared region, Nd:YAG 
laser (which emit light in the near infrared at 1064 nm) was able to 
damage dentin and forms craters in dentin surface. SEM results show 
a clear melting impact caused by local temperature rising during the 
photo-thermal interaction. Dentin tissue molecules absorb photons 
leading to the generating of heat that spreads in tissue. The absorbed 
energy depends on the molecule structure, wavelength, and energy 
densities. Since the tissue needs some time for the heat to propagate 
it, the ablation process depends on the tissue absorption coefficient 

Figure 10: Optical microscope images of the crater in dentin by using energy 
densities of 17.08, 11.18, and 5.6 J/cm2.

Figure 11: Optical microscope images of the crater in enamel by using 
energy densities of 17.08, 11.18, and 5.6J/cm2.

Figure 12: Dentin surface after  irradiated with laser energy densities of 
17.08,11.18, and 5.6 J/cm2.
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and the pulse duration. So, when pulse duration is approximately 
shorter than 100 ns, the ablation process begin at the end of the pulse 
and can continue for many hundreds of microseconds after the laser 
pulse finishes [36].

Enamel SEM result: Enamel surface was irradiated with five 
nanosecond Nd:YAG laser irradiation using energy densities of 
17.08,11.18, and 5.6 J/cm2. The FESEM image is shown in (Figure 13). 
Even with using a higher energy density than that used for dentin 
and the same number of shots, enamel does not show a deep crater 
like dentin. It is also difficult to obtain a homogeneous shape of 
the crater in enamel using low energies densities, so higher energy 
densities were used throughout the work of this article. This is due 
to the different composition between enamel and dentin owing to 
the fact that enamel tissue is more calcified than dentin. Enamel, was 
observed to be much harder than dentin, which is due to its different 
compositions. Interestingly, laser treatment produced a remarkable 
change of enamel rods. It altered their original shape size and 
arrangement. Thus, enamel rods took variable shapes; they became 
larger and acquired irregular arrangements. The melting and the 
following solidification process of the enamel produced a morphology 
characterized by columns and separated by voids. Samples, which 
were exposed to a high number of shots or a higher energy density, 
showed the strongest morphological changes. FESEM results showed 
a total elimination of smear layer exactly as dentin result. When 
using lower energy densities, it was possible to see the enamel rods. 
However, enamel rods completely disappear when using medium to 

Figuer 13: Enamel  surface after being irradiated with laser energy densities 
of 17.08,11.18, and 5.6 J/cm2.

high energy densities. By then, only molten surface were observable. 
The later results were in agreement with the findings of Rode et al 
[36]. The reason of the fissures appearance on enamel surface more 
than in dentin is due to sudden and fast changes in temperature, it 
causes damage in the enamel tight structure. Unlike dentin that 
contains pores which lead to the distribution of heat, enamel could 
not distribute the heat because it has unique structure which is 
completely different from dentin. To achieve greater ablation depth 
with minimal surface morphological alterations, energy density must 
not exceed 11.18 J/cm2 [38].

Spectroscopy analysis
In order to Study the chemical change, herein, two spectroscopic 

techniques were considered, EDS quantitative analysis, which give 
the changes in elements atomic percentage after laser irradiation, 
and IR spectrum. Micro Raman Spectroscopy analysis was used to 
determine the changes in bonds between atoms.

EDS result: In dentistry, it is very difficult to conduct true 
quantitative analysis. This is partly because of irradiated teeth samples 
being not flat. The second reason is that there is no standard reference 
for all types of samples like metallic, biological, etc. For these cases, 
usually the peaks in sample spectrum are compared with the peak 
of the pure element. However a semi-quantitative analysis can be 
conducted, if the following factors are taken into account: The SEM 
and EDS setup parameters such as applied voltage, magnification, 
spot size, etc. that must be fixed through experience. Since this work 
deals with a hydroxyapatite compound, which contains low atomic 
numbers elements, such as calcium-Ca, phosphorus-P, carbon-C 
and oxygen-O, long spectrum acquisition time was used in order 
to obtain a good signal to noise ratio with well-defined peaks and 
high number of counts. Even with these precautionary measures, 
the relative error in the calculations of approximately 10% or more 
if the concentration of certain elements is less than 5%must be taken 
into consideration [39]. Herne the focus is on increasing the carbon 
atomic percentage; because the excessive increase in carbon, atomic 
percentage may indicate the burning. Moreover, the changes in 
calcium and phosphorus atomic percentage were studied. Murray 
reported the Ca/P ratio in weight percentage for human teeth varied 
from 1.6 to 2.15 [40]. The percentage of calcium and phosphorus 
after laser irradiation are very important because it is affecting the 
Ca/P ratio. This ratio did not show a decrease after Nd:YAG laser 
irradiation as shown in (Figure 14). However, the increment of Ca/P 
ratio can improve the properties of tooth specifically enamel. The 
obtained results from the EDS semi quantitative analysis showed 
significant increase in Ca/P ratio for all irradiated dentin and enamel 
samples, especially at higher energy densities. With increased energy 
density, dentin showed a steady increase in the Ca/P ratio. As is 
evident from the Table 2, the atomic % of Ca and P both decrease 
compared to the non-irradiated sample, however the depletion of P 
is faster than Ca (as seen clearly in Figure 14) and therefore the ratio 
Ca/P increases. The increase in the case of dentin is gradual, whereas 
it increases initially to a high value and then shows a decrease and 
then gradual increase. The laser irradiation produces heat which 
results in evaporation of Ca and P, but since the vapor pressure of P 
is more than that of Ca, it depletes faster. The results obtained need 
more investigations to verify this hypothesis.Figure 14: Enamel and dentin Atomic% Ca / P ratio.
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Micro Raman spectroscopy result: The most accurate method to 
study the impact of laser on materials molecules is the micro-Raman 
spectroscopy. It is a method that allows having information on the 
organic and inorganic materials of the tooth [41]. An IR spectrum 
consists of two major regions, the first region is above Raman shift 
of 1500cm-1, there are absorption bands that can be assigned to 
individual functional groups, whereas, the second region below 
1500cm-1 contains many bands and characterizes the molecule as 
a whole. The bands within the fingerprint region, which arise from 
functional groups [41]. Raman spectra of sound and lased enamel 
surface are shown in (Figure 15). It is clear, there are very strong peaks 
at 960cm-1, which belong to stretching vibration modes of phosphate 
included in the inorganic mineral crystalline hydroxyapatite, 
Ca10(PO4)6(OH)2. Normally phosphate peaks appear at Raman shift 
of 432, 585, 960, and 1044 cm-1 [41]. Peaks above 1500cm-1 are due 
to the vibration modes of organic components of NH (amide III), 
CH3–CH2 (amide I) groups. Organic peaks which are found at Raman 
shift of 1250, 1459 and 1663 cm-1can only be found in dentin [42]. 
As notices from (Figure 15 and Figure 16), the background of micro 
Raman spectra was higher in the irradiated dentin and enamel than in 
sound enamel and dentin. Moreover, the background in the spectra 
was increasing with energy density increment for both enamel and 
dentin. The background, mostly contributed by fluorescence, which 

Energy density- (J/cm2) C% O% P% Ca%

Enamel

non irradiated 19.46 56.10 10.07 13.66

5.6 48.92 40.83 3.02 6.96

11.18 34.05 49.87 6.04 9.46

17.08 55.88 31.56 4.45 7.75

Dentin

non irradiated 19.89 61.91 7.71 9.73

5.6 45.16 46.32 3.43 4.39

11.18 51.24 38.04 4.04 5.36

17.08 56.33 35.96 3.03 4.26

Table 2: Elements atomic % before and after laser treatment.

Figure 15: Raman spectra of sound and lased enamel surface.

Figure 16: Raman spectra of sound and lased dentin surface.

is lower as the binding is tighter. Therefore, the high background in 
the laser-irradiated surface suggests a breakage of the cross-linking 
in the structure [43]. The fluorescent intensity is usually much higher 
than the weak Raman signal in biological samples. Often there are 
two methodologies which have been used to detect weak Raman 
signals from biomaterials; surface-enhanced Raman scattering, and 
fluorescence background subtraction which is known as baseline 
correction [44]. In this reported work, baseline correction to reduce 
fluorescence background was used specifically in enamel sample at 
which a very clear fluorescence background in the region between 
2600 to 3200cm-1 can be seen. However, it was not possible to remove 
it even after using this method, which was more effective in dentin 
sample. Phosphate peak position and peak-integrated areas are 
shown in (Table 3).

From (Table 3) we notice that the peak position of ν1 phosphate 
of all samples has a slight shift to the left, or to lower energy density, 
which means that binding becomes weaker. Dentin and enamel 
organic peak in Raman spectra for sound and lased dentin surface 
are shown in (Figure 17). In (Figure 17) there is a strong peak at 2940 
cm-1 with one small shoulder at 2840 cm-1 which were identified in 
previous studies, generally assigned to stretching vibrations of C–H 
functional groups [45,46], and return to the CH2 stretching vibration. 
This peak is mainly composed of three broad bands, centered at 
2880, 2939 and 2985cm-1 respectively. Peaks at 2939 cm-1 and at 2985 
cm-1 can be attributed to CH2 stretching vibrations in symmetric 
and asymmetric mode, respectively [42]. Following laser irradiation 
at energy density 5.6 J/cm2, the organic materials peak intensity of 
2940 cm-1, C–H band decreased and became broader. The organic 
materials peak disappears completely when using energy density of 
11.2 and 17.08 J/cm2. The collagen peaks disappeared after Nd:YAG 

Sample
Energy 
density
(J/cm2)

Phosphate Peak position 
(cm-1)

Integrated areas of 
peak

Dentin

Sound dentin 963.4 6978.4

5.6 959.5 1992.5

11.2 958.5 753.2

17.08 958 730.3

Enamel

Sound enamel 963.4 7316.5

5.6 962.4 5250

11.2 959.6 2591.5

17.08 958.6 4024.5

Table 3: Phosphate Peak position and peak integrated areas.

Figure 17: Dentin and enamel organic peak in Raman spectra for sound and 
lased dentin surface.
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laser irradiation on the dentin surfaces. This finding suggests that by 
increasing the laser energy, the more collagen binding was destroyed 
[43]. The most safe laser energy density to use was 5.6J/cm2; it made 
the binding weaker, but still did not destroy the binding as was 
happening when energy densities of 11.2 and 17.08 J/cm2 were used. 
It was observed those using laser energy densities of 11.2 and 17.08 J/
cm2 were not suitable to treat dentin because they have destroyed the 
organic material. This is due to the fact that dentin contains a high 
percentage of organic material primarily collagen [28]. Enamel is very 
different from dentin, the organic matrix peak intensity increases with 
increasing energy density. Specifically at 2840 cm-1, laser treatment 
may cause thermal decomposition of the carbonated enamel apatite 
and the organic matters, which, despite being a minor composition, 
may play a significant role in inhibiting enamel diffusion and 
dissolution, and thus prevent enamel demineralization [45].

Conclusion
Results of this work concluded that dentin revealed lower 

ablation threshold than the ablation threshold for enamel. The crater 
depth measurements show that crater depth per pulse obtained by 
Nd:YAG laser in dental enamel and dentin are in the μm region. The 
measured ablation depth is enhanced by using number of consecutive 
pulses. Moreover, the morphology of processed cavities in dentin 
and enamel inspection showed superior tissue quality. Interestingly, 
we concluded that an appropriate set of laser parameters have led 
to surfaces with no evidence of melting, carbonization or micro-
cracks. The surrounded ablated region of enamel and dentin showed 
thermal damage. Micro Raman spectra were effective in hard tissue 
ablation studies. Spectra showed that identified band at 960cm-1 (in 
both enamel and dentin) corresponding to the vibration modes of 
PO4. The PO4 band shifted towards the left with increased energy 
density for both enamel and dentin. This demonstrates that the band 
became weaker with increasing energy density. However, comparing 
between dentin and enamel PO4 band at same laser parameters, 
dentin PO4 band was more damaged in comparison with PO4 band 
in enamel. Interestingly, the EDS quantitative analysis showed 
significant increase in the atomic percentage of carbon in tandem 
with an increase in laser energy density for enamel and dentin. This 
is attributed to thermal damage resulting from ablation. Unpresented 
EDS quantitative analysis showed increased in Ca/P ratio by 
increasing the laser energy density for enamel and dentin.
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