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Abstract:

The purpose of this study was to compare and clarify the differences in pit formation

between two modes of free-electron laser (FEL) irradiation with different beam currents and

pulse structures and how the effects of these modes vary with the tissue structure of human

teeth.

FEL irradiation using the full-bunch mode (Fm) and burst mode (Bm). The beam current

was carried out at 200 mA for Fm and 2 A for Bm. The micro-pulse interval within the macro-

pulse structure was 350 ps for Fm and 22.4 ns for Bm. The wavelength of the FEL was adjusted

to 2.94 um, and macro-pulse energy was adjusted to 6.0 mJ/macro-pulse by polarizing plate.

The macro-pulse irradiation was set to 1 or 5 times for both modes.

As the number of macro-pulse irradiations increased, the pits became deeper in Fm than in

Bm, regardless of the site on the tooth. On the other hand, the bulge height was lower for Bm

than for Fm, regardless of the site on the tooth or the number of macro-pulse irradiations. No

scorch marks were observed in the pits for either mode.

It was concluded that the differences in the pit including bulge formation were the macro-

pulse structure between Fm and Bm. The intensity of the FEL irradiation caused plasma

evaporation in the tooth hard tissue, and the tooth substance was ablated before thermal

conduction occurred. The relation with the thermal relaxation time also confirmed that pits

were formed without visible scorch marks.



Introduction

The fields in which lasers are applied are extremely broad and include precision

measurements, product machining, optical telecommunications, information processing, and

clinical medicine. Even in dentistry, laser irradiation is widely used for surgical applications

such as cutting hard tissue, incision, excision, and coagulation of soft tissue, as well as for

diagnosis of dental caries, pain relief, and promotion of wound healing (1, 2). In Japan,

procedures such as caries treatment and dental scaling using lasers have recently become

covered by medical insurance (3), and there is great anticipation for the practical use of lasers.

Research into lasers began with the theory of stimulated emission published by Einstein in

1916 (4). Among the many experiments that were subsequently conducted, Maiman (5), who

was a scientist at Hughes Aircraft Company, successfully developed a ruby laser that emitted

a crimson-red beam from a ruby crystal in 1960, and a year later, the He-Ne laser was

developed for use in the field of medicine, which opened the door to the development of

medical applications. Research into dental lasers began at the beginning of 1964 (6). When

treatment of hard tissue using Er:YAG lasers became possible in the mid-1990s, treatment of

caries and dental scaling began to be performed, and today this has advanced to the point of

scraping bone, and even more progress is being made in research and development (7).

Lasers differ from conventional light sources and offer excellent properties such as

monochromaticity, directivity, convergence, and coherence. However, commercial lasers



suffer from a limited wavelength range. Attention has therefore shifted to free-electron lasers

(FELs), which use a high-energy electron beam generated by an accelerator. They have the

unique characteristic of variable wavelength, from the far infrared to soft X-ray regions, which

cannot be obtained with conventional lasers (8). FELs generated a wiggling motion in an

electron beam that has a speed close to that of light (electron bunching) by using a periodic

magnetic field produced by a device called an undulator, and they generate a coherent

electromagnetic wave (undulator radiation) by the resonant interaction with the

electromagnetic field. The wavelength of an FEL can be easily tuned by changing the energy

of the electron beam and the strength of the magnetic field (undulator gap length). FELs

generated in FEL systems using RF linear electron accelerators have a characteristic macro-

pulse structure composed of micro-pulses (9). The Laboratory for Electron Beam Research and

Application in Nihon University (LEBRA) has been performing research into the dental use of

FELs, including the wavelength dependence of laser effects. Although drilling a hole in teeth

was previously performed using an FEL, this was carried out with a full-bunch-mode (Fm)

electron beam (10,11). LEBRA has been working on improving the FEL oscillator device, and

it is now possible to use a high-current electron beam operating mode that was not previously

possible. For joint-use experiments, LEBRA is currently offering both Fm with a macro-pulse

beam current of around 200 mA, and burst mode (Bm) which has a peak beam current of around

2 A, an order of magnitude higher than the current in Fm.
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In the present study, we aimed to compare and clarify the differences in Pit formation

between two modes of FEL irradiation with different beam currents and pulse structures, and

how the effects of these modes vary with the tissue structure of human teeth.



Materials and Methods

Sample preparation

The stocked 15 human third molars were used. All of the teeth used were selected from those

with no attrition on the cusp and teeth with complete roots. The use of human teeth in the

present study was approved by the Ethics Committee of Nihon University (No. EC22-17-015-

).

The teeth were cut using a diamond saw (IsoMet, Buehler Co. Ltd., Lake Bluff, IL, USA) in

the longitudinally parallel to the buccolingual tooth axis. Sliced sections were used as samples

with a thickness of approximately 0.5 mm and polished using a grinding stone up to grit #3,000

so that the surface was parallel to the sample stage. The polished sections were cleaned

ultrasonically before use in the studies.

Sliced sections of human teeth were attached to slide glass using a transparent adhesive

(Super-Clear Bond, Shinto Sangyo Co., Ltd., Osaka, Japan) (Figure 1). In a preliminary study,

60 sections prepared from 15 teeth were preliminarily FEL irradiated to set conditions.

Afterward, one case was presented, for which the irradiation conditions were correctly applied

across the entire procedure.

LEBRA-FEL system

The FEL equipment at the LEBRA was used in the present study. The electron linear



accelerator is composed of a triode direct current (DC) electron gun with an accelerating

frequency of 2,856 MHz at -100 kV, a pre-buncher, a buncher, and three 4-m acceleration tubes.

This is a simple system that does not use a radio frequency (RF) electron gun, sub-harmonic

buncher, or superconducting acceleration system. Figure 2 shows a schematic diagram of the

LEBRA accelerator beamline, and Table 1 shows the specifications of the linear accelerator.

The DC electron gun incorporates a high-speed grid pulser with a full width at half maximum

of 600 ps (Kentech Instruments Ltd., Wallingford, U.K.) and a regular grid pulser. In addition

to regular Fm operation, Bm operation is also possible, producing an intermittent beam at an

accelerating frequency of 2,856 MHz divided by 64 or 128 (12). Details of the structure and

features of LEBRA-FEL have been previously described (13-15). The Fm operating conditions

in the present studies were an electron beam energy of about 80 MeV, a macro-pulse beam

current of about 200 mA, a repetition frequency of 2.0 Hz, a macro-pulse width of about 20 ps,

a micro-pulse width of about 1 ps, and a bunch interval of 350 ps. The Bm operating conditions

were an electron beam energy of 80 MeV, a macro-pulse beam current of about 2.0 A, a

repetition rate of 2.0 Hz, a macro-pulse width of about 20 ps, a micro-pulse width of about 1

ps, and a bunch interval of 22.4 ns. The FEL beam generated in the accelerator room is

transported about 50 m in a vacuum duct, which is guided to the user's laboratory.

The wavelength of the FEL was adjusted to 2.94 um, which is the same as that for Er:YAG

lasers that are frequently used in clinical dentistry. The spot size and power for the FEL depend



on the wavelength. However, the inner diameter of the transport optics of the FEL beamline

and the effective diameters of the mirrors and lenses of the irradiation optics limit the FEL spot

size in the laboratory. The beam passes through a polarizing plate placed in the middle to fix

the pulse energy. The spot diameter at that point was set to 25 mm, and the pulse energy was

adjusted to 6.0 mJ/macro-pulse. The FEL beam was focused to several tens of micrometers

using a calcium fluoride plano-convex lens with a diameter of 50 mm and a focal length of 100

mm. Since the FEL output varies between pulses, the laser power for each macro-pulse was

monitored using a power meter during the experiments, and FEL irradiation was performed

after confirming the mean value over a fixed duration of time. Figure 3A shows a schematic

diagram of the electron beam pulse structures for Fm and Bm, and Figure 3B shows the

LEBRA-FEL pulse structures.

Irradiation of LEBRA-FEL to the samples

The sectioned specimens were mounted on an automatic XY Z stage with a precision of 0.01

mm, and a computer program controlled the irradiation position. Figure 4 shows photographs

of the FEL optical system and a sample placed on the sample stage. The automated stage has

been programmed to move 25 times every 1-mm step in the Y-direction. The stage was then

offset in the X-direction by 1 mm, and the process was repeated in a raster-like pattern. In this

study, each spot was irradiated with either 1 or 5 FEL macro-pulses, using either Fm or Bm.



The laser beam was focused on the sample surface at an incidence angle of 90° (normal

incidence). The irradiation pattern is shown in Figure 5. In order to emulate a typical dental

clinical environment, all irradiation experiments were performed at room temperature in the

air.

Comparison of pit structures and depths after FEL irradiation

Observation of pits was performed using a stereomicroscope (SMZ1500, Nikon Corp.,

Tokyo, Japan), and all authors checked the shape and presence of scorch marks at full focus,

and images were recorded using a digital camera. Measurements of the size and depth of pits

were performed using a white-light interferometer-mounted laser microscope (VK-X3000,

Keyence Corp., Osaka, Japan) capable of measuring surface profiles. The depth of the pit was

measured at the deepest point, and the height of the bulge was automatically measured at the

highest point by the laser scanning device.



Results

4-1. Formation of pits produced by LEBRA-FEL irradiation.

Figure 6 shows stereomicroscope images following LEBRA-FEL irradiation. The arrows

indicate the locations where the pit formation was measured.

White turbidity and scorch marks that can be generated by Er:Y AG lasers for dental clinical

applications were not found in the enamel or dentin irradiated by LEBRA-FEL, regardless of

the mode and number of pulse irradiations.

The pit depth was found to be shallow in enamel than in dentin. The pit diameter was about

150 um for Fm and about 100 pm for Bm, regardless of the number of macro-pulses.

Furthermore, all of the pits exhibited a conical shape. Figure 7 shows 3D images of pits

produced in Fm and Bm, captured from the inside of the surface profile with a laser microscope.

Although the pits in enamel and mantle-dentin were slightly deeper after single macro-pulse

irradiation for Bm than for Fm. In another tooth site, Fm had a deeper Pit than Bm. However,

as the number of macro-pulses irradiation increased, the pits became deeper for Fm than for

Bm, regardless of the site on the tooth. The pit depth was proportionate to the number of macro-

pulses irradiation. Furthermore, the bulge height was smaller for Bm than for Fm, regardless

of the number of pulses irradiation.

A characteristic bulge was found around the pit in both the enamel and dentin following FEL

irradiation. For Fm in particular, as the number of pulses increased, although the bulge tended
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to be higher at the mantle and circumpulpal dentin, it was lower in the enamel and enamel-

dentin junction. However, no large difference in bulge height was found for Bm regardless of

the site on the tooth or the number of pulses. Figure 8 shows a graph summarizing the pit

depth and bulge height dependence on the number of FEL pulses for each irradiation mode.
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Discussion

In this study, the LEBRA-FEL was used to irradiate human teeth in Fm and Bm modes.

When the surface of a solid material is irradiated with a laser pulse that exceeds the threshold

fluence of the material, ablation (sputtering and peeling) occurs, creating marks on the surface.

Although it is a simple phenomenon, many problems remain in terms of laser machining. This

is because there are many parameters such as the environmental atmosphere and the type of

material, in addition to the laser irradiation conditions (wavelength, pulse width, angle of

incidence, beam diameter, spatial distribution, polarization, and the number of pulses). The

development of laser technology has made a significant contribution to the field of medicine,

and many laser-based treatments are applied in clinical dentistry (1). Recent lasers can produce

pulses at repetition rates in the megahertz range, and the importance of understanding the

interactions between the laser and the surface is increasing (16). Furthermore, it has been

reported that the machining efficiency can be increased by selecting the irradiation mode (17).

In order to obtain the desired effect more efficiently when an object is irradiated by a laser

beam, it is necessary to select the laser device based on the peak absorption wavelength for the

components that make up the material being irradiated (18, 19). Furthermore, it has recently

been reported that there is a dependence on the laser pulse width, even at the same wavelength

(20).

The LEBRA-FEL is not only wavelength-tunable but also generates micro-pulses with pulse
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widths of several hundred femtoseconds for both Fm and Bm. By varying the interval between

micro-pulses at the same wavelength, useful information can be obtained on the pulse interval

effect. For single macro-pulse irradiation, the pit depth was slightly larger in the enamel and

mantle-dentin for Bm mode than for Fm. However, as the number of macro-pulses increased,

the pits became deeper for Fm than for Bm, regardless of the site on the tooth. Initially, it was

thought that deeper pits would be drilled with Bm, which has a higher power per micro-pulse.

However, as the number of macro-pulses increased, deeper pits were observed for Fm than for

Bm in both the enamel and the dentin. This suggests that differences in tooth pit formation

occur when the pulse interval is short, even when the macro-pulse width is the same for both

Fm and Bm. Typically, the power intensity per micro-pulse is much higher for Bm than for Fm,

but the average intensity per macro-pulse is higher for Fm than for Bm. In the present study, a

polarizing plate was inserted into the optical axis of the FEL to make the energy per macro-

pulse uniform. Therefore, it is considered that deeper pits (stronger ablation) were formed using

Fm with shorter pulse intervals as the number of micro-pulses increased.

The height of the bulge is slightly larger for Fm than for Bm, for both enamel and dentin.

One reason for this is that the pulse interval for Fm is 350 ps while that for Bm is 22.4 ns, and

the pulse interval for Fm is much shorter than that for Bm. Since heat is generated only at the

position where the laser light is absorbed (21), the use of Fm with a narrower pulse interval

causes molten tooth substance to accumulate around the pit, so that the bulge becomes higher.
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The reason why the bulge height did not change in Bm no matter which part of the hard

tissue of the tooth was irradiated may be because the number of micro-pulses was smaller

compared to Fm, and the pulse interval was larger. Thus, ablation proceeded under conditions

in which it was difficult for heat to accumulate in the tooth substance. It is also considered that

in areas where there is little heat accumulation, ablation occurred with virtually no bulge

formation by melting of tooth substance around the pit. When a tooth is irradiated by a laser

with a pulse width shorter than the thermal relaxation time, heating occurs only at the position

where the laser light is absorbed, and heat transfer does not occur to surrounding tissue, leading

to no thermal effect (21). It was reported that pit formation in a tooth during LEBRA-FEL

irradiation in Fm was due to a type of plasma evaporation and not processes such as thermal

evaporation (10, 22). In the present study, since the amount of irradiation energy in Fm and

Bm are on the order of sub-Tera-watts to Tera-watts per centimeter squared per micro-pulse,

such plasma evaporation is thought to have occurred on the tooth structure.

As described above, the laser used in the present study has a pulse width of several hundred

femtoseconds, and the ablation efficiency for the same average power is expected to be much

lower than that for microsecond or nanosecond laser pulses (23). As a result, for the same

average power, it is necessary to increase the number of pulse irradiations in order to achieve

sufficient processing. On the other hand, because of the narrow micro-pulse width for LEBRA-

FEL, thermal conduction to the area around the irradiated site can be ignored, similar to the
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case for femtosecond laser ablation (24, 25). Furthermore, the shortest thermal relaxation time

exhibited by water at a wavelength of 2.94 um is around 1 ps (21, 26). Because of this, since

the FEL used in the present study has a micro-pulse width sufficiently shorter than the thermal

relaxation time for water, the tooth substance is ablated before thermal conduction occurs. This

suggests that it is possible for pits to form without visible scorch marks, even without water

injection.

In clinical dentistry, it is extremely useful to perform drilling without heat or scorch marks

appearing on teeth, and subsequent restorative operations can be easily performed with

excellent results. The conventional laser light that is currently used in clinical dentistry has a

restricted range of wavelengths and pulse widths so its application to research is limited. Since

FEL pulses consist of high-power micro-pulse with femtosecond pulse widths, it is a useful

tool for fundamental research aimed at optimizing radiation parameters and determining

interaction mechanisms between tooth hard tissues and laser beams, beyond what is possible

using conventional lasers. In the future, it is anticipated that this will assist with the

development of safer dental lasers.

In conclusion, as the number of macro-pulse irradiations increased, the pits became deeper

in Fm than in Bm, regardless of the site on the tooth. On the other hand, the bulge height was

lower for Bm than for Fm, regardless of the site on the tooth or the number of macro-pulse

irradiations. No scorch marks were observed in the pits for either mode. These were found to
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be due to differences in micro-pulse intervals within the macro-pulse structures of Fm and Bm.

The intensity of the FEL irradiation caused plasma evaporation in the tooth hard tissue, and the

tooth substance was ablated before thermal conduction occurred. The relation with the thermal

relaxation time also confirmed that pits were formed without visible scorch marks, even

without water injection. High-power micro-pulses with femtosecond micro-pulse widths in the

pulse structure were shown to be useful in the development of dental lasers.
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Table 1 Specifications of LEBRA 125 MeV electron linac

Acceleration frequency
Beam energy

DC electron gun energy
Klystron peak RF power
Number of klystrons
Macro-pulse width
Macro-pulse repetition rate
Macro-pulse beam current

Energy spread (FWHM)

2,856 MHz
40~ 100 MeV (typ.)
100 kV
~20 MW
2
5~20 ps
2~ 10 pps
200 mA~2 A
0.5~1%
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Figures and Legends

Tooth slice
sample
2.94 um FEL

nradiated
L: Full bunch
R: Burst

Figure 1  Photograph of tooth sliced to 0.5 mm and attached to the glass slide.

The teeth were cut in longitudinally parallel to the buccolingual tooth axis. Sliced sections

were used as samples with a thickness of approximately 0.5 mm and polished. Slices of the

same tooth were attached to a single glass slide.
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100 kV DC
Electron gun,
Bunching Section

Acceleration tubes Lﬁé
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(40-125MeV)
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Near-infrared free
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Figure 2  Each beamline in the LEBRA accelerator room.
The DC electron gun generates a full bunch mode or burst mode electron beam, and the

FEL undulator defines the wavelength of the FEL.
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A, Time structure of electron beam.

B, Time structure of LEBRA-FEL beam.
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FEL output port

Reflection mirror

Figure 4  Irradiation equipment in FEL laboratory.

The FEL beam passes along a vacuum tube from the CaF, windows at the rear side (A).

Yellow arrows indicate the optical axis of the FEL beam. The beam passes through a polarizer

and three reflectors and then enters the condenser lens (CaF», f= 100 mm) and is focused on

the sample surface (B).
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Figure5  Schematic diagram of full-bunch mode and burst mode irradiation at a wavelength

of 2.94 um.

The automated stage has been programmed to move 25 times every 1-mm step in the Y-

direction. The stage was then offset in the X-direction by 1 mm, and the process was repeated

in a raster-like pattern.
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Figure 6  Stereomicroscopic image after FEL irradiation.

The red arrows in each photo indicate the area where the pit formation was measured.

E: Enamel, EDIJ: Enamel-dentin junction, MD: Mantle-dentin,

CD: Circumpulpal dentin

A, FEL irradiation at a wavelength of 2.94 um in full-bunch mode.

B, FEL irradiation at a wavelength of 2.94 pm in burst mode.

In both figures, the blue frame shows 1 pulse of 6.0 mJ FEL irradiation, and the green frame

shows 5 pulses.
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Figure 7  Surface magnified 3D image of pit formation.

3D image of the pit formations captured from the inside of the surface profile with a laser

microscope. Both images are for a single FEL pulse at a wavelength of 2.94 um with 6.0 mJ/

macro-pulse.

The pit diameter was about 150 um for Fm and about 100 um for Bm. Furthermore, all the pits

exhibited a conical shape.

A, Full-bunch mode.

B, Burst mode.
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Figure 8  Dependence of pit depth and bulge height on the number of pulses for each FEL

mode.

The horizontal axis corresponds to the FEL irradiation points in Figure 6. The orange

vertical bars represent the pit depth, and the blue vertical bars indicate the bulge height around

the pit. Vertical axis scale: um.

A, Enamel

B, Enamel-dentin junction

C, Mantle-dentin

D, Circumpulpal dentin.
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