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Abstract
Hollow-core photonic-crystal fibres (PCFs) for the delivery of high-fluence
laser radiation capable of ablating tooth enamel are developed. Sequences of
picosecond pulses of 1.06 µm Nd:YAG-laser radiation with a total energy of
about 2 mJ are transmitted through a hollow-core photonic-crystal fibre with
a core diameter of approximately 14 µm and are focused on a tooth surface
in vitro to ablate dental tissue. The hollow-core PCF is shown to support
the single-fundamental-mode regime for 1.06 µm laser radiation, serving as a
spatial filter and allowing the laser beam quality to be substantially improved.
The same fibre is used to transmit emission from plasmas produced by laser
pulses on the tooth surface in the backward direction for detection and optical
diagnostics.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Transmission of high-energy laser pulses capable of ablating dental tissues is a crucial issue
in laser dentistry (Wigdor et al 1995, Fried 1999, Strassl et al 2002). Flexible and convenient
circuits for the delivery of laser radiation are needed to make the solution technologically
attractive, which leaves no alternative to fibre-optic beam delivery. Pico- and femtosecond
laser pulses have been shown (Mindermann et al 1993, Altshuler et al 1993, Neev et al
1996, Rubenchik et al 1996, Serafetinides et al 1999) to offer many important advantages
over much longer pulses of conventional IR laser-dentistry systems. Short laser pulses
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allow undesirable crack and shock-wave formation to be avoided and the thermal loads
to be minimized, thus improving the quality of crater rims. Physically, these advantages
of short pulses are associated with mechanisms of dental tissue ablation, which occurs in
the case of short laser pulses through direct plasma formation and subsequent expulsion
of material (Mindermann et al 1993, Serafetinides et al 1999). In view of these growing
applications of short laser pulses in dentistry, fibre-optic beam delivery systems face new
challenges related to the enhancement of nonlinear-optical processes, which is unavoidable
when laser pulses become shorter and which gives rise to undesirable effects in radiation
transmission.

Optical nonlinearities along with laser breakdown (Allison et al 1985, Trott and Meeks
1990) often restrict the use of standard optical fibres to laser fluences insufficient to
ablate dental tissues. Large-core-area silica fibre intended to guide high-power laser
pulses (Hand et al 1996, Richou et al 1997) in addition often have durability problems.
Approaches to high-energy laser beam delivery allowing these limitations to be overcome
would thus promote laser-dentistry technologies to a qualitatively new level. Hollow-core
fibres (Marcatili and Schmeltzer 1964, Zheltikov 2002) allow the fluence of guided laser
pulses to be substantially increased relative to standard, silica-core optical fibres, since the
gases filling the core of hollow fibres have much higher laser breakdown thresholds and
much weaker optical nonlinearities as compared to fused silica. Hollow fibres with an
internal polymer layer can be used to guide 30 mJ 6–8 ns pulses of Nd:YAG-laser radiation
(Matsuura et al 1998). The guidance of 1 ps laser pulses with powers as high as 10 TW
has been also demonstrated in earlier experiments (Borghesi et al 1998). Cros et al (2002)
have recently predicted the possibility to use hollow fibres for guiding ultrahigh-intensity
subpicosecond laser pulses with no damage on fibre walls. The modes guided by hollow fibres
are, however, leaky in their nature, with propagation constants of guided modes in such fibres
having nonzero imaginary parts. The magnitude of optical losses in hollow fibres α increases
as a−3 with a decrease in the fibre core radius a, limiting the guidance length of high-power
laser pulses (Marcatili and Schmeltzer 1964).

In this paper, we will demonstrate that hollow-core photonic-crystal fibres (PCFs) offer
new solutions to the problem of guiding high-power pulses for laser-dentistry applications.
Such fibres, demonstrated for the first time by Cregan et al (1999), have a two-dimensionally
periodic cladding (two-dimensional photonic crystal) and a hollow core. The photonic band
gap in the transmission spectrum of a two-dimensional periodic cladding in these fibres
provides high reflection coefficients for electromagnetic radiation propagating along the hollow
core of the fibre, allowing specific regimes of waveguiding to be implemented (Cregan et al
1999, Konorov et al 2002). Hollow-core PCFs, as recently demonstrated by Benabid et al
(2002), allow the threshold of stimulated Raman scattering in molecular hydrogen filling
the fibre core to be considerably lowered, suggesting the way to considerably improve the
efficiency of the SRS process. These fibres have been also shown (Konorov et al 2003a) to
substantially enhance the four-wave mixing of laser pulses in a gas filling the fibre core. In
what follows, we will show that sequences of picosecond pulses of 1.06 µm Nd:YAG-laser
radiation with a total energy of about 2 mJ can be transmitted through a hollow-core photonic-
crystal fibre with a core diameter of approximately 14 µm. Being focused on a tooth surface,
these PCF-delivered laser pulses lead to an ablation of dental tissue. The hollow-core photonic-
crystal fibre will be shown to support the single-fundamental-mode regime for 1.06 µm laser
radiation, serving as a spatial filter and allowing the laser beam quality to be substantially
improved. We will finally demonstrate that the same PCF can be used to transmit emission
from plasmas produced by laser pulses on the tooth surface in the backward direction for
detection and optical diagnostics.
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Figure 1. Cross-sectional image of a microstructure fibre with a two-dimensionally periodic
cladding consisting of an array of identical capillaries. This periodic cladding supports guided
modes in the hollow core of the fibre due to the high reflectivity of a periodic structure within
photonic band gaps. The hollow core of the fibre is formed by removing seven capillaries from the
central part of the structure. The period of the structure in the cladding is about 5 µm and the core
diameter is about 14 µm.

2. Experimental details

The laser system used in our experiments included a flashlamp-pumped Nd:YAG master
oscillator with passive mode locking and Q-switching, a system for single-pulse selection,
and an amplification stage (Zheltikov et al 1994). Mode locking was achieved with the use
of a thin-film saturable absorber attached to the rear mirror of the laser cavity. Q-switching,
controlled by a fast-response photoelectric multiplier, allowed the stability of pulse parameters
to be improved and made it possible to synchronize laser pulses with other sources of optical
or electric pulses. The laser system was capable of generating either single pulses with a
wavelength of 1.064 µm, duration of about 40 ps, and energy up to 10 mJ (with the single-
pulse selection system switched on) or trains of 15–20 40 ps pulses with a total energy up to
5 mJ. These pulse trains were preceded by a microsecond-scale sequence of pulses with an
energy two orders of magnitude lower than the energy of the main train of pulses. The time
interval between the pulses in the train was equal to 8 ns. The transverse intensity profile in
the output laser beam corresponded to the TEM00 mode, the beam quality being close to the
diffraction limit, with M ≈ 1.1.

Microstructure fibres were fabricated with the use of a preform consisting of a set of
identical glass capillaries. Seven capillaries were removed from the central part of the preform
for the hollow core of photonic-crystal fibres. The cross-section image of a fibre fabricated
by drawing such a preform is presented in figure 1. A typical period of the structure in the
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Figure 2. Transmission spectrum of a hollow photonic-crystal fibre (figure 1) with a period of the
structure in the cladding of about 5 µm and a core diameter of approximately 14 µm. The inset
shows radiation intensity distributions measured in the cross section of the fibre, supporting the
fundamental waveguide mode of 633 nm diode-laser radiation.
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Figure 3. Transmission spectrum of a hollow-core photonic-crystal fibre designed to provide a
transmission peak at 532 nm. The inset shows the cross-section image of this fibre.

cladding of the fibre is about 5 µm. The diameter of the hollow core of the fibre is then
approximately equal to 14 µm. The length of fibre samples employed in our experiments
ranged from several centimetres up to 1 m.

To investigate transmission spectra of hollow-core PCFs, we used a diaphragm to
separate radiation transmitted through the hollow core from radiation guided by the cladding.
Transmission spectra of PCFs were measured within the range of wavelengths from 400 up
to 1500 nm with the use of signal and idler waves generated by a frequency-tunable optical
parametric oscillator Solar Laser pumped with 5 ns third-harmonic pulses of a Nd:YAG laser.
A standard objective with a numerical aperture (NA) of 0.4 was used to couple radiation into
the fibre. Transmission spectra of PCFs displayed characteristic well-pronounced isolated
peaks (figures 2–4). Similar peaks in transmission spectra of hollow PCFs have been observed
earlier by Cregan et al (1999) and Konorov et al (2002). The origin of these peaks is associated
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Figure 4. Transmission spectrum of a hollow photonic-crystal fibre employed to guide picosecond
pulses of 1.06 µm radiation. The period of the structure in the cladding is about 5 µm.

with the high reflectivity of a periodically structured fibre cladding within photonic band gaps,
which substantially reduces radiation losses in guided modes within narrow spectral ranges.
Radiation with wavelengths lying away from photonic band gaps of the cladding leaks from the
hollow core. Such leaky radiation modes are characterized by high losses, giving virtually no
contribution to the signal at the output of the fibre. Modifying the core–cladding configuration
of the fibre or even slightly changing the geometric sizes of the cladding, we were able to tune
transmission peaks in the spectra of fibre modes (cf figures 2–4), thus achieving maximum
transmission for a desirable radiation wavelength. Changing the fibre structure, we could
also modify the transverse distribution of radiation intensity in the fibre core, implementing
waveguiding in the fundamental and higher order guided modes (see the insets in figures 2
and 3). The cladding of PCFs used in our experiments had a hexagonal unit cell, the pitch of
about 5 µm, and a typical air-filling fraction of approximately 15%. Benabid et al (2002) have
shown recently that, with a modified design of the PCF cladding (fine silica webs arranged in
a Kagomé lattice with an air-filling fraction of about 83%), the passbands in PCF transmission
can be extended to stretch over the entire visible range.

3. Results and discussion

3.1. Hollow photonic-crystal fibres and their properties

To demonstrate a high transmission of our photonic-crystal fibre within the wavelength ranges
corresponding to the photonic band gap of the cladding, we used 633 nm radiation of a diode
laser. This wavelength falls within one of the passbands in figure 2, corresponding to the
guided modes of our fibre. A 0.4 NA objective was employed to couple laser radiation into
the PCF. The maximum throughput achieved with a 10 cm photonic-crystal fibre at 633 nm is
estimated as 70%. This result demonstrates that optical losses in hollow-core PCFs are much
lower than typical optical losses in leaky modes of standard hollow fibres with a solid cladding.
Indeed, the magnitude of optical losses of 633 nm radiation guided in the fundamental mode
of a standard hollow fibre with a solid cladding and a core diameter of 14 µm would be on



1364 S O Konorov et al

(a) (b)

Figure 5. Spatial filtering with a hollow-core photonic-crystal fibre. Transverse intensity
distributions in a 800 nm laser radiation beam (a) at the input and (b) at the output of a 3 cm
PCF with a core diameter of approximately 14 µm.

the order of 10–15 cm−1. Optical losses in such a fibre would be unacceptably high even for
fibres with a length of a few centimetres.

A high transmission of laser pulses was also achieved in experiments with 532 nm second-
harmonic radiation of the picosecond Nd:YAG laser described in section 2. A photonic crystal
fibre with a transmission peak at 532 nm was designed for these experiments (figure 3). The
cross-section image of this fibre is shown in the inset to figure 3. Less than 20% of 532 nm
radiation energy was lost in a few-centimetre long sample of such a fibre.

Experiments on laser ablation of dental tissues were carried out with picosecond pulse
trains of 1.06 µm radiation produced by the Nd:YAG-laser system described in section 2.
The choice of parameters of laser pulses of 1.06 µm radiation for our experiments was based
on the results of earlier theoretical work (Kolevatova et al 2003) and experimental studies
(Konorov et al 2003b). In order to avoid effects related to the ionization of the gas filling the
fibre core and the excitation of higher order waveguide modes, we chose to work with trains of
40 ps pulses with an energy around 2 mJ. Such pulse trains were coupled into the hollow core
of a 10 cm photonic-crystal fibre with a period of the cladding of approximately 5 µm. The
transmission spectrum of this fibre is shown in figure 4. The transmission of photonic-crystal
fibres for 1.06 µm radiation in our experiments was on the order of 60%. The attenuation less
was estimated as approximately 15 cm (hollow PCFs with much lower radiation losses have
been recently demonstrated by Benabid et al (2002)). Irreversible effects related to the laser
breakdown of PCFs were observed under conditions of our experiments for energies of single
40 ps pulses exceeding 3 mJ.

Analysis of the spatial beam profile at the output of the fibre indicates a robust single-
mode waveguiding of 1.06 µm radiation in the fundamental mode. A high quality of beam
profiles at the output of the fibre also indicates that the excitation of higher order waveguide
modes and ionization effects play a negligible role as laser pulses with above-specified
parameters are guided through the fibre, which agrees well with earlier theoretical predictions
(Kolevatova et al 2003). Due to the fact that higher order air-guided modes are characterized
by very high losses, rapidly leaking from the hollow core, PCFs can serve as spatial filters,
improving the spatial quality of the laser beam. This filtering capability of PCFs is illustrated
in figure 5 by the results of measurements performed with 800 nm radiation. Given a laser
beam with a very poor spatial quality at the input (figure 5(a)), we observed a nearly Gaussian-
quality beam (figure 5(b)) at the output of a 3 cm hollow-core PCF with a core diameter of
approximately 14 µm.
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Figure 6. Diagram of the experimental setup for a laser ablation of dental tissue in vitro. Picosecond
pulses of Nd:YAG-laser radiation are transmitted through a photonic-crystal fibre and are focused
on a tooth surface, producing an optical breakdown and ablating dental tissue. Emission from
plasmas induced on the tooth surface is transmitted through the fibre in the backward direction and
is delivered to the detection system.

3.2. Laser-dentistry applications

Photonic-crystal fibres used in our experiments allowed us to transport trains of 40 ps pulses
with a total energy up to 2 mJ. Such an energy of laser pulses coupled into a hollow core of a
photonic-crystal fibre with a core diameter of ∼14 µm corresponds to a fluence of 180 J cm−2,
which is more than an order of magnitude higher than the typical breakdown threshold of
fused silica. Laser radiation transmitted through a hollow PCF and focused upon the surface
of a dry carious human tooth in vitro (figure 6) induces an optical breakdown, resulting in
plasma formation and dental tissue ablation. The laser breakdown was visualized as optical
characterization of the ablated enamel surface was carried out. Emission from laser-produced
plasmas transmitted through the hollow-core PCF in the backward direction and analysed with
a monochromator and a CCD camera (figure 6). The photonic-crystal fibre thus served in our
experiments not only to transport the high-power laser pulse to a tooth surface, but also to
transmit plasma emission to the system of detection and optical diagnostics.

Figures 7(a) and (b) compare the spectrum of laser-induced breakdown emission from the
surface of dental tissue recorded without a fibre (figure 7(a)) with the spectrum of the same
signal, but transmitted through the hollow-core PCF (figure 7(b)). Hollow-core PCF, as can
be seen from figure 7(b), allow the detection of only those spectral bands of plasma emission
that correspond to the transmission peaks of these fibres. With their passbands matched to
particular emission lines (figure 7(b)), PCFs, however, can efficiently guide laser-induced
breakdown spectroscopy signals, facilitating laser diagnostics of dental tissues. In particular,
the 613 nm signal transmitted through a hollow PCF in figure 7(b) corresponds to the emission
of calcium ablated from the enamel part of the tooth. This line can be efficiently employed,
as shown by Samek et al (2001), for caries diagnostics. Thus, although some spectroscopic
information is inevitably lost as the backward signal is transmitted through our PCFs, the
passbands in transmission can be employed to effectively filter fingerprint spectroscopic lines
and even improve the signal-to-noise ratio of the spectroscopic signal.

The laser fluence corresponding to the threshold of optical breakdown of dental tissue
ranged from 0.6 up to 1 J cm−2 in our experiments, depending on the quality of the tooth
surface. These fluences correspond to laser radiation intensities on the order of 10 GW cm−2.
The breakdown threshold fluence for dental tissue proved to be highly sensitive to surface defect
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Figure 7. Laser-induced breakdown emission spectra from the surface of dental tissue irradiated
with 1.06 µm laser pulses recorded with the use of an optical imaging system without a fibre (a)
and a hollow-core PCF signal delivery (b). The dashed line in (b) shows the transmission spectrum
of the hollow-core PCF. The inset in (a) shows a microscope image of a tooth surface area with
enamel material removed by laser ablation with 60 GW cm−2 40 ps pulses of Nd:YAG-laser
radiation transmitted through a hollow PCF.

density, which is typically one of the most important factors influencing plasma formation
on surfaces of semiconductors and dielectrics (von der Linde and Schüler 1996, Stuart et al
1996, Lenzner et al 1998). An image of a tooth surface area with enamel material removed by
laser ablation with 60 GW cm−2 laser pulses transmitted through a hollow PCF and focused
on the tooth surface with a 0.2 NA lens is shown in the inset to figure 7(a). The spot size of
the laser beam in these experiments was approximately equal to 15 µm. Scanning the laser
beam over the tooth surface, we were able to ablate dental tissue from surface areas on the
order of 200 × 200 µm2.

4. Conclusion

We demonstrated that hollow-core photonic-crystal fibres offer new solutions to the problem
of guiding high-power pulses for laser-dentistry applications. Our experiments have shown
that sequences of picosecond pulses of 1.06 µm Nd:YAG-laser radiation with a total energy
of about 2 mJ can be transmitted through a hollow-core photonic-crystal fibre with a core
diameter of approximately 14 µm. Such an energy of laser pulses coupled into a hollow
core of a photonic-crystal fibre with a core diameter of ∼14 µm corresponds to a fluence of
180 J cm−2, which is more than an order of magnitude higher than the typical breakdown
threshold of fused silica. The results of our experimental studies demonstrate that the excitation
of higher order waveguide modes and related beam distortion effects can be avoided in hollow-
core PCFs with an appropriate choice of the parameters of fibres and laser pulses. Being
focused on a tooth surface, these PCF-delivered laser pulses lead to an ablation of enamel
tissue. Hollow-core photonic-crystal fibres are shown to support the single-fundamental-mode
regime for 1.06 µm laser radiation, serving as spatial filters and allowing the laser beam quality
to be substantially improved. The photonic-crystal fibre thus served in our experiments not
only to transport the high-power laser pulse to a tooth surface, but also to transmit plasma
emission to the system of detection and optical diagnostics.
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