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Dental hard tissue modification and removal using
sealed transverse excited atmospheric-pressure lasers
operating at A=9.6 and 10.6 um

Daniel Fried Abstract. Pulsed CO, lasers have been shown to be effective for both
Jerome Ragadio removal and modification of dental hard tissue for the treatment of
Maria Akrivou dental caries. In this study, sealed transverse excited atmospheric
John D. B. Featherstone pressure (TEA) laser systems optimally tuned to the highly absorbed
University of California 9.6 um wavelength were investigated for application on dental hard
San Francisco, California 94143-0758 tissue. Conventional TEA lasers produce an initial high energy spike at
Michael W. Murray the beginning of the laser pulse of submicrosecond duration followed

Kevin M. Dickenson by a long tail of about 1-4 ,us..The pulse durat?on is well matched to
Argus Photonics Group the 1-2 us thermal relaxation time of the deposited laser energy at 9.6
Jupiter, Florida 33477 pm and effectively heats the enamel to the temperatures required for
surface modification at absorbed fluences of less than 0.5 J/cm?. Thus,
the heat deposition in the tooth and the corresponding risk of pulpal
necrosis from excessive heat accumulation is minimized. At higher
fluences, the high peak power of the laser pulse rapidly initiates a
plasma that markedly reduces the ablation rate and efficiency, se-
verely limiting applicability for hard tissue ablation. By lengthening
the laser pulse to reduce the energy distributed in the initial high
energy spike, the plasma threshold can be raised sufficiently to in-
crease the ablation rate by an order of magnitude. This results in a
practical and efficient CO, laser system for caries ablation and surface

modification. © 2001 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1344192]
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1. Introduction 10.6 um wavelengths could be used effectively to inhibit

Infrared (IR) lasers are ideally suited for the selective and €namel demineralization. Upon heating to temperatures in ex-
precise removal of carious dental hard tissue while minimiz- €SS 0f 400°C, the mineral decomposes to form a new mineral
ing the loss of healthy tissue and patient discomfotSince phase that has increased resistance to acid dissofufken.
the initial investigations of Stefrover 30 years ago, several cent studies suggest that as a side effect of laser ablation, the
unique laser dental applications have evolved for restorative Walls around the periphery of a cavity preparation will be
dentistry, namely laser ablation of dental hard tissearies transformed through laser heating into a more acid resistant
inhibition treatments by localized surface heafingnd sur-  Phase to have an enhanced resistance to future déday.
face conditioning for bonding. sers can be tightly focused to drill holes for micropreparations
The laser offers several potential advantages over the high-Wwith very high aspect raticdepth/diameter well beyond the
speed drill for the removal of dental hard tissue. The laser capability of the dental drill which is limited by the size of the
procedure is well tolerated and there is reduced or no pain duedental burr(Figure 1. This is of particular importance since
to diminished noise and vibration. Moreover, carious tissue €arly caries lesions are typically localized to the pit and fis-
can be preferentially removed due to the higher volatility of sures of the occlusal surfaces of the posterior dentition and
water and protein that are present in carious tissue at a higherthese fissures are on the order of 200—3@0 wide. There-
ratio than in normal tissue. Lasers can be used to effectively fore, lasers have the potential to substantially reduce the
modify the chemical composition of the remaining mineral amount of tissue that needs to be removed for cavity prepara-
phase of enamel. This is possible because the mineral, hy-tions. An additional advantage of laser cavity preparation is
droxyapatite, found in bone and teeth contains carbonate in-that a smear layer of debris is not produced on the surface of
clusions that makes it highly susceptible to acid dissolution by the prepared cavity. Typically, in conventional cavity prepa-
organic acids generated from bacteria in dental plaque. Feath+ations using a drill, a smear layer is produced that has to be
erstone and NelsSrdemonstrated that transverse excited at- removed prior to sealing or bonding by acid etching. Thus,
mospheric pressur€TEA) CO, lasers operating at the 9.3—  after laser removal, restorative materials can be applied di-
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Fig. 2 Infrared transmission spectrum through KBr pellet with 1%

typical pitand fissure  ablate debris. conservative enamel powder. The molecular groups responsible for absorption are

filled w/debris and carious issue cavity preparation indicated with the relevant laser wavelengths. The wavelength, ab-

sorption coefficient (cm™), absorption depth (1/e), computed thermal

Fig. 1 The laser is well suited for the conservative removal of bacteria relaxation time based on absorption depth, and tissue Fresnel reflec-

and carious enamel from the pits and fissures of the posterior denti- tance (%) are indicated in the respective text boxes (see Refs. 12-14,
tion. (left and center) Laser pulses remove debris and decay (shaded 46).

areas) from fissure with 200-300 um neck. If a water spray is not used
during drilling then the walls have an enhanced resistance to decay

and secondary caries (see Refs. 6 and 7). flectance. The two wavelength regions from 2.7 to 3.0 and 9

to 11 um, offer the greatest potential for removal of hard

tissue(Figure 2. Solid state erbium lasefd=2.94 and 2.79
rectly to the ablated area without the necessity of further sur- um) can be used to ablate enamel due to the strong water and
face preparatioft’ OH™ absorption of apatite. Er:YSGG laser emission is coin-

For several years medical lasers have been approved by thecident with the narrow(OH™) apatite absorption band at

Food and Drug Administration for soft tissue vaporization. A=2.8 um, while Er:YAG emission overlaps the broad water
Only recently, however, have the first lasers been approvedabsorption centered at=3 um. Recently, absorption coeffi-
for hard tissue use in the US; those are the Er:YAG and the cients were measured for enamel at 9.3, 9.6, 10.3, and 10.6
Er:YSGG lasers operating at 2.94 and 2449, respectively. um wavelengths via combined measurements involving direct
The Er:-YAG and Er'YSGG lasers efficiently ablate dental transmission through intact specimens of less thanuf®
hard tissue, however they are expensive and somewhat lim-thickness and time-resolved radiometry measurements in con-
ited in application, since they are not as well suited for caries junction with simulations of heat conductidh.These new
prevention treatments &0, lasers and are not applicable for values forCO, laser wavelengths are almost an order of mag-

soft tissue surgery due to poor hemostasis. A TE®, dental nitude lower than those previously reported based on angular
laser system operating at 96n is inherently much less ex-  resolved reflectance measurements and the Lorentz ribdel.
pensive and more versatile. The absorption coefficient of dental enamel at gu®'? is

TheCO, laser can operate at discrete wavelengths between8000cm ™2, which is approximately ten times higher than for
A=9 and 11um. Those wavelengths correspond to specific the conventionah=10.6 um CO, laser wavelength used in
rotational—vibrational transitions in the ground state of gas medicine today and is markedly higher than for any other
phaseCO, molecules. There are four principal vibrational laser wavelengths throughout the visible and(&§ee Figure
emission bands which are centered\at9.3, 9.6, 10.3, and  2). Near resonance to the phosphate absorption band of car-
10.6 um, each consisting of several discrete rotational lines. bonated hydroxyapatite, the imaginary component of the re-
The CO, laser has the highest gain a&10.6 um, and all fractive index increases markedly and the magnitude of the
commercially available medicalO, lasers lase only at this  Fresnel reflectance exceeds 50% for normal incidence at the
wavelength. TheCO, laser can be adapted to operate at the air/tissue interface. Therefore, the reflectance can be very
other wavelengths by various dispersive and nondispersivehigh, 37% at 9.3um, 49% at 9.6um, and 13% at 10.6
methods. Clinical dental ablation studies using a 2@ um 3 A similar rise in reflectance does not occur in dental
radio-frequency(rf) excitedCO, laser with a pulse duration of  enamel near resonance to the strong absorption band of water
70 us have recently been initiated and are very promidthg.  at 3 um.

Excessive deposition of heat in the tooth may lead to even-  The laser tissue interaction depends on the laser pulse du-
tual loss of pulpal vitality; thus any viable laser-dental proce- ration, in addition to the absorption coefficient. For the sug-
dure has to minimize the accumulation of heat in the tooth. gested indications the optimum pulse duration should be on
The accumulation of heat in the tooth can be minimized by the order of the relaxation time for axial heat conductigrof
using a laser wavelength tuning to the maximum absorption the deposited energy in the tissue surface. This time constant
coefficient of the tissue irradiated and by judicious selection is representative of the length of time required for heat diffu-
of the laser pulse duratidd.In contrast to most other laser sion from the layer of tissue heated by the laser, and depends
wavelengths, scattering is negligible in dental enamel at on both the thermal diffusivity and the absorption coefficient
mid-IR wavelengthg§\=3-12 um) and the energy deposition at the respective laser wavelength. If the diameter of the laser
is determined by the absorption coefficient and the tissue re-beam is much greater than the depth of absorption, radial
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e G R T sible that dentalCO, lasers can be produced with drilling

1001 — rates similar to those of the high speed dental drill, 0.1-1
o0 - mm®/s.X® Ertl and Muler® showed that a TEEO, laser oper-
0.80]- ] ating atA=10.6 um with pulse durations of 13@s could

ablate enamel and dentin with greater efficiency than with 20
©s and 100 ns pulses. The absorption coefficient at 1006
was reported to be 856m™ %, which would place the thermal
relaxation time in dental enamel for this wavelength a0
which is consistent with the above resuftsvielcer® showed

that practical ablation rates are attainable for a Jh6 TEA

CO, laser by extending the pulse duration to approximately
10 us. He measured an increase in the maximum ablation rate
from 1 to 2 um/pulse to over 1Qum/pulse for enamel abla-

Intensity (Arb. Units)

tion.
R Y E—T BT R 7 SR T T R The thermal relaxation time for enamel at a wavelength of
Time (us) 10.6 um is ~70-80us, almost 2 orders of magnitude longer

Fig. 3 The temporal profiles of the two Argus Photonics Group TEA than it is for 9.6um. Therefore, the utilization of laser pglses
lasers employed in this study. The conventional TEA CO, laser pulse on the order of 1Qus at 10.6,4,cm does not offer any obvious
(dotted line) (~2 us) and the long pulsed TEA CO, laser pulse (~8 us) advantage over longer pulses in the 50—_1@0_’&“9.6. In con- .
on modified system (solid line) are shown above. trast, at 9.6um where the thermal relaxation time in enamel is

1-2 us, we believe it is more appropriate to use a 1@

long pulsed TEA laser for hard tissue use.
conduction can be neglected. The thermal diffusion or relax- Forrer et af! found that the ablation efﬁciency of porcine
ation time for axial heat conduction is given by, rib bone was higher and the ablation thresholds markedly
=1/(4xpma”), wherex is the thermal diffusivity angi, is the lower for A=9.3 and 9.6um than for the 10.6um wave-
absorption coefficient of the tisst&This time is the length of  |ength. Ertl and Miller™® reported similar results with enamel.
time required for the temperature of the surface layer of thick- Thus, the ablation efficiency of enamel and dentin should be
ness(1/u,) to drop to approximately half of the initial inten-  higher at\=9.6 um than at the standarth=10.6 um) CO,
sity. For laser pulse durations greater thgn the laser en-  wavelength, resulting in reduced heat deposition in tooth for
ergy is conducted away from the enamel surface into the similar irradiation conditions.
interior of the tooth during the laser pulse, resulting in ineffi- In this paper, we demonstrate that dental enamel can be
cient surface heating and possible pulpal damage. If the pulsethermally modified for caries prevention treatments using 9.6
duration is too short, then the deposited power density may be um TEA laser pulses with a fraction of the energy required at
too high, causing the generation of a plasma in the plume of other laser wavelengths and pulse durations. By stretching the
ablated material. This plasma shields the surface of the tisSUETEA laser pulse to &s in duration enamel and dentin can be
from the tail end of the laser pulse and markedly reduces the efficiently ablated with high single pulse ablation rates.
efficiency of ablation, thereby restricting the maximum
achievable ablation rate. This is what occurs with the conven- .
tional TEA CO, laser with a 0.2—4us pulse duration due to 2 Materials and Methods
the initial gain switched spikéFigure 3. . L.

Early results with theCO, laser for the ablation of dental 2.1 Tissue Irradiation

hard tissue were discouraging because those studies used corFfwo sealed TEA lasers designed and manufactured by Argus
tinuous wave lasers operating rt=10.6 um (Ref. 1) and Photonics Group, Jupiter, FL were used to irradiate the tissue
extensive peripheral thermal and mechanical damage was resamples with fluences of 0.1-10@n? and energies from 0.1
ported. However, recent studies using pul€#d, lasers have  to 80 mJ/pulse. The pulse durations were 2 angs8n length
demonstrated that dental hard tissues can be efficiently ab-(Figure 3 and the repetition rate was fixed at 1 Hz to avoid
lated with minimal heat deposition in the tooth. Koort and heat accumulation effects. The laser pulse temporal profiles
Frentze® demonstrated that a TEEO, laser(A\=10.6 um) shown in Figure 3 were measured at room temperature with a
with pulse durations of 100—-200 ns could be used to ablate HgCdTe detecto(Boston Electronics, Boston, MAThe tem-
dentin without carbonization and necrosis of surrounding tis- poral profiles of Figure 3 were integrated to indicate that 72%
sue and without generating cracks. Lukac efdbund that of the energy is partitioned in the first 600 ns, which is the full
by increasing the pulse duration of a TEXO, laser(A=10.6 width of the gain-switched spike for the unmodified TEA la-
pm) from 0.1 to 1 us the ablation rate increased 200%— ser pulse. In contrast, only 14% of the energy is contained in
300%. Krapchev et & achieved ablation efficiencies of ap- the first 600 ns for the stretched TEA laser pulse. The laser
proximately 0.1 to 0.2nm*J for enamel and dentin, respec- energy was measured and calibrated using laser calorimeters
tively, using a transverse excit€@E) low pressureCO, laser and the laser spot size was measured by both scanning a razor
(A=10.6 um) with a pulse duration of 2Qus. Ablation effi- blade across the beam and by directly imaging the beam with
ciencies exceed those measured for the ErYRG-2.94 a pyroelectric laser beam profilomet&yrocam |, Spirocon
um)8laser on enamel. Since the repetition rateas, lasers The spot profile was single mode and fluences were defined
is not as limited by the physics of the lasing medium as is the using a Gaussian beam withlé&e? beam diameter. The laser
case for the erbium laser solid state lasers systems, it is fea-beam was focused to spot sizes between 200 and 4600
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Human coronal dentin and enamel thin sections of 200 0.5-1J/cnt for 9.6 um and approximately 2—3/cnt for
thickness were prepared using a hard tissue microtome from10.6 um. With the appropriate adjustments due to reflectance
caries free, unerupted molars, and premolars. The sectiongosses, 49% at 9.am and 13.5% at 10.6m, the difference
were mounted before an IR pyroelectric detecerforation in absorbed energy between the two wavelengths is signifi-
sensoy and the number of pulses required to drill through cantly greater. The absorbed fluences are calculated to be
each section were recorded. After perforation, an Olympus 0.25-0.5J/cnt for 9.6 um and 2—3J/cnt for 10.6 um, dem-
microscope with a maximum magnification of 500 times, in- onstrating a factor of 6—8 times the difference in the amount
terfaced to a digital charge coupled device camera and imageof absorbed energy required for the surface modification of
analysis software, was used to determine the crater volume.enamel using 2us CO, laser pulses between the two wave-
The diameter of the crater was measured at three positionsiengths. With regards to the pulse duration, the required en-
surface, halfway through, and on the backside of the respec-ergy for 2 us pulses is markedly lower than the 33&n?
tive sections by scanning the image plane of the calibrated required for surface modification with 946m laser pulses of
microscope, and fitted to two conic sections to determine the 100 s duration that were previously employed in surface
volumes of the perforation craters for each set of irradiation modifications studie€2°
conditions. Morphological changes in enamel during shortl us)
pulsed CO, laser irradiation was first observed by Nelson
et al?® They observed that very distinct morphological differ-
Transform Infrared (FTIR) Spectroscopy ences were induced in the mineral phase for each oCg
The effectiveness of 9.6 and 104m laser radiation as a  wavelengths. Similar wavelength dependent morphological
potential means for caries prevention, was assessed by irradi-differences were not noted between 10.6 and &6 after
ating 55 mn? blocks of polished bovine enamel. The sur- irradiation after 2us TEA laser pulses. This discrepancy may
faces of the enamel blocks were first serial polished tquanl be due to the fact that the previously reported stbidsflected
finish with 6, 3, and lum diamond suspensions. The samples differences in absorbed fluence and not in wavelength, since
were irradiated using a 40Am spot size that was scanned all the samples were irradiated at the same incident fluence
across the sample using a Newport MM-2000 motion control level for each wavelength. The ablation thresholds vary mark-
system interfaced toABVIEW 4.0 software from National In- edly with wavelength due to the 40% difference in reflectance
struments to uniformly treat the entire surface. The surface and the order of magnitude variation in the absorption coeffi-
was scanned every 1Q@m for sufficient overlap of the sur-  cient between 9.6 and 10&m. Moreover, 400 laser pulses
face and five pulses were delivered to each spot at a repetitionwere used in those previous studies and the periodic surface
rate of 1 Hz. structures produced may have been unique to that particular
After irradiation, an infrared microscog®AD Plus, Laser laser mode structure due to extensive surface bombardthent.
Precision Analytical with a 150<150 um aperture attached  During short pulsed laser irradiation without the addition of
to a Fourier transform spectrometéviodel RFX-30, Laser water as a coolant, dentin exhibited charring at 1006 but
Precision Analyticgl was used to acquire FTIR reflectance not at the more highly absorbed 9un wavelengttt’ The
spectra of the surface of the irradiated bovine blocks and the differences in the fluence threshold for ablation and the dis-
control samples. The relative intensity of the carbonate bandstinct differences noted in surface morphology between 9.6
located at 1450 and 14kfin ! was calculated by integrating  and 10.6um are entirely consistent with the markedly differ-
the normalized spectra from 1200 to 1560 1. The % car- ent absorption depths and thermal relaxation times for those
bonate loss was defined as one minus the ratio of the area oftwo wavelengths. It is interesting to note that with longer laser
the irradiated enamel over that of the nonirradiated samplespulses, namely 10Qus, this difference does not manifest
times a hundred. After spectra were taken the samples wereitsel”® because the thermal diffusion length at @6 for a
mounted on high-density-polyethylene disks and placed in a 100 us laser pulse is about 10m, which is roughly equiva-
reaction vessel containing a solution of 0.1 M acetic acid lent to the absorption depth of 10—12n atA=10.6 um.
buffered to a pH of 4.5 Aliquots of the solution are collected
for 20 min at 2 min intervals after immersion with continual . .
stirring. The aliquots were subsequently analyzed for calcium 3.2 I_nfrared Spectroscopy and Caries Prevention
and phosphate to determine the dissolution rate. Calcium wasStudies
analyzed using atomic absorption and phosphate concentraFTIR was used to determine chemical changes in dental
tion photometrically using an ammonium molybdate colored enamel as a result of laser irradiation. In previous studies, we
complex that absorbs light at 820 nm. The techniguéor discovered that FTIR spectroscopy in spectral reflectance
evaluating surface dissolution and carbonate content via re-mode was well suited for resolving chemical changes on the

flectance IR spectroscopy have been described previblisly. surface of enaméf:****The principal advantage of this tech-
nique is that the tissue reflectance is only influenced by a

3. Results and Discussion surface layer of a thickness on the order of the wavelength of
. the light. Thus, surface changes localized to the outeuit0

3.1 Surface Modification of tissue are probed. The carbonate bands centered giu@—7

The irradiation fluence thresholds that produced microscopi- disappeared completely as a result of irradiation at fluences of

cally observable surface changes on enamel were determinedipproximately 0.5—1)/cn? (Figure 4 with the (2 us) TEA

2.2 Surface Dissolution Experiments and Fourier

for CO, laser radiation at 9.6 and 104m for the conven-
tional TEA laser with a 2us pulse duration. There were laser

9.6 um CO, laser pulses. This is a four-to-eight fold reduction
in the required energy as compared to the longer 180

induced surface changes on enamel at incident fluences aboveulses used in previous studies which requiretioh?. While
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the center of the tooth, is rigidly encased in a confined space
enclosed by hard tissue, therefore it is extremely susceptible
to permanent damage due to thermally induced
inflammation®! The 1965 Zach and Cohen study of the effect
of heat on the pulp of Rhesus monkeys indicated that a tem-
perature rise of 5.5°C in the pulp caused irreversible puplitis
in 15% of the pulps? The accumulation of heat after use of
the dental drill for cavity preparations can raise the pulpal
temperatures to dangerous levels if air and/or water cooling
are not used® Similarly, the use of multiple pulse irradiation
without air/water cooling may also result in the accumulation
of heat to levels dangerous to the pulp. Subsurface thermo-
Incident Fluence ( J/cm®) couple measurements, simulations of heat conduction, and
histological examinations during laser irradiation show that
the extent of pulpal heating is determined by the rate of depo-

Relative Area of Carbonate Band
)Yy UOHN|OSSI] aAle|oY

1 I I 1 I i 04
00 05 1.0 15 20 25 30 35 40

Fig. 4 The carbonate loss (solid symbols—left axis) determined using
IR spectroscopy and the surface dissolution rate reduction (hollow

symbols—right axis) relative to nonirradiated control samples for bo- sition of the laser energy in the tooth, the distance from the
vine enamel samples is plotted vs incident fluence after 9.6 um (tri- laser spot to the pulp, and the rate of energy loss from the
angular symbols) and 10.6 um (square symbols) (2 us) TEA CO, laser tooth2*-3"By using the shorter laser pulse we are modifying a

irradiation. 1 mm spot size on the enamel surface with a total absorbed

energy delivered of only 20—100 mJ for 5-25 laser pulses
(0.5 J/cn?) versus 100—-2500 mJ in our previous studies uti-

for the 10.6 um laser pulses the reduction in the required lizing 100 us 9.6 um laser pulse$2.5 J/cn¥). Note that other
fluence was less dramatic, the carbonate band disappeared ajroups report the use of continuous wavé, and argon ion
fluence levels of /cn? as compared to approximately 5-6 lasers for caries prevention and they utilize absorbed fluences
Jlcn? for the longer 100us laser pulses a factor of 1.5-2 in the 100—20Q)/cnt range, factors of 200400 times higher
difference in fluencé’® Integration of the area of carbonate than what we report in this study. The high fluences required
bands in the spectra enabled a relative carbonate loss to bdor effective use of those systems may lead to excessive heat
calculated based on normalization to the carbonate band ofaccumulation in the tootff~*° This study indicates that by
the nonirradiated samples. In previous studies, we directly using shorter laser pulses the energy needed to modify the
correlated the changes in the carbonate bands with the transsurface of enamel for caries prevention can be reduced by a
formation of the carbonated hydroxyapatite mineral to the factor of 5—-10 using shoit<10 us) 9.6 um laser pulses.
more acid resistant purer phase hydroxyapafifhe 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. There-3-3 Caries Ablation
fore, the FTIR is extremely useful as a rapid feedback nonde- Ablation studies were performed at 9.6 and 1@u® with
structive probe to elucidate the optimum laser parameters tounmodified TEA laser pulses of 2s duration with the gain
inhibit acid dissolution. switched spike present in the first 100—200 ns of the pulse.

The results of the surface dissolution studies are shown The onset of a plasma initiated by the initial gain switched
graphically in Figure 4. The surface dissolution rate of the spike, prevented ablation at rates sufficient for clinical appli-
laser irradiated %5 mn? bovine blocks relative to nonirradi-  cation. The rates were restricted to 2g81/pulse for enamel
ated control samples was determined for fluence levels up toand 6—8um/pulse for dentin for both 9.6 and 106n laser
4.0J/cn? for 10.6 and 9.6um laser irradiation. After irradia-  pulses?’ The pulse duration was subsequently lengthened to 8
tion with five 9.6 um laser pulses of s duration in each MS, resulting in almost an order of magnitude reduction in the
spot at an incident fluence of 0Jcnt/pulse (absorbed flu- magnitude of the gain switched spike. This change in the
ence of 0.3J/cn?), the rate of acid dissolution of enamel temporal profile of the laser pulse raised the threshold for
decreased by 40%-50%. The reduction in the relative surfaceplasma formatior(see Figure Band markedly increased the
dissolution rate closely paralleled the reduction in the carbon- maximum achievable ablation rate. Enamel and dentin abla-
ate band intensities, as was previously observed with longertion rates and efficiencies as a function of the incident laser
100 us laser pulse® Significantly higher irradiation intensi-  fluence for 8us, 9.6 um CO, laser pulses are shown in Fig-
ties were required to reduce the rate of acid dissolution by a ures 5 and 6. These values are for the perforation of 200
similar amount after 10.6um laser irradiation, namely an in-  thick sections without the application of a water spray. The
cident fluence of 3.@/cnt and an absorbed fluence of 2.6 spot size was 28@m and the repetition rate was 2 Hz. The
Jicnt. Moreover, the required irradiation intensities using the ablation rate saturates at a maximum rate of approximately 25
2 us TEA laser pulses are from five to ten times lower than um/pulse at fluences above 10—1&n?. The peak enamel
those required using 9,6m laser pulses of a 10@s duration, ablation efficiency at 9.um with the 8 us pulse approaches
namely an incident fluence of 4-Hcnt.? 0.1mm?/J and is comparable to the highest values reported in

As indicated in the earlier section of this paper dealing the literature for either the longer puls&D, laser(20—300
with the problem of heat accumulation and thermal damage, us) or the erbium laser systems. Maximum dentin ablation
the greatest potential danger of laser irradiation is the risk of rates approached 5@m/pulse at fluences of only 10-20
excessive heat accumulation. Dental pulp, the soft tissue ofJ/cnt and ablation efficiencies exceeded @nin®J.
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Fig. 5 The ablation efficiency in (mm?®/)) (circles) and the single pulse
ablation rate (um/pulse) (triangles) for perforation of 200 wm thick
sections of human enamel. Each data point is the mean of three mea-
surements *standard deviation (s.d.). A dotted line is empirically
drawn through the ablation rate data as a visual aid. It represents an
increase in the ablation rate with increasing influence followed by
saturation of the ablation rate above the plasma-shielding threshold.

Fig. 7 Holes drilled through 200 um thick sections of enamel and
dentin with A=9.6 um laser pulses of 8 us pulse duration show no
evidence of cracking and extended thermal damage. The image on
the left was taken at 50 times magnification and it demonstrates the
large number of holes that can be drilled through a thin tooth section
without inducing any fractures. The image on the right shows the
surface morphology of one of the holes produced in enamel at a
higher magnification. The enamel is melted and there is a ring of fused
enamel of 10 um thickness.

heating*! These shock waves propagate through the tissue

The CG, laser couples more strongly to the mineral com- radiating outward from the site of absorption. Generally, bio-

ponent of dental hard tissue than the Er:-YAG laser and there-logical tissue has a relatively high compressive strength, how-
fore it may not be as dependent on the requirement of the ever the tensile strength is much weaker and tensile forces can
addition of a water spray to alleviate stalling problems such as cavitate soft tissue and generate cracks in hard tissue. We
those encountered with the erbium laser systems. We havehave previously reported extensive mechanical damage pe-
been able to perforate 2 mm of enamel and dentin with rela- ripheral to the respective ablation sites wi@-switched
tively low fluences. The enamel ablation rates of 1025/ Er:-YAG ablatiof? and such cracks have been reported for
pulse are lower than the longer pulsg®, and Er:YAG laser high single pulse energy Er:YAG and Er:YSGG laser
systems which can ablate at rates exceeding @40G@pulse. pulses®® Similar cracks due to thermally induced stresses
However, high repetition rates are readily achievable for have also been produced in teeth using continuous VZ&e
transverse excite@0, lasers and very high enamel and den- lasers* We did not observe any obvious stress related periph-
tin removal rates are feasible. eral damage for either the conventioral us pulse or the
Studies have shown that pulsed lasers can generate strongpng pulse(8 us pulse TEA laser systems. Ablation craters
compressive and tensile stress waves due to rapid lasetproduced via perforation of human enamel and dentin are
shown in Figure 7. The craters are extremely clean without
any laser associated peripheral damage.

4. Conclusions

These studies demonstrate that sealed, long pulsedGEBA
ITT7 lasers can ablate dental enamel and dentin efficiently and at a
+ practical rate to be used clinically. Moreover, these short
X: T pulses may be ideally suited for the irradiation of specific high
Y risk areas of the dentition that are highly susceptible to tooth
L 1 decay, such as early occlusal caries lesigrigure 1), in or-
der to reverse or prevent the progression of tooth decay in
those areas. It was necessary to greatly reduce the fraction of
: energy disposed in the initial 600 ns spike to avoid plasma
is formation that restricts the ablation rate tquen/pulse. This
bt L e 0 study shows that enamel ablation rates exceedinguB
10 20 30 40 50 60 70 80 . . .
Incident fluence (J/cm’) pulse are achievable with 9,6m sealed TEA lasers with a
longer pulse duration of approximately&. TEA laser tech-
nology utilizes conventional direct current low frequency
power supplies, which greatly reduces the intrinsic cost of
these devices. In addition, the laser can be air cooled because
of low energy requirements. Many of the current pul€xd,
lasers operating for industrial or medical application utilize rf
power sources which are more expensive to produce. More-

—»— - (asindywrl) ajey

Fig. 6 The ablation efficiency (in mm?/)) (circles) and the single pulse
ablation rate (in um/pulse) (triangles) for perforation of 200 um thick
sections of human dentin. Each data point is the mean of three mea-
surements = s.d. A dotted line is empirically drawn through the ab-
lation rate data as a visual aid. It represents an increase in the ablation
rate with increasing fluence followed by saturation of the ablation rate
above the plasma-shielding threshold.
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over, rf CO, laser systems are not well suited for the efficient
production of laser pulses with pulse durations as short as a
few microseconds. Er:YAG and Er:YSGG lasers are inher-
ently expensive due to the cost of the laser medium itself and
the high single pulse energies required for drilling, namely
greater than a 100 mJ/pulse. Another advantage@f laser
technology in general over current erbium technology is that
the peak repetition rate is not limited by the gain media to

10-30 Hz. Repetition rates in the kHz range have been 19.

achieved with TEACO, lasers. Recently, lvanenko and
Hering® demonstrated that high cutting rates in bone are pos-
sible without peripheral thermal damage using a 300 Hz me-
chanically Q-switched CO, laser. Thus, if higher cutting
speeds are desired the laser beam can always be rapidly
scanned at a high ablation réfe.
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