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Abstract

Visible light emission of dental hard substances excited by high-
power infrared pulses of a tunable TEA CO, laser has been inves-
tigated. A clear correlation between observed visible light emission,
plasma formation as well as ablation of dental hard tissue has been
demonstrated. Both, the highly nonlinear infrared to visible up-
conversion process and the ablation efficiency show a sharp spectral
resonance close to a vibrational mode of POy4 at 1090 cm™! in dental
enamel and dentin. The influence of strong infrared light impulses
on dental hard tissue is examined by performing upconversion stud-
ies of visible light emission of human dental enamel and dentin. Our
experimental setup allows one to determine the plasma formation
threshold being important in dental surgery.
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laser ablation; plasma threshold; PO, mode; upconversion.
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1 Introduction

Numerous studies have shown that CO, lasers can be used to modify
the surface morphology of dental hard tissue [1-3]. Especially short
pulse CO, laser can efficiently ablate dental hard tissue. Application
of the transversaly excited atmospheric pressure (TEA) CO, laser
has demonstrated that surface changes and ablation of dental enamel
can be produced which have a strong wavelength dependence {1,
4,5]. These effects of the CO; laser on the tissue have recently
been studied with scanning electron microscopy (SEM) and were
attributed to the strong phosphate and carbonate absorption bands
in dental enamel [1]. These studies were carried out with the strong
COy, laser lines at wavelengths at 9.3 gm, 9.6 pm and 10.6 gm. The
observed surface effects at 9.3 um were much more efficient than at
the 10.6 ym wavelength.

Ablation of dental hard tissue has also been reported using
other laser systems. Investigation performed with a picosecond Nd:
YLF oscillator laser with a emission wavelength of 1.053 pum has
reported plasma-induced ablation when exceeding the threshold of
optical breakdown. A visible plasma spark could be observed for
excitation densities > 102 W/cm? [6].

Effective use of lasers for dental treatments requires accurate
knowledge of the physical processes which leads to the absorption
of laser energy deposited during irradiation. The optimal excitation
parameter like excitation wavelength, energy density, pulse duration
and repetition rate have to be determined.

In this work, we report on a study of visible light emission of
dental enamel excited by a pulsed CO; laser with intensities well
below the plasma formation threshold. As has been shown previ-
ously upconversion from the spectral range of CO, laser radiation
into the visible occurs in dental enamel 7] very similar to upcon-
version observed in porous silicon [8,9]. Visible radiation is only
observed at a narrow band of excitation in the infrared which can
be related to vibrational modes of phosphate ions in dental enamel.
The emission in the visible range is a highly nonlinear function of the
infrared excitation intensity I;z. Temporally resolved luminescence
and Juminescence excitation spectra have been measured giving in-
sight into the absorption processes which result in the emission of
light. Two contributions to the overall light emission with complete
different spectral and temporal characteristics can be identified.
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2 Experimental

In our experiments, planparallel thin sections (about 1-2 mm thick)
from extracted human teeth are mounted in a chamber evacuated
to 1 mbar. Single high-power IR pulses of a TEA CO, gas laser
tunable in discrete steps from 926 to 1088 cm™ (9.2 - 10.8 pm)
serve as radiation sources of the teeth. The pulse width is 150 ns
in the primary peak, followed by a low intensity tail of about 1 us.
The pulse power of the incident IR pulses was controlled by inserting
calibrated CaF, absorbers and simultaneously monitored by means
of a calibrated fast photon drag detector [10]. A thick Ge window is
used as a cut-off filter to suppress visible light in the excitation pulse.
The luminescence of the teeth are spectrally and temporally resolved
using a monochromator and a photomultiplier with a time resolution
of 5 ns. The photoluminescence spectra are corrected for the spectral
response of the optical system. The peak excitation intensities of a
laser pulse given below are determined from the spot size of the laser
beam on the sample and the maximum of the photon-drag detector
signal.

3 Experimental Results

We observe visible luminescence up to photon energies of 2.8 eV. The
luminescence signal occurs only in a very narrow band of infrared
excitation around 1088 cm™!. In Fig. 1 we present time resolved mea-
surements of the light emission of dentin at a photon energy Erunm
= 2.58¢eV for excitation intensities Irp from 10 to 29 MW /cm? We
observe two components separated in time. The amplitude of the
early component has its maximum after a fast rise at 7 = 0.3 us
and decays on a nanosecond timescale. The second peak reaches its
maximal value at 1.5 us and follows a mono-exponential decay. The
time constants exhibits an increase with increasing IR excitation in-
tensity from 1pus at 10 MW /em? to 3 us at 20 MW /cm?. The two
components of light emission show a different dependence on excita-
tion intensity I;p. For intensities I;p < 16 MW /cm? the second peak
(peak 2, see Fig.1) dominates the signal. With increasing IR inten-
sities, the contribution of peak 2 is reduced in comparison to the fast
component at early times (peak 1) and a visible plume can be ob-
served pointing towards the laser source. At high intensities the fast
peak 1 is substantially higher than any other visible emission. It can
uniquely be attributed to the shining plasma plume. This plume is
generated, as the amplitude of the electric field exceeds the threshold
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Figure 1: Temporal kinetics of light emission of dentin after pulsed
CO, laser excitation. Light emission intensity after IR excitation
at v = 1083.5 em™ is plotted for various excitation intensities Irp.
The detection energy was Epyp = 2.58 V. As only the decay profile
is of interest, the curve have been normalized to approximately the
same height.

for plasma formation, thereby initiating an optical breakdown [11].
In the case when plasma sparking occurs, removal of dental sub-
stance is observed. This ablation process is called plasma-induced
ablation [6]. We would like to point out that in our experiments
the threshold for optical breakdown is much lower than reported in
previous investigations of the application of high power lasers on
teeth [6]. The time resolved studies indicate, that the luminescence
observed for laser intensities below plasma formation results from
the delayed component. Here no significant surface changes have
been observed on the sample.
The strong dependence of the induced light emission on the IR
laser intensity is illustrated in Fig. 2 for peak 1 (circles) and peak 2
(squares). The maximal values of each of the temporal components
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Figure 2: Magnitude of the emitted light of peak 1 and peak 2 for
different CO, laser excitation energies is plotted vs the excitation
intensity Itp of the COy laser.

are plotted logarithmically versus the excitation intensity I;r for
four CO, laser frequencies v (Fig. 2(a)-(d)). Both components rise
nonlinearly with excitation intensity. A change of the excitation
intensity of, for example, a factor of three results in an increase of
the emitted light intensity up to four orders of magnitude.

The data in Fig. 2"show again the different intensity depen-
dence of peak 1 and peak 2. At a photon energy of v = 1081.1
cm™! (Fig. 2a) of the CO, laser, excitation at intensities below 25
MW /cm? results in a dominance of peak 2. At higher excitation
intensities both components cross each other and the ratio of the
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height of peak 1 to peak 2 is inverted. The crossing point of both
temporal components shifts to smaller excitation intensities with in-
creasing photon energy of the exciting CO; laser. This means, that
the fast component (peak 1) dominates already at lower excitation
intensities. At an excitation energy of the CO2 laser of v = 1084.6
em™! (Fig. 2d) peak 1 is larger than peak 2 in the whole observed
intensity range.

More specific information on the origin of the excitation process
that leads to the light emission is gained from the luminescence-
excitation spectrum shown in Fig. 3. The time integrated emission
intensity at Eryam = 2.58 eV is plotted versus the frequency v of
the infrared excitation by scanning the lines of the CO; laser. The
measurement shows that there is no light emission for frequencies
below 1058 cm~ . A pronounced narrow resonance occurs at v =
1083.5 cm™!. The visible emission intensity measured with this laser
line is more than ten times stronger than the integrated luminescence
intensity of the neighboring laser lines. The rise of the signal at
1088 cm™! indicates a second peak. The structure of this second peak
cannot be spectrally measured as no emission lines of our CO, laser
system are accessible for photon energies higher than 1088 cm™!.

Dental enamel is a carbonated hydroxyapatite (Cas(PO4)3(OH))
containing 2-5 wt % carbonate, which is crystallographically disor-
dered. The linear infrared spectrum of dental enamel contains bands
due to each of the four phosphate internal vibrational modes 14-v4
and bands corresponding to the four vibrational modes of the car-
bonate ion and the hydroxyl groups [4]. The intense absorption
bands of hydroxyapatite coincide with the TEA CO, laser lines in
the region from v = 929 cm™! to 1088 cm™'.

The arrows in Fig. 3 point to the positions of the infrared ac-
tive v vibrational modes of PO, in the present spectral range as
determined from linear absorption measurements [4]. Different fre-
quencies of the vs-mode are due to dlfferent possible crystallographlc
sites of POy in apatite [4]. The 1/3 ) mode at 1060 cm~! is not ac-
cessible by the CO, laser due to the gap between the 10 ym and 9
pm bands. Specially the intense rise of the visible emission inten-
sity in the IR excitation spectrum (Fig. 3) for frequencies higher
than v = 1080 cm™! coincides with the highest transition frequency
of the molecular v1b1at10n of the phosphate ion in carbonated hy-
droxyapatite at 1/3 = 1090 cm™". The lack of any luminescence of
the I/(C) 1032 cm™! mode mlght be due that the corresponding
crystallographic site is not present in our samples.

As discussed above the two components of the light emission
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Figure 3: Light intensity at Eppay = 2.07 €V as a function of the IR
frequency v. The arrows mark the spectral position of the v3(POs)
transitions. In the range of 1058 em™" to 1071 ¢cm™ measurements
were not possible because of the gap between the two emission bands of
the CO, laser. Inset: Plasma threshold Ipy, of dentin as a function of
the IR frequency v as derived from the time resolved measurements.
The solid line is to guide the eye.

show a different time dependence. In order to analyze separately
the spectral behavior of the plasma plume (peak 1) and the delayed
contribution (peak 2), the visible emission spectrum was measured
for different delay times 7p after the infrared excitation. The spec-
tral shape of the IR induced luminescence of peak 2 is given in Fig. 4
for two IR excitation intensities at two different frequencies of the
(0, laser. The delay time was set to 7p = 1.5 ps. Independently of
the chosen excitation conditions a broad structureless luminescence
spectra is found for healthy dentin (filled symbols) which shows no
wavelength dependence in the observed spectral region and no struc-
tures within the resolution of 1 nm. The IR induced luminescence
differs substantially from the conventional luminescence of dental
enamel after excitation with UV light. There, distinct luminescence
peaks are found around 3.5, 3.0, 2.8 and 2.2 eV [12]. The origin of the
usual luminescence is presumed to be in the organic and inorganic
components of the material.
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Figure 4: Spectra of peak 2 after IR excitation at v = 1086.9 cm™?
and 1084.6 em™ for two excitation densities (tp = 1.5 pus).

In Fig. 5 we present the spectra of the plasma plume for an
excitation intensity of 38 MW /em? (7p = 0.3 us). The light intensity
is plotted as a function of the photon energy for an excitation at
1086.9 cm™'. While the spectra of the delayed peak .exhibited no
significant structure, the spectrum of the plasma peak shows several
lines which arise from the emission of neutral (Ca) and singly ionized
Calcium (Ca*t) states [13]. The mineral which shows its strongest
emission lines in the observed spectral range occurring in dental
hydroxyapatite is Calcium [14]. The lines at 2.847, 2.882 and 2.9337
eV originate from neutral calcium. The signal at 3.0253 eV results
probably from singly ionized Calcium. The observed Ca lines were
also found by Niemz et al. but using a Nd:YLF laser system at
several orders of magnitude higher fluences [6].

In addition, for excitation intensities well above the plasma for-
mation threshold ablation of dental hardsubstances can be observed.
The ablation efficiency also changes significantly in the investigated
spectral range of the CO, laser. The most efficient removal of den-
tal substance is achieved for excitation energies very close to the
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Figure 5: Spectrum of the IR induced plasma peak (peak 1) for ex-
citation at v = 1086.9 em™ (I1p = 38 MW/cm?, 7p = 1.5 us).
The arrows mark the photon energy of the strongest emission lines
of neutral and singly ionized Calcium states after [13].

narrow resonance of the IR induced light emission at 1083.5 cm™!

determined in the luminescence excitation spectrum (see Fig. 3).

4 Discussion

Different types of physical mechanisms can be considered which
might lead to the origin of the enhanced light emission for reso-
nant excitation of dental hardsubstances. The temporally (Fig. 1)
and spectrally (Fig. 4 and Fig. 5) resolved data of the IR induced
luminescence allow a clear separation of two contributions. The exis-
tence of the early component goes hand in hand with the occurrence
of a plasma plume as a result of optical breakdown. The high am-
plitude of the local electric field forces the ionization of molecules
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and -atoms, starting an electron avalanche process. The following
cascade ionization results in a plasma formation [11]. In our ex-
periments the threshold for plasma formation Ip;, was found to be
strongly wavelength dependent. The inset in Fig. 3 illustrates the
threshold dependence on excitation energy as determined from the
time resolved measurements. For excitation in the frequency range
from 1074 to 1088 cm™! where we observe light emission, the values
for plasma formation threshold vary between 1 and 25 MW /cm?.
In contrast, the threshold for plasma emission determined by Niemz
et al. [6] using a Nd:YLF laser at 1.053 pum with a pulse duration
of 30 ps yielding intensities > 5 x 10" MW/cm?. These values
lie several orders of magnitude higher compared to ours, even taking
into account that the short pulse duration 7p, s increases the break-
down threshold, according the relationship Ipy, & Tpyse® " [15]. The
exponent x is tissue dependent and for pulse durations in the pi-
cosecond and nanosecond range, z is found to be 0.46 for dental
hardsubstances {15]. According this equation a threshold value of
about 9 x 10> MW/cm? should be obtained for a pulse duration
of 7pyise = 150 ns. Indeed we observe much lower threshold values.
This is due to the significantly higher absorption coeflicient of the
tooth around 9.3 pm which lowers the apparent optical breakdown
threshold [11]. In contrast, the absorption at 1053 nm is negligible
and therefore the threshold is much higher. In this case the plasma
formation is induced by the so called dielectric breakdown, as the
local electric field exceeds the value of the average intramolecular
Coulomb field, thus providing the condition for plasma generation.

In addition the measuered threshold for plasma formation Ipr,
decreases for excitation frequencies close to the resonance frequency
of the molecular vibration of the phosphate ion at Véa) = 1090 cm™!
(Inset Fig. 3). For an excitation at 1088 cm™! the threshold value
was determined to be as small as 1 MW/cm?. We note that the
minimum of the plasma formation threshold does not coincide with
the peak of the linear absorption coeflicient (& 1030 cm™, [4]).
This shows that in the nonlinear process of plasma formation not
the strength of absorption is of importance but also the resonance
with the POy vibrational mode.

In general the initiation of plasma generation in a solid can be
two-fold. It was observed that either the free electrons which start
an electron avalanche process are generated by thermal laser induced
ionization or by laser induced multi-photon ionization [14]. The
latter process seems to be responsible for the emission of the plasma
plume of dental hardsubstances after intense CO; laser excitation
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because of the strong nonlinear intensity dependence.

The origin of the delayed peak 2 is not yet well understood:
Forrer et. al [16] examined the ablation process of bone using a
TEA CO, laser (pulse duration about 1 us). They observed a weak
light emission even at excitation densities below plasma formation
threshold which was attributed without any closer inspection to arise
from debris luminescence. But in our case the delayed light emission
may not result from glowing of the ejected debris as we observe
visible light emission although at excitation densities at which no
ablation occurs. Additionally no dependence of the spectral shape
on the excitation density is found, as one would expect if thermal
processes are involved.

For the medical application determination of the threshold for
plasma-formation is very important in several respects: '

(1) Electron-microscopic inspection of ablation sites drilled with flu-
ences below and above plasma-formation threshold has shown sig-
nificantly different histological results. [16] The ablation sites drilled
with an intensity below threshold show the natural structure of the
hard tissue components. In contrast, for excitation intensities above
threshold droplets of solidified melt are observed, indicating thermal
damage. ‘

(2) A decrease of ablation efficiency is observed for fluences above
plasma formation threshold as the induced plasma absorbs a part of
the incident laser radiation, thus screening the tooth surface. [3,16]
(3) Uncontrolled high reflectance of the debris in the plasma plume
induced during irradiation represents potential hazards for clinical
laser treatment and may be therefore a safety concern. (2]

5 Conclusions

In the present study a clear correlation between recently observed
visible light emission, plasma formation as well as ablation of den-
tal hard tissue excited by a pulsed high-power CO; laser has been
demonstrated. Both, infrared to visible up-conversion and ablation
show a sharp spectral resonance at a vibrational frequency of POy
in dental enamel and dentin and both processes are highly nonlin-
ear. The plasma threshold has been found to be several orders of
magnitude smaller in the resonance than outside. The experimen-
tal results suggest that for efficient dental hard tissue treatment the
wavelength of short pulsed CO, lasers should be tuned as close as
possible to the spectral position of the PO, stretch mode at 1090
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cm™!. Finally it is noted that an analogous resonance in CO, laser
ablation is expected for other hydoxyapatite containing tissue like
bones is expected.
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