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Introduction
Lasers are versatile tools for dental hard tissue 
applications, where they are employed for caries 
prevention and removal, scaling, aesthetic procedures, 
bleaching, restorative removal, management of dentin 
hypersensitivity, etching, growth modulation, enamel 
demineralization, and diagnosis.1-7

Currently, the most commonly used lasers for hard tissue 
are from the Er: YAG family, which operate in the mid-
infrared wavelength range, and pulsed CO2 lasers, which 
have limited use.8-13 Transversely excited atmospheric-
pressure (TEA) CO2 lasers have demonstrated superior 
efficiency, performance, and cost-effectiveness.14–16  

Additionally, high-repetition-rate TEA-CO2 lasers can 
rapidly ablate hard tissues.17–19 Under typical operating 
conditions, the emission pulses of TEA-CO₂ lasers exhibit 

a characteristic temporal structure consisting of two 
distinct phases: an initial high-energy spike at a duration 
of 100–200 ns, followed by a lower-intensity tail extending 
for microseconds.

In early research, CO2 lasers were primarily used at a 
wavelength of 10.6 µm in continuous-wave (CW) mode, 
which limited their clinical adoption due to thermal tissue 
damage and undesirable structural changes, including 
extensive cracking, scaling, char formation, melting, and 
recrystallization in enamel, dentin, and bone.20–26

Subsequently, to control adverse thermal effects on 
the pulp and prevent heat transfer to adjacent tissues, 
researchers investigated the potential of CO2 laser-based 
systems operating at discrete wavelengths within the 9–11 
µm range.27–32 Laboratory studies have demonstrated 
that optimal adjustment of laser parameters to target 
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Abstract
Introduction: This study evaluated morphological and structural changes in extracted human 
dentin following irradiation with a pulsed tunable TEA-CO2 laser (9–11 μm) using scanning 
electron microscopy (SEM). The ablation rate was quantitatively determined at different 
wavelengths and pulse numbers while assessing preservation of dentinal tubules.
Methods: Nearly flat dentin specimens were irradiated at four wavelengths (9.3, 9.6, 10.3, and 
10.6 μm) with a constant energy density of 7.36 J/cm², pulse width of 200 ns, and repetition rate 
of 1 Hz. Samples were grouped by cooling method (air or water) and exposed to 1, 5, 10, 20, 
or 30 pulses. Surface morphology was examined by optical microscopy and SEM. Single-pulse 
ablation depth and ablation rate (μm/pulse) were measured using a profilometer under sub-
threshold thermal damage conditions. Dentinal tubule occlusion after single-shot irradiation was 
compared with untreated dentin controls.
Results: Air-cooled samples exhibited thermal damage, including carbonization and cracking. 
SEM analysis showed that water cooling led to greater thermal damage at high pulse numbers, 
particularly at wavelengths near 9 μm, corresponding to strong hydroxyapatite absorption and 
a lower ablation threshold. Up to 10 pulses, no cracks or peripheral thermal damage were 
observed at any wavelength. For single-pulse irradiation, the greatest ablation depth occurred at 
10.3 μm with complete tubule occlusion, followed by 9.6 μm. At five pulses, maximum ablation 
depth was again observed at 10.3 μm (complete occlusion) and 9.3 μm (partial occlusion).
Conclusion: These findings indicate that appropriate selection of wavelength, pulse number, 
and cooling method enables controlled dentin removal using a pulsed TEA-CO2 laser without 
peripheral tissue damage. Wavelength-dependent absorption and cooling conditions are critical 
for optimizing ablation efficiency while preserving dentinal tubule integrity.
Keywords: Tunable TEA-CO2 laser, Human dentin ablation, Air-water-cooling, Thermal damage, 
Morphological study
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tissue characteristics and the use of Q-switched (QSW) 
CO2 lasers with pulse widths approximating the thermal 
relaxation time (TRT) of the tissue significantly improve 
laser ablation performance while minimizing thermal 
damage.33

The TRT in enamel and dentin varies with tissue type 
and specific wavelength. When the laser pulse width is 
shorter than the TRT, both the volume and efficiency 
of tissue ablation per pulse decrease due to plasma 
shielding.34 Conversely, longer laser pulses are likely to 
create larger areas of peripheral thermal and mechanical 
damage.35–37 Such peripheral thermal damage can result 
in cracking, thermal stress, accumulation of non-apatitic 
calcium phosphate (CaP) phases on the surface, and 
excessive collagen matrix degradation.38

Several studies have demonstrated that pulsed CO2 
lasers with pulse widths up to 100 μs can effectively 
remove dental hard tissues with minimal heat deposition 
within the tooth structure.39,40 Recent surveys using CO2 
laser pulses with radiofrequency (RF) excitation and pulse 
durations of less than one millisecond have shown effective 
removal of dental hard tissues.41 Employing water cooling 
(an appropriate cooling method) can also enhance the 
thermal management during laser procedures.

Hard-tissue ablation processes using TEA-CO2 
lasers generally involve photothermal mechanisms, 
ranging from precise photoablation to thermal ablation. 
The ablation threshold depends on the incident light 
wavelength and the absorption coefficient of the target 
tissue. Higher absorption coefficients result in greater 
laser energy absorption at the tissue surface, leading to 
more efficient ablation with reduced penetration depth.

In general, among the different CO2 laser wavelengths, 
dentin exhibits the highest absorption coefficients at 9.3 
µm and 9.6 µm due to the strong absorption by the mineral 
component hydroxyapatite (HAP). These wavelengths 
are particularly suitable for controlled ablation of dental 
hard tissues.42 The focused beams of these laser lines 
create cavities with high depth-to-width ratios, enabling 
precise tissue removal.43

Surface morphology of enamel and dentin is typically 
studied using near-infrared real-time imaging, SEM, 
and confocal laser scanning microscopy (CLSM).44–53 

The significant differences in surface modifications on 
dental hard tissues produced by different lasers are due 
to variations in their absorption coefficients in the target 
tissue.54–56

In this study, the effect of laser wavelength, pulse 
number, and cooling method on laser dentin ablation 
was investigated using optical imaging and SEM analysis. 
Throughout all experiments, energy density (fluence), 
pulse repetition rate, and pulse width remained constant. 
Additionally, by controlling heat accumulation during 
laser ablation, dentinal tubule occlusion was evaluated 
and compared under different conditions.

Materials and Methods
Experimental Setup
Here, a TEA-CO2 laser operating in the wavelength range 
of 9-11 µm was used for vertical sample irradiation. This 
tunable laser generates an initial high-energy spike with a 
duration of 200 ns at the beginning of each, followed by a 
longer tail lasting approximately 4 μs, which corresponds 
to the TRT of dentin. The laser output beam, operating at 
the minimum available device energy of 1 J, was directed 
through a beam conditioning system consisting of a 
5 × 5 cm2 square plexiglas plate with a central two mm-
diameter circular aperture. The transmitted beam was 
then collimated using a flat mirror and a copper concave 
mirror (f = 6 cm), and then focused onto the target sample 
using a 10 cm focal-length lens. Sample positioning was 
maintained using a metal holder base. The schematic 
illustration for CO2 laser ablation is shown in Figure 1.

As mentioned, the tunable TEA-CO₂ laser (Model 840, 
wavelength range 9-11 μm, pulse width 200 ns, maximum 
energy 5 J, average power 50 W at 10 Hz, peak power 
50 MW) was used for laser irradiation. Wavelength 
calibration was performed using a CO2 spectrum analyzer 
(Model 16A, Macken Instruments Inc., Santa Rosa, CA, 
USA). Laser energy was measured with a digital joule 
meter (Lambda Physik). Surface morphological changes 
were analyzed using SEM (Model T330A, JEOL Ltd., 
Tokyo, Japan). Optical microscopy was used for initial 
surface examination, and ablation depth measurements 
were performed using a profilometer.

Sample Preparation
Caries-free extracted human molars were collected from 
a dental clinic following informed patient consent. To 
achieve smooth, uniform surfaces, the samples were 
sectioned longitudinally using a precision diamond blade 
with computer numerical control (CNC) cutting, as 
shown in Figure 2. After surface preparation by sanding, 
the samples were mounted in orthodontic acrylic blocks 
for enhanced stability and control of positioning. To 
prevent bacterial growth, the samples were disinfected 
with a 0.1% thymol solution and subsequently stored in 
distilled water to maintain tissue hydration throughout 
the experimental period. To facilitate identification of 
the ablation zone during laser irradiation and to clearly 

Figure 1. Schematic illustration for irradiating a dental sample including 
arrays of (1) pulsed TEA-CO2 tunable laser, (2) plexiglass plate with 
aperture, (3) flat mirror, (4) copper concave mirror, (5) lens, and (6) metal 
base holding the sample
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distinguish dentin from enamel regions, sample surfaces 
were marked with a red permanent marker. Given that 
the absorption of different wavelengths of the CO2 laser 
is only in water and hydroxyapatite (not in melanin and 
hemoglobin), this work does not have a significant effect 
on the ablation results of the laser-tissue interaction.

Experimental Procedure
First, eight dentin samples were irradiated with a pulsed 
tunable TEA-CO2 laser, pumped by a high-voltage electric 
discharge, at 9.3 μm, 9.6 μm, 10.3 μm, and 10.6 μm in 
the vertical irradiation mode. Wavelength accuracy was 
ensured using the back grating of the laser in conjunction 
with spectrometer calibration for enhanced reliability.

To examine the effect of cooling methods, the samples 
were divided into two groups: four samples tested with 
water spray cooling and the others tested with ambient air 
cooling. This approach allowed the evaluation of optimal 
cooling effects on interaction efficiency, temperature 
reduction, and minimization of thermal damage, 
including compositional and structural changes due to 
tissue dehydration.

The proper selection of irradiation parameters is highly 
effective for achieving the desired tissue ablation while 
minimizing thermal damage from energy accumulation. 
The minimum laser energy delivered to the target site was 

approximately 28 mJ per pulse. After passing through 
the optical system, the beam had a spot diameter of 0.7 
mm and a cross-sectional area of 3.8 × 10-5 cm2. The laser 
fluence was maintained constant at 7.36 J/cm2 across all 
four wavelengths, within the ablation threshold energy 
density range. Each dentin sample was irradiated with 
1, 5, 10, 20, and 30 pulses at a repetition rate of 1 Hz. 
The experiment variables throughout all stages were 
wavelength, pulse number, and cooling method (air 
versus water).

Results
The experimental analysis was conducted in three phases. 
First, optical microscope images were examined to assess 
surface changes, followed by a detailed morphological 
evaluation using SEM spectroscopy. In the second phase, 
laser ablation depths were compared across different 
wavelengths. Finally, the effect of the laser pulse number 
on dentinal tubule occlusion was evaluated.

Optical Microscopic and SEM Investigations
Figure 3 demonstrates the effects of irradiation on stained 
dentin samples under ambient air cooling compared 
to water spray cooling at each tested wavelength. The 
numbers indicated in the figure represent the number of 
pulses applied at each ablation site. Optical microscopy 
images at low magnification reveal melting and 
carbonization of healthy dentin samples when ablated 
under ambient air cooling conditions. The results showed 
that airflow cooling was insufficient for the high power 
density of this laser. In contrast, when water spray cooling 
was employed, thermal damage was observed only at 
higher pulse counts, which depended on the wavelength 
of the incident beam.

Due to the significant thermal damage (melting and 
carbonization) observed in all air-cooled samples, the 
subsequent morphological analysis was conducted 
exclusively on water-cooled specimens.

Figure 2. (a) Tooth specimen prepared to access dentin and (b) marking of 
the dentin area with a red marker

Figure 3. Optical microscopy images of laser processed dentin at wavelengths of 9.3 μm, 9.6 μm, 10.3 μm and 10.6 μm with different pulse numbers, with 
(a) ambient air cooling and (b) water spray (the numbers on the figure are the number of pulses applied at each point and the dentin surface of the samples is 
colored with a marker).
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SEM images of dentin samples exposed at 9.3 μm with 
different pulse counts are shown in Figure 4. According to 
the figure, satisfactory ablation was achieved in dentin up 
to 10 pulses, but after that, the dentin cracked. Therefore, 
due to the high absorption of HAP at 9.3 μm, acceptable 
ablation without destructive thermal effects occurred at 
lower pulse counts.

In the following experiments, the laser was set to a 
wavelength of 9.6 μm and an energy density of 7.36 J/cm2. 
In Figure 5, SEM images of irradiated dentin with water 
spray show that the ablation obtained with 1, 10, and 20 
laser pulses is desirable, but at 30 pulses, cracking due to 
increased temperature and heat accumulation is observed.

For this experimental series, laser exposure was performed 
at a 10.3 μm wavelength with an energy density of 7.36 J/cm2 
under water-spray cooling conditions. As demonstrated in 
Figure 6, dentin ablation proceeded effectively up to 20 
pulses without significant thermal damage.

Then, irradiation at a 10.6 μm wavelength was performed 
under water spray cooling conditions. The ablated dentin 
shown in Figure 7 displays acceptable tissue removal 
without thermal damage, even at 30 pulses. It represents 
a significant improvement over previous experiments at 
other wavelengths, where effective dentin ablation under 
water spray cooling was limited to a maximum of 20 
pulses before thermal effects became apparent.

The saturation of the ablation efficiency at higher pulse 
counts for other wavelengths can be attributed to plasma 
shielding formation. To prevent plasma formation 
that limits the ablation rate per pulse, either the energy 
fraction in the initial spike must be significantly reduced, 
or the pulse width must be shorter than TRT.

Assessment of the Ablation Depth
Figure 8 demonstrates the profound impact of the 
cooling method on dentin ablation patterns, as shown by 

Figure 4. SEM images of dentin irradiated at a wavelength of 9.3 μm with different pulse numbers and water spray cooling, (a) overall view of exposed dentin, 
(b) single-pulse, (c) 10-pulse, and (d) 20-pulse

Figure 5. SEM images of dentin exposed at a wavelength of 9.6 μm with different pulse numbers and water spray cooling, (a) single-pulse, (b) 10-pulse, (c) 
20-pulse, (d) 30-pulse

Figure 6. SEM images of dentin irradiated at a wavelength of 10.3 μm with different pulse numbers and water spray cooling, (a) single-pulse, (b) 10-pulse, (c) 
20-pulse, (d) 30-pulse
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profilometer measurements across different wavelengths 
and pulse numbers. Under air-cooling conditions, single-
pulse irradiation (panel a) produced minimal surface 
modification with slight positive depth values, indicating 
limited material removal and some surface buildup. 
However, the 5-pulse air-cooled treatment (panel b) 
resulted in dramatic positive depth measurements up to 
150 μm, particularly at 10.6 μm, demonstrating extensive 
material accumulation and surface elevation rather than 
controlled ablation. Material accumulation refers to the 

redeposition and buildup of ablated debris on the dentin 
surface under air-cooling conditions.

In stark contrast, water-cooling conditions enabled 
accurate tissue removal, as evidenced by negative depth 
values throughout both single-pulse (panel c) and 5-pulse 
(panel d) treatments. Single-pulse water-cooled ablation 
achieved controlled crater formation, with maximum 
depths of approximately 22 μm at a 10.3 μm wavelength, 
which increased to 87 μm in 5-pulse ablation. Moreover, 
5-pulse treatment significantly increased ablation depth 

Figure 7. SEM images of dentin irradiated at a wavelength of 10.6 μm with different pulse numbers and water spray cooling, (a) single-pulse, (b) 10-pulse, (c) 
20-pulse, (d) 30-pulse

Figure 8. Pattern of ablation depth measured by a profilometer on dentin with ambient air-cooling for (a) single-pulse treatments and (b) 5-pulse, as well as 
water-cooling for (c) single-pulse and (d) 5-pulse at different wavelengths of the CO2 laser
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to 72 μm at a 9.3 μm wavelength.
Here, negative depth values indicate measurements 

below the original surface baseline, indicating crater 
formation where material has been removed by ablation. 
Conversely, positive depth values indicate surface 
elevation above the baseline due to material accumulation. 
The profilometer measures vertical displacement relative 
to the untreated surface, with negative values representing 
successful material removal.

The ablation depth of dentin samples in which water 
was also sprayed onto the test sample during irradiation 
for single-pulse and 5-pulse lasers at different wavelengths 
is indicated in Figure 9. The lowest depth of ablation was 
obtained at a wavelength of 9.3 μm for a single-pulse 
laser and at a wavelength of 10.6 μm for a 5-pulse laser, 
while the ablation depth for both cases was maximum at a 
constant wavelength of 10.3 μm. Furthermore, the depth 
of ablation increased with increasing the number of laser 
pulses.

In addition, the results for dentin ablation depths 
at different CO2 laser wavelengths are summarized in 
Table 1. By carefully examining the results, the highest 
ablation depth in both cases was achieved at 10.3 μm, with 
an ablation rate of 17.4 μm/pulse.

Evaluation of Dentinal Tubules
Maintaining dentinal tubule patency after laser exposure 

is crucial for dentin regeneration and for the transmission 
of sensory signals to the pulp, supporting tooth vitality. 
SEM analysis of irradiated samples reveals wavelength-
dependent effects on tubule occlusion patterns. At 
wavelengths of 9.3 μm and 10.6 μm, dentinal tubules 
exhibit minimal occlusion and remain largely patent 
compared to untreated natural dentin. However, 
irradiation at 10.3 μm wavelengths results in significant 
tubule occlusion, potentially compromising dentin 
permeability and biological function. The morphological 
characteristics of natural dentinal tubules and the effects 
of laser irradiation at different wavelengths are illustrated 
in Figure 10, demonstrating the wavelength-specific 
impact on tubule integrity and patency following laser 
ablation.

Discussion
As established in previous studies, dentin exhibits 
maximum absorption coefficients at 9.3 µm and 9.6 µm 
wavelengths due to strong absorption by HAP mineral 
(10,43). Therefore, with constant energy density (7.36 
J/cm2) and pulse width (200 ns) across all experiments, 
thermal damage effects become apparent at these 
wavelengths even at lower pulse counts. Consequently, 
both the ablation and thermal damage thresholds are 
reduced at these highly absorbed wavelengths.

Moreover, the profilometry results for the estimation 
of ablation depth at different wavelengths prove that 
water cooling is essential for achieving controlled, 
predictable tissue removal, while air cooling results in 
uncontrolled surface modification characterized by 

Figure 9. Depth of ablation at different wavelengths of CO2 laser for one 
pulse and five pulses on dentin with water spray cooling

Table 1. Summary of the ablation depths at different wavelengths and pulse 
numbers with water cooling

Wavelength (μm)
ablation depth (μm)

for 1-pulse

ablation depth per pulse 
(μm/pulse)
for 5-pulse

9.3 12.5 14.4

9.6 15.5 13.2

10.3 22 17.4

10.6 14.5 12.6

Figure 10. SEM images of dentinal tubules (a) naturally and after irradiation 
with wavelengths of (b) 9.3 μm, (c) 10.3 μm, and (d) 10.6 μm at a 
magnification of 3 kx

 

 

 

 

 

  
(a) (b) 

  
(c) (d) 

 

 

 



Journal of Lasers in Medical Sciences. 2026;17 7

Dentin surface morphology evaluating using tunable TEA-CO2 laser

material redistribution rather than precise ablation. In 
comparison, although water spray cooling can reduce 
thermal effects, it significantly decreases the ablation 
depth and the ablation rate due to the high absorption 
coefficient of CO2 lasers in water.

It can be seen that the reduction of the ablation rate at 
higher pulse shots is probably due to plasma shielding as 
well as the interaction of the laser with particles detached 
from the tissue.

Conclusion
The appropriate selection of laser parameters, particularly 
wavelength and energy density, is crucial for effective 
laser-tissue interaction in dental applications. Insufficient 
energy doses fail to produce adequate ablation, while 
excessively high doses risk thermal damage to surrounding 
tissues and potential pulp injury. Additionally, high pulse 
counts may lead to plasma shielding, which can limit 
ablation efficiency.

This study optimized TEA-CO₂ laser parameters for 
dentin ablation using a constant energy density of 7.36 J/
cm² and a 200 ns initial pulse spike, across wavelengths 
from 9.3 to 10.6 μm at a 1 Hz repetition rate. Profilometry 
and microscopic analysis revealed that the cooling 
method fundamentally determines ablation quality. Air 
cooling led to material accumulation and surface buildup 
rather than controlled tissue removal, while water spray 
cooling enabled precise crater formation with actual 
tissue ablation.

Wavelength-dependent absorption characteristics 
significantly influenced ablation efficiency. The 9.3 
μm wavelength achieved maximum ablation depth 
due to strong hydroxyapatite (HAP) absorption under 
water cooling. The 10.6 μm wavelength demonstrated 
superior thermal management, maintaining controlled 
ablation even at 30 pulses. Dentinal tubule evaluation 
revealed wavelength-specific effects: 9.3 μm and 10.6 
μm maintained tubule patency, while 10.3 μm caused 
significant tubule occlusion.

The optimal parameters for controlled dentin ablation 
combine a 9.3 μm wavelength with water spray cooling, 
providing maximum ablation efficiency while preserving 
tubule integrity. Although water cooling may reduce 
absolute ablation rates due to thermal dissipation, it enables 
controlled, precise tissue removal, which is essential for 
clinical applications. These findings demonstrate that 
tunable TEA-CO₂ lasers with appropriate cooling systems 
offer significant potential for dental hard-tissue ablation 
when parameters are carefully optimized for the target 
tissue.
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