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Abstract In the application of lasers in dentistry, there is a
delicate balance between the benefits gained from laser treat-
ment and the heat-related damage arising from laser irradia-
tion. Hence, it is necessary to understand the different process-
es associated with the irradiation of lasers on dental materials.
To obtain insight for the development of a safe and general-
purpose laser for dentistry, the present study examines the
physical effects associated with the irradiation of a near-
infrared free-electron laser (FEL) on the surface of a common-
ly used silver dental alloy. The irradiation experiments using a
2900-nm FEL confirmed the formation of a pit in the dental
alloy. The pit was formed with one macro-pulse of FEL irra-
diation, therefore, suggesting the possibility of efficient
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material processing with an FEL. Additionally, there was only
a slight increase in the silver alloy temperature (less than
0.9 °C) despite the long duration of FEL irradiation, thus
inferring that fixed prostheses in the oral cavity can be proc-
essed by FEL without thermal damage to the surrounding
tissue. These results indicate that dental hard tissues and dental
materials in the oral cavity can be safely and efficiently proc-
essed by the irradiation of a laser, which has the high repetition
rate of a femtosecond laser pulse with a wavelength around
2900 nm.

Keywords Free-electron laser - Dental silver alloy - Laser
processing - Femtosecond laser

Introduction

Since the introduction of lasers into dentistry [1], several la-
sers have been widely applied in operative dentistry, endodon-
tics, periodontics, orthodontics and cosmetic dentistry [2]. The
lasers are primarily used in the treatment of dental hard and
oral soft tissues. However, the application of lasers has also
been expanded to the processing of inorganic dental materials;
for example, the removal and surface treatment of inorganic
dental materials with laser ablation [3, 4] and the laser welding
of dental alloys [5, 6]. It has been suggested that the laser
treatment of alloy surfaces contribute to better resin-metal
bonding [4]. In addition, super-fine structures acting as laser
markers can be generated on dental alloys and resins with
lasers. This approach of generating markers on dental prosthe-
ses has gained consideration for body identification after nat-
ural disasters [7, 8]. However, the increase in temperature
accompanying the laser irradiation is one of the significant
challenges associated with the use of lasers in dentistry. A
temperature increase of 5.5 °C can reduce the vitality of
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pulpal, while a temperature increase of 10 °C can lead to
damaged bone tissue [9—11]. These critical threshold temper-
atures are often exceeded during the laser irradiation of dental
hard tissues and dental materials [12—16]. Therefore, to avoid
thermal damage stemming from laser irradiation of oral tis-
sues, cooling has been considered necessary during irradiation
within the oral cavity [5, 12, 14, 15]. Meanwhile, the applica-
tion of lasers with ultra-short pulses with duration on the order
of femtoseconds has been attempted in dentistry [7, 17].
Because of the very short time scales involved in ablation with
a femtosecond laser pulse, it is considered that thermal con-
duction into neighbouring tissues can be neglected during the
laser irradiation [18, 19]. Thus, femtosecond laser allows the
precision processing of a workpiece without thermal damage,
thereby indicating an advantage over other lasers for the pro-
cessing of dental tissues and dental materials within the oral
cavity [7, 17]. However, the ablation efficiency of femtosec-
ond lasers is significantly lower than that of a microsecond or
nanosecond pulse laser. Hence, it is necessary to increase the
number of irradiated pulses to achieve satisfactory processing
of the dental materials including metals [7, 18, 19].

Free-electron laser (FEL) produced with the help of elec-
trons in synchrotrons are wavelength-tuneable, thereby mak-
ing them attractive for the next stage of ultra-short laser-based
material processing [20]. FEL has a characteristic pulse struc-
ture consisting of two types of pulses, namely a macro-pulse
and micro-pulse. Each macro-pulse of the FEL has a time
duration on the order of a microsecond and consists of a train
of micro-pulses, each with duration on the order of a femto-
second. Because of the characteristics of the FEL, it has been
demonstrated that irradiation using an FEL can ablate various
substances efficiently without thermal damage [20-22]. The
FEL located at the Laboratory of Electron Beam Research and
Application, Nihon University (LEBRA) is a linear-
accelerator-based FEL with a variable wavelength ranging
between 1600 and 6000 nm within the near-infrared region
of the electromagnetic spectrum. The LEBRA-FEL macro-
pulses have time duration of about 10-20 ps and is composed
of micro-pulses with time duration of about 100 fs [23, 24].
The irradiation experiments using LEBRA-FEL for dental
hard tissues have been previously reported [25-29].
Although these studies suggested the efficient and
wavelength-dependent ablation of the dental hard tissues,
there are no reports that confirm the similar effects of near-
infrared FEL irradiation on inorganic dental materials such as
dental alloys.

In this study, we aim to understand the different processes
accompanying the laser irradiation on inorganic dental mate-
rials, to help in the development of a safe and general-purpose
laser for dentistry. The processes investigated as a part of this
study include the changes in the surface morphology, alloy
composition and temperature change as a function of
LEBRA-FEL irradiation with a wavelength of 2900 nm. A
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silver alloy was selected as the inorganic dental material for
the laser irradiation experiments, as silver-based dental alloys
are commonly used in dentistry and are the likely target for
laser processing in the future. The slight increase in tempera-
ture and the minimal change in composition of the silver alloy
during the irradiation indicate the usefulness and safety of the
FEL in processing substances within the oral cavity. Any safe
and general purpose laser for dental application must be able
to process both dental hard tissues and materials without ther-
mal damage. As dental enamel and dentin are effectively
etched by a near-infrared FEL [25, 28], the experimental ver-
ification of the same effect for FEL irradiation on inorganic
dental materials is key to the development of one general-
purpose laser in dentistry.

Materials and methods
Sample preparation

In the present study, a dental alloy (Kinpara S12, Ishifuku
Metal Industry Co., Ltd., Tokyo, Japan) was employed for
the FEL irradiation experiments. The composition of the alloy
was as follows: 49.5% silver, 20% palladium, 14.4% copper,
12% gold and less than 1% of iridium, zinc and indium. This
silver alloy is generally used in making dental crowns, bridges
and inlays. For the FEL irradiation experiments, a rectangular
alloy plate with dimensions of 6-mm by 12-mm and a thick-
ness of about 1.2 mm was prepared.

FEL irradiation

The structure and features of LEBRA-FEL has been described
previously [23, 24]. In brief, the macro-pulse of LEBRA-FEL
has a duration of about 10 ps and a repetition rate of 2 Hz.
Each macro-pulse consists of a train of micro-pulses with
duration of about 100 fs. The interval between two consecu-
tive micro-pulses is 350 ps, which corresponds to the radio
frequency (2856 MHz) employed in the linear accelerator at
LEBRA. In this study, the wavelength of the LEBRA-FEL
was 2900 nm.

The alloy plate was mounted on an automated XYZ stage,
with the irradiation position controlled with the help of a com-
puter program. The FEL was focused to a spot size with a
diameter of about 0.1 mm with a calcium fluoride convex lens
placed before the alloy plate. In a typical experiment, each
spot on the silver alloy was irradiated with one FEL macro-
pulse. The number of macro-pulses for each spot for
temperature-dependence measurements was five.. As the
FEL power fluctuated pulse-to-pulse, the laser power of each
macro-pulse was monitored with the help of a power meter
during the entire course of the experiment. To mimic, typical
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dental clinical environments, all irradiation experiments were
performed at room temperature in air.

The FEL-irradiated alloy plates were characterised under a
binocular microscope (Nikon, Tokyo Japan), a digital optical
microscope (VHX-2000, Keyence Co., Osaka, Japan) and a
scanning electron microscope (SEM; S2700, Hitachi Co.,
Ltd., Tokyo, Japan). The depth of the pits formed by FEL
irradiation was measured with a laser profile micrometre
(VF7510, Keyence Co.).

Measurement of composition changes by X-ray diffraction
analysis

The changes in the dental alloy composition after FEL irradi-
ation was characterized with X-ray diffraction (XRD). The
XRD data was recorded from (1) a pristine spot on the alloy
plate with no FEL irradiation, (2) the inside wall of a pit
formed by FEL irradiation and (3) the rim surrounding the
pit. For XRD measurement from the inner wall of the pit,
the irradiated alloy plate was cut longitudinally through the
centre of a pit. Subsequently, the XRD pattern was collected
using a two-dimensional imaging plate detector and CuK«x
radiation from a rotating-anode X-ray generator (RINT-
RAPID CMF, Rigaku Co. Ltd., Tokyo, Japan). The measured
two-dimensional diffraction pattern was converted into a con-
ventional powder pattern using the 2DP software (Rigaku Co.
Ltd.). The XRD analysis was performed using the PDXL soft-
ware (Rigaku Co. Ltd.).

Temperature measurement during FEL irradiation

To examine thermal effects from the FEL irradiation, the tem-
perature of the alloy plate was continuously recorded during
the experiment for a duration of 30 min. In this experiment, an
alloy plate was packed in a plastic case with heat insulators
(Aeroflex USA Inc., TN, USA). The plastic case had a win-
dow for the laser irradiation. The temperature of the dental
alloy was measured with a filmed platinum film resistance
thermometer (Netsushin Co., Ltd., Saitama, Japan). The insu-
lating material for the plastic case was obtained from Aeroflex
USA Inc., TN, USA. The thermometer was tightly attached to
the bottom side of the alloy plate. The changes in temperature
before, during and after the FEL irradiation was continuously
recorded every 0.1 s with a data acquisition unit (MX100,
Yokogawa Electric Co., Ltd., Tokyo, Japan). During irradia-
tion, the alloy plate was moved with the automated stage while
maintaining the laser in focus to the surface of the alloy plate.
The stage was programmed to move horizontally on the same
irradiation line by 0.1 mm every 3 s. After every 3 min, the
stage returned to the starting position of the next irradiation
line which shifted vertically by 0.1 mm from the previous line.
The FEL irradiation on the alloy was continued during all the
stage movements.

Results
Morphological changes due to FEL irradiation

Figure 1 shows the morphological changes on the dental alloy
surface after one macro-pulse irradiation of the 2900-nm FEL.
The irradiation of just one FEL macro-pulse resulted in the
production of a pit on the alloy plate (Fig 1a, b). In the case of
the pit displayed in Fig. 1a, the energy of the irradiated macro-
pulse was 3.9 mJ, the average energy of micro-pulses consti-
tuting the macro-pulse was estimated at 0.14 pJ; Therefore,
the laser density of the focused FEL spot was about 50 J/cm®
for the macro-pulse and about 1.7 mJ/cm? for the micro-pulse.
The pits were surrounded by a rim with droplets (see Fig. 1b),
which seems to have been formed by the melting and resolid-
ification of the alloy. Additionally, the alloy surface surround-
ing the pit was discoloured.

Figure 2 shows the plot of pit depth as a function of the
FEL energy for 19 irradiation experiments. In our experi-
ments, the energy of the FEL macro-pulse was varied between
1.3—4.1 mJ/macro-pulse. The pit formation was observed
when the FEL irradiation exceeded 3.2 mJ/macro-pulse.
Beyond the threshold FEL energy of 3.2 mJ/macro-pulse,
there appears to be correlation between the pit depth and the
FEL energy input on the alloy surface. When the FEL energy
was below 3.2 mJ/macro-pulse, there was no pit formation
and circular dents on the surface were observed (see Fig. 1c).

Composition change due to FEL irradiation

The XRD patterns collected from the non-irradiated alloy sur-
face, the inside wall of a pit formed by FEL irradiation, and the
discoloured surface surrounding the pit on the dental alloy plate
are displayed in Fig. 3. The XRD pattern of the discoloured
surface is clearly different from the patterns of the other areas.
The peaks corresponding to Ag and Au—Cu—Zn alloy were
clearly observed in XRD patterns of the non-irradiated area
and can be considered as the reference XRD pattern. The
XRD pattern collected from the inside wall of a pit was nearly
identical to the reference XRD pattern collected from the non-
irradiated alloy surface. Meanwhile, the XRD pattern of the
tarnished surface surrounding the pit reveals peaks matching
to In—Pd alloy. Although, we speculated that the surface discol-
oration might be due to the heat-induced formation of oxides,
there were no peaks related to oxides in this XRD pattern.

Temperature change during FEL irradiation

The graph in Fig. 4 shows the temperature of the dental alloy and
the FEL energy per macro-pulse as function of time. In this case,
we recorded the temperature before, during and after the FEL
irradiation. The alloy surface was irradiated with FEL in this
experiment between 300 and 2100 s time stamps on the graph.
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Fig. 1 Morphological changes in the dental alloy surface after a single
macro-pulse irradiation of the 2900-nm FEL. a Digital microscope image
displaying the formation of pit and discolouration of the alloy surface
surrounding the pit, b SEM images of a pit formed by FEL irradiation,
¢ SEM image of the circular dent formed by FEL irradiation at energy of
2.6 mJ/macro-pulse. Scale bars in (a) is 50 pm and those in (b) and (c)
represent a length of 10 pm

The average FEL energy during the irradiation was 3.8 mJ/mac-
ro-pulse. During this experiment, the ambient temperature was
between 24.8 and 25.1 °C. The total increase in temperature of
the dental alloy during the entire course of this experiment was
below 0.9 °C. It was remarkable to observe only a slight temper-
ature increase, considering the alloy was not specifically cooled.
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Fig. 2 Relation between the energy of the irradiated FEL macro-pulse
and the depth of pit formed by the irradiation. For cases with poorly
formed pits, the depth was estimated to be 0 um

The temperature fluctuations with a periodicity of about 3 min
observed in the graph correlated well with the programmed
movements of the automated stage on which the dental alloy
was loaded. The irregular decreases in temperature change ob-
served after 1500 s can be correlated to the decrease of the FEL
energy, which is due to the instability of the linear accelerator.
The temperature of the alloy returned to its initial value, approx-
imately 5 min after the irradiation was stopped.

Discussion

The present study confirms the formation of pits by the irradia-
tion of a 2900-nm FEL on silver-based dental alloy. To our
knowledge, this is the first report to demonstrate the use of
near-infrared FEL irradiation to process the surface of dental
metal alloys. The morphological changes of the dental alloy
due to FEL irradiation were comparable to those observed
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Fig. 3 XRD patterns of the dental alloy irradiated by the FEL. The grey
line, black dots and red line correspond to patterns collected from the non-
irradiated area, the inside wall of a pit formed by FEL irradiation, and the
discoloured surface surrounding the pit, respectively. Circles and asterisks
indicate diffraction peaks of Ag and Au—Cu—Zn, respectively
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Fig. 4 Temperature change in the dental alloy due to FEL irradiation as a
function of time. The total irradiation period was between 300 and 2100 s.
A temperature change of 0 °C is the lowest temperature change of the
dental alloy before irradiation. The graph plotted was corrected for the
variation of room temperature during the experiment. The grey dots
denote the FEL energy per macro-pulse, with the energy values
depicted in the y-axis on the right side of the graph

previously in laser irradiation experiments on metals [7, 19, 30].
Ichikawa et al. [7] have evaluated the feasibility of using a 800-
nm Ti:sapphire laser with a pulse length of 150 fs to record
personal information on dental materials like titanium and Ag—
Pt—Au dental alloys. In their experiments, shallow pits with depth
of 0.2 um on titanium plates were observed upon the irradiation
of Ti:sapphire femtosecond laser pulse with a power density of
4 J/em?, and they could create clear dots marked on the dental
alloy by increasing the number of irradiation pulses. Similarly,
Leitz et al. [19] have demonstrated the high-precision processing
of materials at low ablation efficiency using a 800-nm
Ti:sapphire femtosecond laser. In our LEBRA-FEL irradiation
experiments, the formation of a deeper pit with a maximum
depth of 87 um was achieved by the irradiation of just one
macro-pulse (see Fig. 2). Although the power density of each
micro-pulse in the irradiated macro-pulse was estimated to be
less than 2 mJ/cm?, one macro-pulse of LEBRA-FEL consists
of a train of micro-pulses with a radio frequency of 2856 MHz.

Fig. 5 Polishing of the FEL-
irradiated surface of the dental
alloy. a Image of the surface of the
dental alloy irradiated by FEL
(temperature-change experiment
sample), b image of the polished
surface of the irradiated alloy
obtained with a dental metal
polisher. Scale bar in each image
represents 25 pm

Thus, one macro-pulse with a duration of 10 ps contains roughly
28,600 p-pulses, each with duration of 100 fs. Furthermore, the
peak power of LEBRA-FEL was estimated to exceed 1 MW [23,
24]. This characteristic feature of FEL will allow more efficient
formation of an apparent pit on the dental alloy than that obtained
using the Ti:sapphire femtosecond laser. Also, the ablation rates
of the workpiece can be increased by increasing the repetition
rate of the macro-pulse; in the case of LEBRA-FEL, the macro-
pulse repetition rate of 12.5 Hz is theoretically possible [24]. In
addition, our results suggest a correlation between the FEL ener-
gy and pit depth (see Fig. 2). Laser ablation occurs when the laser
intensity exceeds a certain threshold value [31]. In case of the
FEL irradiation on dental alloy, the threshold value of energy
appears to be above 3 mJ/macro-pulse. Therefore, the surface
of dental alloy can be processed as intended by controlling the
laser power and pulse frequency.

One of the most important results from this study is the low
increase in temperature of the dental alloy during FEL irradiation.
Thermal effects accompanying laser irradiation on dental tissues
and dental materials have been studied for several lasers. In gen-
eral, laser irradiation can lead to a significant increase in temper-
ature, which adversely affects dental tissues and bone [12—-16].
For example, Hirota and Furumoto [13] reported that Er:YAG
and CO, laser irradiation of dental enamel for a few seconds
raised the temperature by up to 1600 °C. Therefore, water and/
or air cooling is essential to reduce the heat generated by laser
irradiation [5, 12, 14, 15]. However, despite the absence of spe-
cific cooling and a long duration of FEL irradiation (30 min), the
temperature increase was well below the critical thresholds for
pulp (5.5 °C) [9] and bone (10 °C) [10, 11] (Fig. 4). Chichkov
et al. [18] indicated that thermal conduction into the sample due
to irradiation of 780-nm femtosecond laser can be neglected
owing to the extremely short interaction time of the sample with
the laser. Our result demonstrates the reduction of the tempera-
ture increase in dental metal processing using an FEL that con-
tains a train of femtosecond micro-pulses. This characteristic of
FEL irradiation may be eventually available for the processing of
fixed prostheses within the oral cavity.
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Meanwhile, the FEL irradiation resulted in burrs and dis-
coloration of the alloy surface surrounding a pit (Figs. 1a and
5a). When considering the processing of dental prostheses,
such as laser marking for body identification, it is important
to understand the properties of the tarnished surface in terms
of safety and aesthetics. The XRD analysis revealed the pres-
ence of peaks related to In—Pd alloy in the discoloured surface
(Fig. 3). Although the mechanism involving the production of
In—Pd alloy by FEL irradiation is not clear, the composition
changes of the irradiated alloy do not pose any appreciable
health risk. In addition, we polished the surface of the irradi-
ated alloy with dental metal polisher (Silicon Point M3, Shofu,
Inc., Japan). The images of the irradiated surface of the alloy
before and after polishing are shown in Fig. 5. From the fig-
ure, it is evident that the discoloured surface and burrs can be
easily removed with general polishing. This indicates that the
formation of burrs and the discolouration of the dental alloy
by FEL irradiation do not constitute an appreciable barrier to
the clinical application of the FEL.

The previous irradiation reports using the LEBRA-FEL fo-
cused on hard dental tissues [25-29], confirming pit formations
on enamel and dentin due to irradiation. Our results demonstrate
the ability of FEL to process dental alloys in addition to the dental
hard tissues. As the FEL irradiation ensures efficient processing
of dental tissues and materials, along with the reduction of ther-
mal damage to surrounding tissues, it is expected that an FEL-
like laser, which has a high repetition rate of a femtosecond laser,
can be used safely to process several substances within the oral
cavity. Interestingly, the wavelength of the FEL used in this
study, 2900 nm, is almost similar to that used in dental tissue
processing, 2940 nm [25-29]. This indicates that an FEL with a
single wavelength close to 2900 nm can be employed for the
processing of both dental tissues and dental alloy. The use of a
single-wavelength femtosecond laser for processing several ma-
terials can be considered important for the future development of
one general purpose laser for deployment in an office-type
environment.
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