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A cavity-dumped 2.70 �m erbium laser with a frustrated total internal reflection �FTIR� shutter was
investigated and compared with a Q-switched erbium laser using the FTIR shutter. The Q-switched
and the cavity-dumped 2.70 �m laser outputs were obtained with a dichroic coated mirror with
high reflectance at 2.70 �m and high transmittance at 2.79 �m. For the Q-switched operation,
a maximum peak power of 33.5 kW was achieved, and its pulse width was 1.3 �s. For the
cavity-dumped operation, the laser pulse energy was optimized by changing the switching time of
the FTIR shutter. When the pulse width is reduced to 210 ns, the peak power increases to 154 kW.
© 2008 American Institute of Physics. �DOI: 10.1063/1.3036976�

I. INTRODUCTION

The 2.70 �m erbium laser with short pulse operation is
an ideal device for soft-tissue surgery and hard-tissue abla-
tion. It has many applications, such as soft-tissue incision
and ablation, corneal transplate, cosmetics, aesthetic surgery,
subgingival curettage, scaling of root surfaces, dental drills,
osteoplasty, and osteotomy.1–3 The 2.70 �m erbium laser is
suitable for these applications for the following reasons.
First, it has high absorption coefficient in tissue water and
hydroxyapatite compared to other wavelengths. Second, it
allows for pulse width shorter than the thermal relaxation
time of the tissue.4–7 Both conditions are necessary to mini-
mize the thermal damage zone around the target tissue and to
enable more accurate surgery of the target tissue. For high
hard-tissue ablation, moreover, the pulsed laser should un-
doubtedly have higher output power than that of a soft-tissue
incision.

The Er:Cr:YSGG lasers at 2.79 �m can be Q-switched
due to the longer lifetime ��1.3 ms� of the upper state
�4I11/2� as compared to yttrium aluminum garnet �YAG�
��100 �s�. However, their direct application to medical sur-
geries is limited due to poor transmission at the conventional
optic fibers such as the low-hydroxyl-fused-silica fibers.1,8

The holium YAG lasers of 2.1 �m radiation are not suitable
for minimal medical treatment due to broad thermal damage
zone of tissue from the laser. The thermal damage zone of
the tissue induced with this laser is about 600 �m.3 For the
operation of Er3+ lasers at 2.70 �m wavelength under flash-
lamp excitation, Q-switched CrTmEr:YAG laser with pulse
energy of 50 mJ is reported.9 In recent years, a pulsed
pumped Er3+-doped zirconium barium lanthanum aluminum
sodium fluoride �ZBLAN� fiber laser with output energy of
1.9 mJ and with pulse width of 200 ns at 2.70 �m is
reported.10

In this paper, we investigated a cavity-dumped Er-
:Cr:YSGG laser for less thermal damage to soft tissue and

compared this laser with a frustrated total internal reflection
�FTIR� optical Q-switched laser. The giant short pulse is ob-
tained by an optomechanically Q-switching technique using
optical switching of the FTIR shutter, and its elastic defor-
mation instead of an electro-optics device such as a Pockels
cell.11–14 For the Q-switched operation, the pulse duration of
1.3 �s �full width at half maximum� is obtained. The pulse
width can be reduced down to 210 ns under the cavity-
dumped operation.

According to the practical necessities for soft-tissue sur-
gery and hard-tissue ablation, the laser system should be op-
erated in Q-switched or cavity-dumped operations. The en-
ergies and the pulse shapes of the Q-switched and the cavity-
dumped lasers are measured in these experiments.

II. DESIGN OF THE LASER

Figure 1 shows the structure of the Q-switched �A� or
the cavity-dumped �B� 2.70 �m erbium lasers. The Er-
:Cr:YSGG rod �Er 30 at. % and Cr 1.5 at. %� codoping
Cr3+ ions are used as a laser gain medium with 80 mm in
length and 5 mm in diameter. It is pumped by two flash
lamps filled with 450 Torr xenon gas. The dichroic dielectric
mirror �DDM� made of CaF2 material is placed at the right
end of the system as a rear concave mirror with a 3 m radius
of curvature and is coated with reflectance higher than 99.9%
at 2.70 �m and less than 10% at 2.79 �m in order to pro-
duce an output beam with a wavelength of 2.70 �m. The
CaF2 plane output coupler �OC� with 55% reflectance at
2.70 �m is placed 300 mm away from the end of the DDM.
The Q-switcher inserted in the cavity consists of two IR-
quartz prisms with a gap of about 1 �m. This Q-switcher is
operated by a piezoelectric transducer �PZT� that adheres to
its truncated side. The displacement of PZT is adjusted by a
negative control pulse of 350–400 V generated from the sec-
ondary power supply, and the switching time from a flash
lamp simmer signal can be adjusted by a digital delay
generator.a�Electronic mail: kmjang2@kaist.ac.kr.
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This laser system operates at both Q-switched operation
and cavity-dumped operation. At the Q-switched operation,
the OC coated 55% reflectance at 2.70 �m is placed at the
left end of the system. At the cavity-dumped operation, the
Q-switcher is still in the cavity and the OC is replaced by a
DDM identical to the one of the rear mirror.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Experimental results of Q-switched operation

Figure 2 shows the temporal pulse shapes for laser op-
eration. The signals are the flash lamp current signal, its sim-
mer signal, the output pulse shape at the free-running opera-
tion, and the switching signal determining the switching time
of the FTIR optical shutter at the Q-switched operation. All
temporal shapes are measured simultaneously. The switching
time from the simmer signal can be tuned from 0 to 200 �s.
The laser pulse with a wavelength of 2.70 �m is detected by
an InSb detector �EOS, IS-001/HS, rise time �2–5 ns� op-
erating at 77 K and a digital storage oscilloscope with a 500
MHz bandwidth. The output energy is measured by a pyro-
electric energy meter �Oriel, 70273�. The Q-switched laser
pulse repetition rate is limited from 1 to 50 Hz due to the

limitation of the relaxation time of mechanical vibrations
caused by the shock excitation of the shutter prism. At a
repetition rate of 1 Hz, the Q-switched result is shown in
Fig. 3. When the pulse width is 1.3 �s �Fig. 6�, the maxi-
mum peak power of 33.5 kW has been achieved at a switch-
ing time of 140 �s and at an electrical input energy �Ein� of
84.4 J. At the free-running operation, the output energy is
measured without losing of the FTIR prism. At the
Q-switched operation, when the inserted FTIR Q-switch is
opened, the threshold of the Q-switched operation is the
same as that of the free-running operation.

B. Experimental results of cavity-dumped operation

In cavity-dumped operation, the pulse width is measured
at the cavity length of 30 cm, which is equal to that of
Q-switched operation. The buildup time is adjusted by
changing the switching time of the FTIR optical shutter and
the electrical input energy. The experimental results are
shown in Figs. 4 and 5. These results show the output ener-
gies as a function of the switching time and the electrical
input at the cavity-dumped operation and the Q-switched op-
eration. In Fig. 4, the output energy is measured at the low
electrical input energy of 61.7 J to avoid optical damage at
the surface of DDM. The buildup time at the cavity-dumped
operation is shorter than that at the Q-switched operation. In
Fig. 5, the maximum peak power is obtained at 140 �s after
the flash lamp simmer signal with an electrical input energy

FIG. 1. Schematic of �a� the Q-switched and �b� the cavity-dumped
Er:Cr:YSGG laser systems.

FIG. 2. Temporal pulse shapes: flash lamp simmer signal, switching signal
at the Q-switched operation, flash lamp current signal, and output pulse
shape in the free-running operation.

FIG. 3. Free-running output and Q-switched output �output coupler with
55% reflectance at 2.70 �m and a switching time of 140 �s� at the repeti-
tion rate of 1 Hz.

FIG. 4. Output energies as a function of the switching time in the
Q-switched operation and cavity-dumped operation at Ein=61.7 J.
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of 84.4 J. Although the pulse energy is reduced at the cavity-
dumped operation, the peak power is further increased with
the pulse width reduction. When the pulse width is 210 ns,
the maximum peak power of 154 kW was achieved for the
cavity-dumped operation. The cavity-dumped pulse wave-
form is compared with the Q-switched pulse shape, as shown
in Fig. 6. The duration of the cavity-dumped laser is nar-
rower than that of the Q-switched laser.

In conclusion, in this work, the cavity-dumped 2.70 �m

erbium laser was demonstrated using a FTIR shutter and
compared with the Q-switched erbium laser using the FTIR.
For the Q-switched operation, the pulse width is 1.3 �s, and
a maximum peak power of 33.5 kW was achieved. For the
cavity-dumped operation, the pulse width is reduced to 210
ns, and a maximum peak power of 154 kW was obtained.
The peak power of the cavity-dumped laser output is five
times higher than that of the Q-switched laser output. The
main advantage of the cavity-dumped laser is higher peak
power than that of a Q-switched operation. The short pulse
output from this cavity-dumped technology enables precise
operation of soft tissue and hard tissue without damaging the
adjacent tissues. These advantage leads to medical applica-
tions such as soft-tissue incision, hard-tissue ablation, and
other medical surgeries.

ACKNOWLEDGMENTS

This work was supported by the Regional Research
Center.

1 O. Kermani, H. Lubatschowski, and T. Ossaner, Lasers Surg. Med. 13,
537 �1993�.

2 M. Frenz, H. Pratisto, F. Konz, E. D. Jansen, A. J. Welch, and H. P. Weber,
IEEE J. Quantum Electron. 32, 2025 �1996�.

3 F. Koenz, M. Frenz, H. Patisto, and H. P. Weber, Proc. SPIE 2077, 78
�1994�.

4 D. Fried, N. Ashouri, T. Breunig, and R. Shori, Lasers Surg. Med. 31, 186
�2002�.

5 B. Jean and T. Bende, Top. Appl. Phys. 89, 511 �2003�.
6 J. T. Walsh, T. J. Flotte, and T. F. Deutsch, Lasers Surg. Med. 9, 314
�1989�.

7 C. Q. Le, M. Staninec, and D. Fried, Proc. SPIE 5687, 151 �2005�.
8 N. M. Fried, Y. Yang, K. Lee, and H. A. Tafti, Proc. SPIE 5691, 115
�2005�.

9 B. N. Antipenko, E. E. Devonin, A. V. Lukin, V. V. Lyubchenko, A. V.
Sandulenko, and V. S. Terpugov, Sov. J. Opt. Technol. 60, 418 �1993�.

10 B. C. Dickinson, P. S. Golding, M. Pollnau, T. A. King, and S. D. Jackson,
Opt. Commun. 191, 315 �2001�.

11 F. Konz, M. Frenz, V. Romano, M. Forrer, and H. P. Weber, Opt.
Commun. 103, 398 �1993�.

12 M. Ozolinsh, H. J. Eichler, B. Liu, and Q. Zhu, Proc. SPIE 3863, 521
�1999�.

13 J. Breguet, A. F. Umyskov, W. A. R. Luthy, I. A. Shcherbakov, and H. P.
Weber, IEEE J. Quantum Electron. 27, 274 �1991�.

14 P. Maak, L. Jakab, P. Richter, H. J. Eichler, and B. Liu, Appl. Opt. 39,
3053 �2000�.

FIG. 5. Output energies as a function of the electrical input energy for the
Q-switched operation �output coupler with 55% reflectance at 2.70 �m� and
for the cavity-dumped operation at a switching time of 140 �s.

FIG. 6. Q-switched and cavity-dumped pulse waveform at a switching time
of 130 �s and at Ein=61.7 J.
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