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DENTAL LASER SYSTEM AND TREATMENT METHOD

FIELD OF INVENTION

[0001] The present invention relates to systems and methods for removing decay,
cutting, drilling or shaping hard tissue, removing and cutting soft tissue, modifying hard
tissue for caries inhibition and modifying hard tissue surface conditions to aid in adhesion
to hard tissue. The present invention applies to oral tissue, gums and teeth, e.g., to human

or animal oral tissue, gums and teeth, and other biological materials.

BACKGROUND OF THE INVENTION

[0002] A tooth has three layers. The outermost layer 1s the enamel which 1s the
hardest and forms a protective layer for the rest of the tooth. The middle and bulk of the
tooth 1s made up of the dentin, and the innermost layer 1s the pulp. The enamel and dentin
are stmilar in composition and are roughly 85% mineral, carbonated hydroxyapatite, while
the pulp contains vessels and nerves which are sensitive to pressure and temperature. In
this application of drilling or contouring or conditioning the enamel and dentin, the pulp's

temperature sensitivity 1s of concern. A rise 1n temperature of 5.5° Celsius can lead to

permanent damage of the tooth's pulp.

[0003] Over the last 10 to 15 years, research has taken place to define laser
parameters that allow the enamel and dentin of a tooth to be removed, drilled, contoured or
conditioned, all being removal processes, without heating the pulp. Ideally the laser pulses
should vaporize the enamel and dentin converting the mass to gas with minimal residual

energy remaining 1n the dentin to heat the pulp.

[0004 ] The use of lasers in dentistry has been considered since the introduction of the
laser. Dental lasers used to drill and cut were the initial applications. High energy density
pulses were 1nitially used, but these pulses could potentially damage the tooth pulp or soft
tissue, so lower energy pulse configurations were explored. With lower peak power energy

pulses longer pulse times were used, which affected the tooth enamel detrimentally.

[0005] Various laser wavelength interactions were explored, UV to the Far Infrared,

to understand the optical coupling efficiencies. Optical coupling was found to be critical
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with the greatest coupling being in the 2.7 - 3.0 umeter and 9.3 - 9.6 ym wavelength ranges.

When retlectance 1s considered, the 9.3 - 9.6 pmeter range was found to couple up to 3 times

better than any other wavelength range.

[0006] Having identified the most effective coupling wavelength, the time and

threshold to ablate hard tissue had to be determined. Research has shown that the thermal
relaxation time ot hard tissue 1s 1 to 2 pusec with a threshold ablation energy of approximately 5

mJ (milli-Joules).

[0007] Recognizing the need for laser pulses in the 9.3 to 9.6 pmeter wavelength

range with microsecond pulse widths and pulse energies of 5 to 15 mJ, DC excited TEA
(transversely excited atmospheric) lasers were adopted. Since the TEA lasers have a very
short pulse length, 1.e., hundreds of nanoseconds, the TEA lasers were modified for long

pulse operation and modified pulse shapes. Additionally a RF (Radio Frequency) CW

(continuous wave) laser was studied, but 1ts shortest pulse length was only 50 pseconds, so

the pulses heated the hard tissue significantly more than the shorter pulse widths.

[0008] To date, RF excited CO, CW lasers seeking the greatest RF to Optical
efficiency typically operate at 70 to 100 Torr (or about 9,332 - 13,332 Pascals (Pa)) and the

shortest pulse lengths produced are typically 50 pseconds. Typical gas pressure for a normal
RF excited CO; laser, used in the prior art, 1s 80 Torr (or about 10,665 Pa). CO, TEA lasers
operating at atmospheric pressure produce 9.3 to 9.6 umeter pulses at hundreds of nanoseconds 1n

pulse length. TEA lasers generally do not operate 1n sealed operation, do not have long operating
lifetimes or high pulse repetition rates, and are expensive to package. While a "long pulse” TEA
laser can be manufactured to produce the optimal CO; laser pulsing parameters, TEA lasers are
larger and more expensive than RF excited lasers and therefore are not an 1deal match for a dental
laser application - where size and cost are critical. None of the approaches to date, therefore, have
produced a full set of optimal parameters in a commercially acceptable format for effectively

working with enamel and dentin, without heating the pulp.

SUMMARY OF THE INVENTION

[0009] In accordance with one aspect a method for treating hard tissue 1s provided, the
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method including generating a laser beam with a repetition rate greater than about 0.5 kHz,
directing the laser beam at an exposed surface of the hard tissue (e.g., tooth enamel, dentin,
etc.), and removing at least a portion of the exposed surface of the hard tissue without
substantially increasing temperature of adjacent tissue (e.g., tooth pulp). The laser beam may
have one or more of: a wavelength in a range of about 9 um to about 10 um, a pulse length in a
range of up to about 30 usec, a fluence up to about 50 J/cm”, a repetition rate up to about 4
kHz, and a nominal diameter of up to about 2000 um. In some embodiments, the laser beam of
the method for treating hard tissue includes laser pulses such that a pulse energy associated

with each pulse 1s 1n a range of up to about 30 mJ.

[0010] In some embodiments, the laser beam of the method for treating hard tissue 1s

generated by a CO; laser. The CO; laser may operate with a gas in a range of about 260 Torr
to about 600 Torr, and the gas may be *C(**0), gas or "*C(*°0), gas.

[0011] In some embodiments, the laser beam 1s directed at the exposed surface of the
hard tissue utilizing a hollow waveguide. The positioning of the hollow waveguide relative to
the exposed surface of the hard tissue may be controlled manually or robotically. The laser
beam may be moved relative to the exposed surface of the hard tissue to remove incrementally
the portion of the exposed surface of the hard tissue. In some embodiments, a remaining
portion of the hard tissue does not exhibit any substantial charring. The hard tissue 1s removed
at a rate of up to about 0.5 g/sec, or at a volumetric rate of up to about 1.7 cm /sec. The hard

tissue may be removed by explosive vaporization.

[0012] In some embodiments, the method for treating hard tissue includes directing a
fluidic flow at the exposed surface of the hard tissue. The fluidic flow may be selected from
the group consisting of a fluid, a gas, and combinations thereof. The fluidic flow may be
adapted to contribute to either controlling temperature of the hard tissue, or reducing
redeposition of removed material onto the exposed surface of the hard tissue, or both. The
fluidic flow may be directed to the exposed surface of the hard tissue at an angle of incidence
in a range from about zero degrees to about 90 degrees. The hard tissue treated by the method

may be dental enamel, dentin, bone, or combination thereof.

[0013] In some embodiments, the exposed surface of the hard tissue at which the laser

beam is directed during a single pulse has a cross-sectional area of up to about 0.03 cm”. In
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some embodiments, directing the laser beam includes delivering a sequences of pulses for up to

about three minutes. The laser beam may be directed to the exposed surface of the hard tissue at
an angle of incidence up to about 90 degrees. Directing the laser beam may include focusing the
laser beam using a lens having a focal length, and positioning the exposed surface of the hard
tissue relative to the lens at a distance slightly less than the focal length. In some embodiments,
directing the laser beam includes modifying the laser beam using an optical system, such that a
profile of the modified laser beam 1s non Gaussian.

[0013a] In one aspect, there 1s provided a system for treating hard tissue, the system
comprising: a direct current (DC) power supply comprising a continuous wave (CW) DC section
and a pulsed DC section; a radio frequency (RF) power supply coupled in series downstream of
the DC power supply; a laser beam generator for generating an RF excited CO;, laser beam with
a repetition rate greater than about 0.5 kHz and having a focal region and a non-focal region; an
optical component for directing the laser beam at an exposed surtface of the hard tissue; and a
laser beam controller for controlling at least one laser beam parameter to produce a pulse energy,
such that at least a portion of the exposed surface of the hard tissue i1s removed by ablation using
the pulse energy in the non-focal region of the laser beam, wherein a first laser beam parameter
comprises wavelength and the controller 1s adapted to control the wavelength to be in a range
from about 9 um to about 10 pm, and a second laser beam parameter comprises pulse length and
the controller is adapted to control the pulse length to be in a range from about 0.1 usec to about
30 usec.

(0014} In accordance with another aspect, a system for treating hard tissue 1s
provided, the system including a laser beam generator for generating a laser beam with a
repetition rate greater than about 0.5 kHz. The system also includes an optical component for
directing the laser beam at an exposed surtace of the hard tissue, and a laser beam controller for
controlling at least one laser beam parameter, such that at least a portion of the exposed surface
of the hard tissue 1s removed without substantially increasing a temperature of adjacent tissue.
[0015] The laser beam parameters may be one or more of: a wavelength in a range
of about 9 pm to about 10 um, a pulse length 1in a range of up to about 30 pusec, a fluence up to
about 50 J/em®, a repetition rate up to about 4 kHz, a nominal diameter of up to about 2000 pum,
and a pulse energy in a range of up to about 30 mJ.

[0016] The laser beam generator of the system for treating hard tissue may be a

CO,, laser beam generator. The CO; laser beam generator may operate with a gas in a range of

CA 2825182 2018-03-12
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about 260 Torr to about 600 Torr, and the gas may be 12C(180)2 gas or 12C(I‘SO)z gas.
[0017] In some embodiments, the optical component of the system for treating hard

tissue includes a hollow waveguide. The system for treating hard tissue may 1nclude a handpiece

“for manually positioning the hollow waveguide relative to the exposed surface of the hard tissue.

In some embodiments, the system includes a robotic controller for positioning the hollow
waveguide relative to the exposed surface of the hard tissue. The robotic controller may be
contigured to move the laser beam relative to the exposed surface of the hard tissue to remove
incrementally the portion of the exposed surface of the hard tissue.

[0018] In some embodiments, the hard tissue is removed at a rate of up to about 0.5
g/sec, or at a volumetric rate of up to about 0.17 ¢m>/sec. The hard tissue may be removed by

explosive vaporization. A remaining portion of the hard tissue may not exhibit any substantial

CA 2825182 2017-06-05
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charring.
[0019] In some embodiments, the system for treating hard tissue includes a fluid

dispenser for directing a tluidic flow at the exposed surtace of the hard tissue. The tluidic flow
dispensed by the fluid dispenser may be a fluid, a gas, or combinations thereof. The fluidic
tflow may be adapted to contribute to either controlling temperature of the hard tissue, or
reducing redeposition of removed material onto the exposed surface of the hard tissue, or both.
The fluid dispenser may direct the fluidic flow to the exposed surface of the hard tissue at an
angle of incidence 1n a range from about zero degrees to about 90 degrees. The hard tissue

may be dental enamel, dentin, bone, or combination thereof.

[0020] In some embodiments, the laser beam controller of the system for treating hard
tissue configures the laser beam as a sequences of pulses for up to about three minutes. The
exposed surface of the hard tissue at which the laser beam may be directed during a single

pulse may have a cross-sectional area of up to about 0.03 cm”.

[0021] In some embodiments, the optical component 1s configured to direct the laser
beam to the exposed surface of the hard tissue at an angle of incidence up to about 90 degrees.
The optical component may include a lens having a focal length for focusing the laser beam,
such that the exposed surtace of the hard tissue relative to the lens 1s at a distance slightly less
than the focal length. In some embodiments, the optical component modifies the laser beam,

such that a profile of the moditied laser beam 1s non Gaussian,

DESCRIPTION OF THE DRAWINGS

[0022] The present invention will become more apparent in view of the attached
drawings and accompanying detailed description. The embodiments depicted therein are
provided by way of example, not by way of limitation, wherein like reference numerals
refer to the same or similar elements. The drawings are not necessarily to scale, emphasis

instead being placed upon illustrating aspects of the invention. In the drawings:

[0023] FIG. 1 is a block diagram of an embodiment of a dental laser system, in

accordance with aspects of the present invention.

[0024] FIG. 2 1s a flowchart of an embodiment of outputting laser optical energy
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from a CO; dental laser system, 1n accordance with aspects of the present invention.

[0025] FIG. 3 1s a table of typical laser parameters and dental system performance

parameters 1n accordance with the present invention.

[0026] FIG. 4 depicts absorption of radiation by tooth enamel at various

wavelengths and pulse widths.

[0027] FIG. 5 1s a table of the laser parameters and performance parameters
measured during the operation of an experimental laser system 1n accordance with the

present invention.

[0028] FIG. 6 depicts the rates of removal of tooth enamel by weight corresponding

to treatment using laser beams having different parameters in accordance with the present

Invention.

[0029] FIG. 7 presents a table of the rates of removal of tooth enamel on different
molars corresponding to one set of laser parameters 1n accordance with the present

Invention.

[0030] FIG. 8 shows the temperatures observed by various thermocouples during

treatment using the experimental system 1n accordance with the present invention.

[0031] FIG. 9 depicts relative performances of an exemplary laser system according

to the present invention, and conventional systems.

DETAILED DESCRIPTION

[0032] Hereinafter, aspects of the present invention will be described by explaining
1llustrative embodiments 1n accordance therewith, with retference to the attached drawings.
While describing these embodiments, detailed descriptions of well-known 1tems, functions,

or configurations are typically omitted for conciseness.

[0033] It will be understood that when an element is referred to as being "on" or
"connected” or "coupled” to another element, 1t can be directly on or connected or coupled
to the other element or intervening elements can be present. In contrast, when an element 1s

referred to as being "directly on" or "directly connected” or "directly coupled” to another
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element, there are no intervening elements present. Other words used to describe the

relationship between elements should be interpreted 1n a like fashion (e.g., "between" versus

"directly between,” "adjacent” versus "directly adjacent,” etc.).

[0034] The terminology used herein 1s tor the purpose of describing particular

embodiments only and 1s not intended to be limiting of the invention. As used herein, the

singular forms "a,"” "an" and "the" are intended to include the plural forms as well, unless the
context clearly indicates otherwise. It will be further understood that the terms "comprises,”
"comprising,” "Includes” and/or "including,” when used herein, specify the presence of
stated features, steps, operations, elements, and/or components, but do not preclude the

presence or addition of one or more other features, steps, operations, elements, components,

and/or groups thereof.

[0035] With respect to dental laser systems, the wavelength with the highest

absorption 1n hydroxyapatite has been determined to be in the 9.3 to 9.6 ymeter range and

the thermal relaxation time of hydroxyapatite to be a maximum of 2 pyseconds at the 9.3 to
9.6 um wavelength range. Theretore, the 1deal pulse parameters tor removing the

hydroxyapatite appear to be 9.3 to 9.6 umeter energy in a less than 50 psecond format. In
accordance with one preferred embodiment, a laser 1s provided that produces a beam having

pulse parameters for removing hydroxyapatite using 9.3 to 9.6 um wavelength energy in a

less than 50 psecond format.

[0036] The 9.3 to 9.6 ym energy is typically produced using a CO, laser with a laser

: 12,~,18 : : . .
gas mixture of “C("0),, wavelength selective resonator optics, more expensive inter-cavity

wavelength devices, or a combination of the three. In accordance with the present invention,

the 50 psecond pulses are produced with a tast pulse rise and fall time, which 1s eftected by

laser gas pressure. In order to produce pulses of less than or equal to 50 puseconds 1n length,

gas pressure of at least about 260 Torr (or about 34,6063 Pa) 1s used.

[0037] According to one preferred embodiment, a CO, gas laser, in either a

waveguide or slab resonator format, filled with gas that 1s in a range of about 260 Torr to
about 600 Torr (or about 34,700 - 80,000 Pa), is RF excited for use in all dental applications.
A range of about 260 to about 600 Torr (or about 34,700 - 80,000 Pa) may be preferable in
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many dental applications. Since waveguide and slab resonators are generally known in the art,

they are not discussed in detail herein.

[0038] In some embodiments, the pressure can be in a range of about 280 - 550 Torr (or
about 37,330 - 73,327 Pa), or about 300-3500 Torr (or about 39,996 - 66,661 Pa), about 320 - 450
Torr (or about 42,663 - 59,995 Pa), about 340 - 400 Torr (or about 45,329 - 53,328 Pa), as

examples.

[0039] The laser can be operated in CW or pulsed mode for cutting and drilling
applications, respectively. DC and RF power supplies are configured to aid in low power CW
operation, while supporting high peak power pulse operation. The laser output 1s coupled to a
beam delivery system to deliver the optical energy to the patient. The laser provides the 9.3 to 9.6
um energy wavelength, with a fast pulse rise and fall time (e.g., not more than about 50
useconds, and typically not more than 20 usecond), sealed off operation, high repetition rates in a

small reliable package.

[0040] FIG. 1 shows an embodiment of a dental laser system 100 according to aspects of
the present invention. In the embodiment of FIG. 1, a DC power supply 10 is provided that
rectifies as AC input power (not shown). In one preferred embodiment, the DC power supply 10
Is comprised of a continuous wave (CW) DC section 12 and a pulsed DC section 14. The DC
section 12 1s sized to run the laser for CW applications, such as soft tissue cutting, and the peak
power DC section 14 supplies the peak energy for pulsing applications, such as hard tissue or

bone modification.

[0041] [tem 20 is a radio frequency (RF) power supply coupled in series downstream of
the DC power supply for the conversion of the DC energy to RF energy in the 40 to 125 MHz

range. Item 30 1s a CO, laser with the RF energy as an input and 9.3 to 9.6 umeter optical energy
as an output, via an output coupler 32. And item 40 is a beam delivery apparatus, which delivers

the optical energy from the laser to item 50, which represents a patient's mouth.

[0042] CO; laser 30 in this embodiment includes a rear mirror 34 and a laser discharge
area 36. The mirror 34 directs optical energy through the laser discharge area 36. The output
coupler 32 couples the beam out of the laser. In this case the laser is a gas laser, so the output

coupler couples the beam out of the laser without allowing the laser gas out. The CO, laser 30

CA 2825182 2018-03-12
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also includes a laser gas pressure vessel 38 that 1s filled with a gas at a pressure 1n a range of

about 260 to about 600 Torr (or about 34,700 - 80,000 Pa).

[0043] The output laser energy 1s provided to the beam delivery apparatus 40, where 1t
can then be directed to a target, such as a patient's mouth. In this embodiment, the beam
delivery apparatus 40 can include flat or curved mirrors or a combination configured to steer

optical energy output from the CO; laser.

[0044] In this exemplary configuration, the dental laser system 100 can operate at both

low power CW operation, e.g., < 10 watts, for the cutting of gums and oral tissue, and high

peak power pulsing operation, e.g., > 5 mlJ pulse energy at 1 to 50 pseconds pulse widths up to

10 kHz. The CO, laser 30 can operate at wavelengths between 9 and 11 ym. The laser system

100 preterably provides high peak power pulsing operation at the 1deal absorption wavelength
for the hydroxyapatite 1in dental hard tissues. The pulse widths and pulse energy are 1deally
suited to ablate hydroxyapatite, leaving very little residual heat in the tooth to damage the pulp

even up to 10 kHz in operation.

[0045] FIG. 2 1s an embodiment of a method of outputting laser optical energy from a
CO; dental laser system. The method 200 includes providing a direct current (DC) power
supply 1n step 210, providing a radio frequency (RF) power supply coupled to the DC power
supply 1n step 220, filling a CO; laser with gas at a pressure 1n a predetermined pressure
range (e.g., about 260 to about 600 Torr (or about 34,700 - 80,000 Pa)) in step 230, and
steering the laser optical energy output from the from the CO; laser to a patient using a beam

delivery system 240.

[0046] FIG. 3 1s a table listing a number of typical laser operational parameters and
associated dental system performance parameters discussed in more detail, below. Values are
provided for minimum and maximum conditions, as well as nominal conditions contemplated
for use with various embodiments and in various applications of the invention. It should be
noted that the minimum and maximum values are not boundaries and that actual values may

be lower or higher by 10% or 20% or more of the total range for each parameter.

[0047] More specifically, a hard tissue, such as tooth enamel and dentin, comprises
water and minerals. While extensive dental laser studies have been conducted at hard tissue's

water and mineral absorption bands, the research emphasis has been on the efficiency ot
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absorption. Dental practices are primarily concerned with cutting speed and resolution.
Building on the efficiency results from prior research, an exemplary dental laser system was
built with the flexibility to change pulse width and average power levels at hard tissue's
mineral absorption band to improve cutting efficacy, as described in detail below 1n the

Example.

[0048] Cutting or drilling hard tissue in a tooth primarily equates to removing the
tissue's hardest outer layer, the enamel. Enamel 1s a biological composite generally containing
by volume approximately 12% water, approximately 85% mineral (carbonated
hydroxyapatite), and about 3% protein and lipids. Accordingly high efficacy may be achieved

by cutting or drilling the 85% mineral constituent of the enamel. It has been shown that dental

enamel's mineral content has a peak absorption (8000 cm™') at 9.6 um, absorbing
clectromagnetic radiation up to ten times higher than at 10.6 um or other laser wavelengths 1n

the visible or other IR region. In the exemplary system described in the Example, a 9.4 um

laser was used as the "proof of concept” because at present 1t 1s a commercially available laser
having a wavelength close to 9.6 um. FIG. 4 shows that the difference 1n absorption at 9.4 um

and 9.6 (um 1s not significant.

[0049] It 1s desirable that the laser parameters for dental hard tissue ablation, namely
pulse duration and laser wavelength, be selected such that practical ablation rates can be
achieved while minimizing the residual energy, ER, deposition 1n the tooth. Residual energy
can be the energy directed by a laser beam to the hard tissue (e.g., tooth enamel) that does not
cause tissue ablation, but instead, 18 absorbed into the surrounding tissue. In general, the
absorption of radiation in enamel is heterogeneous due to the inherent microstructure of the
enamel. As a result, the mechanism of ablation varies with the nature ot the primary absorber
in which the laser radiation is absorbed. For example, absorption in water results in water

mediated ablation and absorption in the bulk of the enamel rods leads to melting and explosive

vaporization. As described above, the absorption at 9.6 \um occurs in the enamel rod mineral

content typically causing explosive vaporization, as explained below. Because the tooth

enamel includes approximately 85% mineral, ablation efficiency of enamel 1s usually high at

or near the mineral absorption wavelength of 9.6 Lum.

[0050] Due to the strong wavelength absorption of CO» laser radiation, the laser energy
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1s usually deposited 1n a very thin absorption layer at the surface of the hard tissue (e.g., tooth
enamel). This can result 1n a strong internal pressure build-up in a small volume of the hard
tissue. If the pressure rise time 1s shorter than the thermal relaxation time of the tissue (e.g.,
the time during which the heat generated in the hard tissue 1s dissipated), the pressure finally
exceeds the ultimate tensile strength of the tissue causing the tissue to tear apart in a localized
micro-explosion, also called explosive vaporization. The excess heat 1s ejected together with
heated ablation debris and 1s thus removed from the tissue. Accordingly, in explosive
vaporization, thermal damage to the surrounding tissue can be prevented. CO; lasers may be
suitable for explosive vaporization, because their wavelength 1s strongly absorbed 1n the
mineral component (hydroxyapatite) of bone tissue, such that a small tissue volume can be

heated extremely quickly.

[0051] As described above, explosive vaporization may occur when the pressure rise
time 1s shorter than the thermal relaxation time of the tissue. Due to the nature of explosive
vaporization, the incident laser energy is either consumed and ejected 1n the ablation process,
or absorbed 1n the tissue 1n the form of heat, or residual energy ER. The residual energy can
cause heating of the surrounding tissue (e.g., internal tissue of the tooth) as opposed to the

removal of hard tissue. Theretore, minimizing the ER can increase ablation efficiency.

[0052] A desired pulse duration or pulse length can be on the order of the relaxation
time for axial heat conduction (tz) of the deposited energy in the tissue surface. For laser pulse
durations substantially longer than tz, the laser energy may be conducted away from the
enamel surface into the interior pulp of the tooth during the laser pulse, resulting in inefficient
surface heating. If the pulse duration 1s too short, however, the required power density to
cause explosive vaporization may be too high, likely causing the generation of a plasma in the

plume of ablated material that shields the surface and reduces the efficiency of ablation.

[0053] The thermal relaxation time of the deposited laser energy 1n enamel at the
wavelength of approximately 9.6 um 1s about 1 usec. Therefore ablation efficiency of hard
tissue using a radiation wavelength at or near the mineral absorption wavelength of 9.6 um,
may be increased using pulses approximately 1 usec in duration. In one experiment the lowest

residual energy was noted at 9.6 um wavelength, using 5 usec pulse length and 15 J/cm”

fluence (described below) where less than 25% of the incident energy was absorbed as
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residual energy.

[0054] Though pulses of short duration can increase the ablation etfficiency by
decreasing the amount of residual energy absorbed, the longer the pulse length the lower the
cost per watt of average laser power. Theretfore, 1t 1s beneficial to select a pulse length that can
simultaneously decrease the amount of residual energy absorbed and the cost per watt of the
laser power. Accordingly, 1t 1s important to understand the residual energy, ER, as a function
of pulse length. The shorter laser pulses, e.g., 5 - 20 usecs, ablate at a significantly lower

ablation threshold and leave a lower residual energy than the longer laser pulses that can

achieve higher ablation rates per pulse. Pulse lengths of less than or equal to 20 usecs with
fluences of 10 J/cm” or greater lead to low residual energy and high cutting efficiency. Longer

pulse lengths, e.g., longer than 20 Llsec, may lead to higher ablation rates per pulse, but higher

residual energy and lower ablation efficiency. Shorter pulse lengths, e.g., 5 to 20 usec in

duration, may have higher ablation efficiency and lower residual energy, but may result 1n
lower ablation rates per pulse. Duty cycle (1.e., pulse length divided by total time between

pulses can be varied as desired. See FIG. 3 for typical duty cycle values.

[0055] In addition to the absorption wavelength and the pulse length required for high
ablation efficiency, the hard tissue enamel rod heating speed, leading to explosive vaporization,
generally depends on pulse energy density, commonly referred to as fluence. In other words, the
total energy delivered to a target site by one laser pulse may be expressed as the product of
fluence and area of the treatment site. A threshold, 1.e.. minimal radiation exposure b (J/cmz)
1S theoretically necessary to induce an ablating micro-explosion at a treatment site by causing a
sutficient pressure build-up. Taking into account the losses due to diffusion or retlection of
radiation, however, the actual fluence required to be directed toward the enamel may be greater
than the theoretical minimum. For example, to accumulate the necessary energy 1n the
absorption layer of the hard tissue to reach the theoretical energy threshold, the energy may need
to accumulate fast enough so as to compensate losses from thermal diffusion. Accordingly, there

1s a munimum required fluence threshold. For example, the ablation thresholds are about 0.5 and

3 J/em” for 9.6 um and 10.6 um, respectively, after correction for reflectance losses. A desirable

fluence 1s above the threshold for explosive vaporization, but one that minimizes the residual

energy, ER, leading to high ablation efficiency. Considering the 1 psec thermal relaxation time
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and the 0.5 J/cm” ablation threshold, a low residual energy in one embodiment occurs at 5 psec
pulse length and 15 J/cm” fluence. The ablation rate of enamel can saturate above 235 J/cm”, and,
hence a desired fluence 1s generally between about 1 and about 25 ] /cm”. Note, however, that
higher fluences, up to about 50 J/cm” can be used. Fluences lower than 1 J/cm” can be used, for

example, to pit the surtace of the enamel to increase bonding of a cover layer or coating.

[0056] Generally, the speed of ablation of hard tissue depends on the average laser
power used. Average laser power can be expressed as the product of power per pulse and the

number of pulses, or power per pulse times the pulse repetition rate. Longer pulses, e.g. longer

than 25 usec 1n duration, can ablate more material per pulse, but shorter pulses, e.g., shorter than

20 usec 1n duration, are more efficient at ablating dental hard tissue. Assuming similar average
powers, ablation rates can be determined by the product of the ablation per pulse and the pulse
repetition rate. Therefore shorter pulse lengths having lower residual energy levels can lead to
higher dental cutting efficacy because more pulses per second, a higher repetition rate, can be
utilized for the same average power. Without practical concerns, higher average powers lead to
faster dental laser system ablation rates. But, higher laser average power may lead to a higher
product cost, and the human hand limits scanning efficiency above repetition rates of about 1 to
2 kHz. Rates up to 4 kHz may be employed. Additionally, computer controlled robotic systems
may be employed advantageously, to precisely control the application and location of the laser

beam to the hard tissue, €.g., to cut a contour to receive a crown or pre-formed filling.

[0057] A 9.3 um wavelength experimental dental system used pulse widths of 35 to 75

usec with fluences of 1 to 6 J/cm®, and repetition rates up to 400 Hertz. This dental laser system,
with an integrated scanner, was effective 1n cutting dental hard tissue with substantially no
temperature rise, but cut very slowly. The long pulse lengths and low fluence led to cutting
speeds that are not desirable for general clinical use, and are not significantly better than the

conventional drilling systems using rotary dental burrs.

[0058] Many known dental laser systems operate by exploding the water 1in hard tissue at
wavelengths of 2.7 to 3.0 um. Cutting hard tissue through water absorption 1s referred to as

"thermo-mechanical” or "water-mediated” ablation. During rapid heating, the inertially confined
water can create enormous substructure pressures that can lead to the explosive removal of the

surrounding mineral matrix. Several studies of hard tissue ablation in the radiation wavelength A
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at or near 3.0 um indicate that large particles are ejected with high velocity, which strongly

supports the mechanism of a water-mediated explosion process. One commercially available

2.78 um wavelength dental laser system operates at relatively long pulse widths of 140 usecs,
fluence of 32 to 60 J/cm”, having a repetition rate of up to 50 Hertz. The relatively high pulse
energy of this system requires a low repetition rate corresponding to an equivalent average
power level. The longer pulse lengths, and associated higher pulse energies, also lead to higher

residual energy, ER, 1n the tooth.

EXAMPLE

[0059] An experimental dental laser system was constructed to operate at 9.4 um

wavelength with pulse widths ot about 5 to 20 usecs, tluence of about 4 to 15 J/em”, and
repetition rates of about 250 to 2000 Hertz. The parameters of this dental laser system, such as
wavelength, pulse width, fluence, and repetition rate provide an average power level
substantially similar to that of the commercial system, allowing for a comparison of the

performance of the two systems.

[0060] Extracted human molar samples were used for ablation of enamel thereupon
using this experimental system. The molars were stored 1n household bleach, and cleaned by
hand with 1sopropyl alcohol. The molars were mounted on their sides, or by the root, in Plaster
of Paris. Thermocouple holes were created with diamond tipped drills and saws using water
soluble cutting fluid. Drilled molars were manually rinsed with tap water to remove the cutting

fluid. Minimal preparation of the molars was deliberate to mimic dental office applications.

[0061] The molar samples were 1rradiated with a Coherent Diamond™ 2251 slab laser

excited with a RF power supply model # D64/84 REF Amp/LC Filter from Coherent in

Bloomfield, CT. The laser contains optical beam correction components so the beam quality 18
specified at a M2 of 1.3. The laser beam was directed through and modulated by an AO switch,
model # AGM-4010AJ1IMD with RF power supply model # E4127°7, both from IntraAction

Corporation of Bellwood, IL. The laser modulated pulses were delivered through an articulating

arm model # PLATA1042 from Laser Mechanisms of Novi, MI. The laser was focused to a spot

size of 169 um in diameter using a 78 mm FL plano/spherical lens. Some of the molars were

mounted 1n Plaster of Paris on their sides so the cutting trials were performed on the relatively

flat side of the molar eliminating the difference of geometry of various molar cusp regions.
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[0062] The molars were hydrated during cutting by a CoolMist Portamist Model #

60M 12 using compressed air at 135 psi. The mist angle was approximately 45° to the cutting
angle, the cut angle (i.e., the angle of incidence of the laser beam) being nearly 90° 1.e., vertical
or perpendicular to the cutting surface. It should be understood, however, that these angles are
1llustrative and cut angles other than 90° and mist angles other than 45° are also within the scope

of the 1nvention.

[0063] The laser pulse rise time was measured to be 75 usec, so that all laser pulsing

was 1nitiated for 75 usec. Then the AO Switch was triggered to create 3 to 20 usec pulse widths

with no rise or fall time. The average power of the 2251 laser was checked at the factory by

(Coherent, and confirmed 1n the final configuration with both an Ophir model # FL-300A-LP-
SH and model # F-150A-SH-V1-ROHS connected to an Ophir Nova, serial # 44797, optical

power display meter. Pulse durations of 5, 10, 15, and 20 usec were used with repetition rates of
250, 500, 1000, and 1500 Hertz for cutting the enamel of the molars. The laser and performance

parameters of this system, as measured during the operation, are presented in a table in FIG. 3.

[0064] Some of the extracted human molars were mounted with their roots mounted in
Plaster of Paris. Teeth were cut on the molar cusps where the geometry varies and the enamel

thickness 1s the greatest. The molars were hydrated as described above. The laser optical and

beam delivery arrangement described above was used, except a 20 Lsec pulse length and a 2

kHz repetition rate was used.

[0065] Thermocouples were mounted at various locations in the molars to measure the
rise 1n temperature at various locations in the interior of the molars. One thermocouple was
mounted up through the root of the molar, Three other thermocouples were mounted below, at,
and above the enamel line respectively. Prefabricated insulated thermocouples, type K Chromel-
Alumel, 0.05" diameter cable, with a miniature K-Type connector were used for temperature

measurement. The thermocouples were mounted 1n the drilled holes in good thermal contact and

L

were held in place with thermally conductive epoxy, Resin Technology Group, Part 1

DPO12209-1. The thermocouples voltages were converted to temperatures using a Fluke 80TK

Thermocouple Module, model # FLUSY90TK mounted directly into a Fluke 77 Series digital
voltmeter. The same optical arrangement as that described above was used, and 20 usec pulse

lengths at 2 kHz repetition rates were utilized, cutting continuously for three minutes.
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[0066] Two additional molars were mounted by the root in Plaster of Paris and cut with

the same optical system and hydrated as described above. A 20 usec pulse length and 2 kHz

repetition rate was used tor the cutting ot these two molars.

[0067] Sixteen molars were cut to measure the rate of removal of enamel by weight.

FIG. 6 depicts the removal rate for the sixteen molars, where each molar 1s cut using a unique

combination of pulse length and repetition rate (e.g., S usec and 250 Hz, 5 usec and 1.5 kHz, 13
wsec and 250 Hz, 15 usec and 1 kHz, 20 usec and 1.5 kHz, etc.). FIG. 6 also shows the average

rate of cutting by weight using a conventional system, such as the Erbium dental laser. The

projected achievable cutting rates, obtained by linear interpolation are also shown in FIG. 6.

[0068] In addition to the laser beam parameters (e.g., pulse length, repetition rate, pulse
energy, fluence at focus, etc.) the variables that can impact the enamel cutting speed include
tlatness of the side of the molars, the elapsed time since a molar was extracted, and the
steadiness of the hand-held laser system cutting tip. When a pulse repetition rate ot about 1 kHz
or greater 1s used, scanning of the targeted region of the hard tissue may be used. Substantially
steadily directing a laser beam to the targeted region can impact the cutting speed. In general,
however, this experimental system was about five times faster than the known systems including
the Er:YAG and Er:YSGG systems that have volumetric removal rates of approximately 0.31

and 0.33 cm”/min.

[0069] Five molars were cut to measure the rate of removal of enamel by volume. These
molars were 1rradiated with a laser beam configured to delivers pulses of 20 usec pulse length, 2

kHz repetition rate, 9.7 mJ pulse energy, and 21 J/cm” fluence at focus. The typical average
density of enamel, e.g., carbonated hydroxyapatite, is 2.94 g/cm’. The removal rates (by weight)

are listed 1n the table presented 1n FIG. 7.

[0070] The spot size (1.e., area of the treatment region) and energy profile over the spot

s1ze are also important parameters. For example, even at a lower fluence, higher cutting rates

were achieved at a spot size of about 250 uwm 1n diameter, which may yield a fluence of about 10

J/em® compared to a smaller spot size (e.g., 169 um in diameter), yielding a fluence of about 20

J/em”. One of the reasons for the increased cutting speed at the lower tluence 1s the energy
distribution across the spot size. When a plano/convex tocus lens 1s used, the focused spot

energy profile may be Gaussian 1.e., a substantial amount of pulse energy 1s delivered at or near
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the focal point of the lens, which 1s usually an area near the center of the spot. A comparatively
small amount of energy 1s delivered to the remaining area of the spot. In some 1nstances, the
energy delivered to the focal region of the spot can be above the ablation threshold while that
delivered to the non-focal region may be below the ablation threshold. The energy in the “‘wings
of the Gaussian energy pulse profile™ (i.e., the energy directed to the non-focal regions) which 1s

below the ablation energy can be absorbed as residual energy causing undesired heating of the

tissue.

[0071] Thus, cutting when the enamel was positioned substantially at the focus can
cause small craters below the cut surface. By positioning the enamel slightly above the focus,
the amount of energy delivered at or near the focal region can be reduced, and, accordingly, less
energy 1S consumed 1n ablating portions of the enamel below the cut surface. Correspondingly
more pulse energy can be available for ablation 1n the non-focal region of the spot size, thereby
achieving substantially uniform ablation in the target spot. Aspheric adaptive beam shaping
optics may also be used to create a "flat top” or "top hat" energy distribution at focus, such that
relatively less pulse energy 1s delivered near the focal region and relatively more energy may be
delivered to the non-focal region of the spot, so that substantially all pulse energy 1s utilized for
ablating the surface of the hard tissue. Alternatively or 1in addition, adaptive optics may be used
to modity the optical pulse energy distribution to be non-Gaussian, substantially maintaining the
energy in the entire spot above ablation threshold, thereby reducing the amount of residual

energy consumed.

[0072] The performance of this system according to the present invention was compared
with that of the commercial system. Charing occurred 1n the tooth when the commercial system
was used. Even though this exemplary system cut tooth enamel at about five times faster than
the commercial system, cutting using this exemplary system did not cause any substantial
Increase 1n temperature of adjacent tissue, and no charring. Moreover, due to the larger pulse
lengths and larger pulse energy, the commercial system was less precise compared to the
exemplary system. The larger pulse energies ot the commercial system may also have atfected
the texture of the tooth. For example, at the bottom of a tooth cut using the commercial system,
a section of enamel separated and lifted off the dentin. The separation may have been caused by
the undesired heating of the enamel which thermally expands faster than the dentin and may

mechanically separate therefrom. Accordingly, the instant invention provides higher removal
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rates coupled with more precise removal location, yielding a much more suitable dental

treatment system than presently available.

[0073] In order to measure the heating of the internal tissue of the molars caused by this
exemplary system, four molars were cut with thermocouples mounted therein as described
above. In a first molar the thermocouple was located 1n the nerve chamber. In a second molar
the thermocouple was located below the enamel line. In a third molar the thermocouple was

located at the enamel line. In a fourth molar the thermocouple was located above the enamel.

[0074] The temperature profile of the four molars is shown in FIG. 8. In a thermocouple
mounted approximately 2 mm above the nerve chamber, at the beginning of the treatment, the
temperature of the molar’s nerve chamber dropped due to the convection effect of the water mist
on the molar and then rose slightly only reaching substantially the 1nitial temperature. In vivo
molars are at higher temperatures and the water mist will have even a more significant cooling
effect on these molars. In general, 1t 1s desirable that the procedure not increase the temperature
of remaining material substantially. For example, a local temperature rise of up to about 5° C
may be suitable, as an upper limit for the pulp temperature rise. Lower temperature rise values

are generally preferred, to provide patient comfort (e.g., up to about 1-3° C).

[0075] The cutting experiments as described above show that the exemplary laser system
can cut at least as quickly as a conventional rotating dental hand-piece burr and much more
quickly than conventional dental laser systems. The cutting rates corresponding to this
exemplary system according to the invention, a conventional burr drilling system, and a

conventional dental laser system are shown in FI1G. 9.

[0076] While the foregoing has described what are considered to be the best mode
and/or other preferred embodiments, 1t 1s understood that various modifications can be made
therein and that the invention or inventions may be implemented in various forms and
embodiments, and that they may be applied in numerous applications, only some of which have
been described herein. For example, it 1s possible that the described laser and laser system could
be used 1n other (non-dental) applications, such as cutting or contouring bone. It 1s intended by
the following claims to claim that which 1s literally described and all equivalents thereto,

including all modifications and variations that fall within the scope ot each claim.

[0077] What is claimed is:
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CLAIMS

. A system for treating hard tissue, the system comprising:

a direct current (DC) power supply comprising a continuous wave (CW) DC section and
a pulsed DC section;

a radio trequency (RF) power supply coupled in series downstream of the DC power
supply;

a laser beam generator for generating an RF excited CO, laser beam with a repetition rate
greater than about 0.5 kHz and having a focal region and a non-focal region;

an optical component for directing the laser beam at an exposed surtace of the hard
tissue; and

a laser beam controller for controlling at least one laser beam parameter to produce a
pulse energy, such that at least a portion of the exposed surface of the hard tissue 1s removed by
ablation using the pulse energy in the non-focal region of the laser beam, wherein

a first laser beam parameter comprises wavelength and the controller i1s adapted to control
the wavelength to be 1n a range from about 9 pm to about 10 um, and

a second laser beam parameter comprises pulse length and the controller is adapted to

control the pulse length to be in a range from about 0.1 usec to about 30 psec.

2. The system of claim 1, wherein the laser beam parameter further comprises a fluence and

the controller is adapted to control the fluence to be in a range from about 0.14 J/em” up to about

50 J/cm”.
3. T'he system of claim 1, wherein the laser beam parameter turther comprises a repetition
rate and the controller is adapted to control the repetition rate to be in a range from about 0.1 kHz

up to about 4 kHz.

4, The system of claim 1, wherein the laser beam has a nominal diameter in a range from

about 300 um up to about 2000 um.

5. The system of claim 1, wherein the CO; laser beam generator operates with a gas having

a pressure 1n a range of about 260 Torr to about 600 Torr.

CA 2825182 2018-03-12
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6. The system of claim 5, wherein the gas is selected from the group consisting of '“C('*0),

gas and '“C('°0), gas.
7. The system of claim I, wherein the optical component comprises a hollow waveguide.

8. The system of claim 7, further comprising a handpiece for manually positioning the

hollow waveguide relative to the exposed surface of the hard tissue.

9. The system of claim 7, further comprising a robotic controller for positioning the hollow

waveguide relative to the exposed surface of the hard tissue.

10.  The system of claim 9, wherein the robotic controller is configured to move the laser

beam relative to the exposed surface of the hard tissue to remove incrementally the portion of the

exposed surface of the hard tissue.

1. The system of claim 1, wherein the controller is adapted to control the at least one laser

beam parameter such that a remaining portion of the hard tissue does not exhibit any substantial

charring.

2. The system of claim 1, wherein the controller is adapted to control the at least one laser
beam parameter such that the hard tissue is removed at a rate in a range from about 0.1 g/sec up

to about 0.5 g/sec.

3. The system of claim 1, wherein the controller is adapted to control the at least one laser

beam parameter such that the hard tissue is removed at a volumetric rate in a range from about

0.03 cm*/sec up to about 1.7 cm*/sec.

4. The system of claim 1, wherein the laser beam parameter further comprises a pulse

energy and the controller is adapted to control the pulse energy to be in a range from about 0.1

mJ up to about 30 mJ.

CA 2825182 2017-06-05
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15. The system of claim 1, wherein the hard tissue is removed by explosive vaporization.

6. The system of claim 1, further comprising a fluid dispenser for directing a fluidic flow at

the exposed surface of the hard tissue.

I7. The system of claim 16, wherein the fluidic flow dispensed by the fluid dispenser is

selected from the group consisting of a fluid, a gas, and combinations thereof.

18.  The system of claim 16, wherein the fluidic flow is adapted to at least one of:
contribute to controlling temperature of the hard tissue; and
contribute to reducing redeposition of removed material onto the exposed surface of the

hard tissue.

19. The system of claim 16, wherein the fluid dispenser directs the fluidic flow to the

exposed surface of the hard tissue at an angle of incidence in a range from about 65 degrees to

about 90 degrees.

20. The system of claim 1, wherein the laser beam controller is adapted for controlling at
least one laser beam parameter when the laser beam is directed to at least one of dental enamel,

dentin, and bone.

21. The system of claim 1, wherein the optical component is adapted to direct the laser beam

to a cross-sectional area of up to about 0.03 ¢cm? of the exposed surface of the hard tissue .

22. The system of claim 1, wherein the laser beam controller configures the laser beam as a

sequence of pulses for up to about three minutes.

23.  The system of claim 1, wherein the optical component is configured to direct the laser

beam to the exposed surface of the hard tissue at an angle of incidence up to about 90 degrees.

CA 2825182 2017-06-05
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24.  The system of claim 1, wherein the optical component comprises a lens having a focal

length for focusing the laser beam.

25.  The system of claim 1, wherein the optical component modifies the laser beam, such that

a profile of the modified laser beam is non Gaussian.

CA 2825182 2017-06-05
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