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We report that InAs/GaAs quantum dots were developed to be saturable absorbers as well as output cou-
plers in diode-pumped passively mode-locked Nd:YVO4 lasers at 1342 nm. With an incident pump power of
12.6 W, an average output power of 0.85 W with a mode-locked pulse width of 26 ps at a repetition rate of
152 MHz was obtained. © 2005 Optical Society of America

OCIS codes: 140.4050, 140.3530, 140.3480.

Semiconductor saturable-absorber mirrors
(SESAMs) have been identified as promising satu-
rable absorbers for passively mode-locked all-solid-
state lasers.1–4 In the past decade, most SESAMs
were focused in the 0.8–1.06-mm spectrum region.
Applications such as fiber sensing and intracavity
Raman conversion to the 1.5-mm eye-safe spectrum
region have enabled high-peak-power solid-state la-
sers at 1.3 mm to be practical light sources.5,6 Previ-
ously, the two main types of material for SESAMs at
a 1.3-mm wavelength were InGaAs/GaAs and
InGaAsP/InP quantum wells (QWs).7,8 InGaAs-
based SESAMs for 1.3-mm lasers usually lead to sig-
nificant residual nonsaturable losses because the re-
quired indium concentrations are beyond the critical
strain-thickness limit. InGaAsP-based SESAMs
could offer absorber layers with smaller lattice mis-
matches; however, they have inherent disadvantages
such as low thermal conductivity and scarcity of suit-
able mirror materials.

Recently two new schemes based on the GaAs ma-
terial system to reach a wavelength near 1.3 mm for
applications of short-distance fiber-optic commun-
ication were proposed. One technique is the use of
GaInNAs QWs with low nitrogen concentrations in
an active region9; the other approach is the use of the
InAs/GaAs quantum-dot (QD) multiple-layer
structures.10,11 GaInNAs-based SESAMs have lately
been applied to mode lock Nd-doped lasers at
1.3 mm.12,13 More recently, QD SESAMs have been
successfully used as saturable absorbers in passively
mode-locked Yb:KYsWO4d2 lasers at 1.03 mm.14 Even
so, to our best knowledge, no experiments employing
InAs/GaAs QDs to mode lock solid-state lasers near
1.3 mm have been reported. In this Letter we demon-
strate a diode-pumped self-starting continuous-
mode-locked Nd:YVO4 1.34-mm laser with an
InAs/GaAs QD SESAM. With an incident pump
power of 12.6 W, the mode-locked laser cavity pro-
duces an average output power of 0.85 W at 1.34 mm
with a pulse width near 26 ps.

The QD SESAM structure, used as an output cou-
pler in the mode-locked 1.34-mm laser, was grown
upon an undoped GaAs substrate by metalorganic
chemical-vapor deposition. The Bragg mirror struc-

ture was composed of 15 AlAs/GaAs quarter-
wavelength layers. The reflectivity of the QD SESAM
was 92%. The saturable-absorber part comprised
three very thin s3–5-nmd InAs QD layers separated
by GaAs half-wavelength layers. The growth tem-
perature of the absorber structure was 500°C.

Figure 1 depicts the measured results of the room-
temperature photoluminescence (PL) spectrum for
the QD SESAM. It can be seen that the PL peak
wavelength is ,1340 nm with a FWHM of 45 nm.
Unlike for the saturable absorber based on GaInNAs
QWs, there is no need to anneal the QD SESAM to
tune the PL wavelength. Postgrowth annealing is an
essential process for a GaInNAs SESAM to reduce
nonradiative defects and to tune the PL wavelength
close to the lasing wavelength.15,16 Experimental re-
sults indicate that the present QD absorber has a
saturation fluence of 20 mJ/cm2, a modulation depth
of 3.0%, and nonsaturable losses of 2.0%.

Figure 2 shows the experimental configuration for
the continuously mode-locked 1.34-mm Nd:YVO4 la-
ser with InAs/GaAs QDs used as a saturable ab-
sorber and an output coupler. The gain medium was
a 0.3% Nd3+, 9-mm-long Nd:YVO4 crystal. Both sides
of the laser crystal were coated for antireflection at
1.34 mm sR,0.2% d with a wedge-cut angle of 0.5°.
The pump source was a 16-W-808-nm fiber-coupled

Fig. 1. Measured room-temperature PL spectrum of the
InAs/GaAs QD SESAM.
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laser diode with a core diameter of 800 mm and a nu-
merical aperture of 0.2. Focusing lenses with 17.5
-mm focal length and 85% coupling efficiency were
used to reimage the pump beam into the laser crys-
tal. The pump spot radius was ,350 mm. The reso-
nator consisted of one input mirror; two high-
reflection concave mirrors, M1 and M2, at lasing
wavelength sR.99.8% d; and one QD SESAM as an
output coupler. The input mirror was a 500-mm
radius-of-curvature concave mirror with an antire-
flection coating at a diode wavelength sR,0.2% d on
the entrance face, a high-reflection coating at the las-
ing wavelength sR.99.8% d, and a high-transmission
coating at the diode wavelength sT.90% d on the
other face. Note that the laser crystal was placed
close to the input mirror for spatial overlap of the
transverse mode structure and radial pump power
distribution. The radii of curvature of mirrors M1
and M2 were 500 and 100 mm, respectively. M1 and
M2 were separated by 600 mm; the overall cavity
length was ,1000 mm. The laser mode radii were
345 mm inside the laser crystal and 42 mm on the QD
SESAM. The QD SESAM was simply mounted upon
a copper heat sink, but no active cooling was applied.

To provide the baseline for evaluating the mode-
locking efficiency, we studied the cw performance of
the present laser at 1342 nm first. For this investiga-
tion an output coupler with partial reflection at
1342 nm was used instead of the InAs QD SESAM.
The optimum reflectivity of the output coupler was
,94%. Figure 3 illustrates the average output power
at 1342 nm with respect to the incident pump power
in cw operation (circles) and in cw mode-locking op-
eration (squares). In the cw regime the laser had a
slope efficiency of 15%; the output power reached
1.31 W at an incident pump power of 12.6 W. With a
QD SESAM as an output coupler, the laser self-
started the cw mode-locking operation at pump pow-
ers greater than 3.95 W. In the cw mode-locking op-
eration the laser, as shown in Fig. 3, had a slope
efficiency of 9.8%; the output power reached 0.85 W
at an incident pump power of 12.6 W.

The cw mode-locking pulse train was recorded by a
LeCroy digital oscilloscope (Wavepro 7100;
10 G samples/s, 1 GHz bandwidth) with a fast p-i-n
photodiode. Figure 4 shows a typical pulse train of
the cw mode-locked laser. It can be seen that the
pulse period of 6.6 ns is consistent with the round-
trip time of the cavity length. The temporal duration
of the mode-locked pulses was ,26 ps. The spectral
properties of the laser were monitored by an optical

spectrum analyzer (Advantest Q8347) with a resolu-
tion of 0.005 nm. The spectral bandwidth (FWHM)
was 0.101 nm. This result implied a time–bandwidth
product of ,0.44.

It is sensible to make a comparison between the
present performance and the previous result for a
GaInNAs QW as a saturable absorber.13 The present
slope efficiency is lower than that for the GaInAs QW
absorber, which is 18%. We attribute the lower slope
efficiency mainly to the nonoptimization of the out-
put coupling of the QD SESAM and the nonsaturable
losses. Optimizing the output coupler and reducing
the nonsaturable losses is expected to improve the
conversion efficiency considerably. Even so, the maxi-
mum output power of 0.85 W obtained here is higher
than the previous result of 0.52 W. The present las-
ing bandwidth of 0.1 nm, however, is ,25% of the
0.39-nm bandwidth reported in Ref. 12. As a conse-
quence, the pulse width of 26 ps is roughly four times
the pulse width obtained in the research reported in
Ref. 12. The narrower bandwidth might come from
the additional etalon effects introduced by use of a
QD SESAM as an output coupler. We suspect that
the etalon effects can be effectively avoided by use of
a high-quality antireflection coating sR,0.2% d on
the back side of the GaAs wafer. Nevertheless, the
use of a SESAM as an output coupler can make prac-
tical applications of laser systems easier and more
compact.17

Finally, it is worthwhile to mention that the key is-
sue for producing QD SESAM devices for 1.34-mm la-
sers consists in the uniformity of characteristics. We
found that the PL peak wavelength varied signifi-
cantly with the position of the wafer in the range
1250–1365 nm. So far, spatially resolved PL is criti-
cally important for producing QD SESAM devices for
specific lasing wavelengths. A method for improving
the uniformity is currently under investigation.

In conclusion, we have demonstrated a diode-
pumped self-starting continuous-mode-locked Nd-
doped 1.34-mm laser with an InAs/GaAs QD SESAM.
With a QD SESAM as an output coupler, an average
output power of 0.85 W was obtained at an incident
pump power of 12.6 W. Stable pulses of ,26-ps dura-

Fig. 3. Average output power at 1342 nm versus incident
pump power in cw and mode-locking operation.

Fig. 2. Schematic of a diode-pumped self-starting
continuous-mode-locked Nd:YVO4 laser at 1342 nm. LD,
laser diode.
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tion with a repetition rate of 152 MHz could be
reached. The present result indicates that
InAs/GaAs QD structures are appropriate saturable
absorbers for mode-locking Nd-doped lasers at
1.34 mm.
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ration. The authors also thank the National Science
Council for its financial support of this research un-
der contract NSC-93-2112-M-009-034. Y. F. Chen’s
e-mail address is yfchen@cc.nctu.edu.tw.

References

1. O. Okhotnikov, A. Grudinin, and M. Pessa, New J.
Phys. 6, 177 (2004).

2. U. Keller, D. A. B. Miller, G. D. Boyd, T. H. Chiu, J. F.
Ferguson, and M. T. Asom, Opt. Lett. 17, 505 (1992).

3. G. J. Spühler, T. Südmeyer, R. Paschotta, M. Moser, K.
J. Weingarten, and U. Keller, Appl. Phys. B 71, 19
(2000).

4. J. L. He, Y. X. Fan, J. Du, Y. G. Wang, S. Liu, H. T.
Wang, L. H. Zhang, and Y. Hang, Opt. Lett. 29, 2803
(2004).

5. A. A. Kaminskii, K. Ueda, H. J. Eichler, Y. Kuwano, H.
Kouta, S. N. Bagaev, T. H. Chyba, J. C. Barnes, G. M.
A. Gad, T. Murai, and J. Lu, Opt. Commun. 194, 201
(2001).

6. Y. F. Chen, Opt. Lett. 29, 2172 (2004).
7. R. Fluck, B. Braun, E. Gini, H. Melchior, and U. Keller,

Opt. Lett. 22, 991 (1997).
8. R. Fluck, G. Zhang, U. Keller, K. J. Weingarten, and

M. Moser, Opt. Lett. 21, 1378 (1996).
9. M. Kondow, K. Uomi, A. Niwa, T. Kitatani, S.

Watahiki, and Y. Yazawa, Jpn. J. Appl. Phys. Part 1 35,
1273 (1996).

10. D. L. Huffaker, G. Park, Z. Zou, O. B. Shchekin, and D.
G. Deppe, Appl. Phys. Lett. 73, 2564 (1998).

11. A. R. Kovsh, N. A. Maleev, A. E. Zhukov, S. S. Mikhrin,
A. P. Vasil’ev, Yu. M. Shernyakov, M. V. Maximov, D. A.
Livshits, V. M. Ustinov, Zh. I. Alferov, N. N. Ledenstov,
and D. Bimberg, Electron. Lett. 38, 1104 (2002).

12. H. D. Sun, G. J. Valentine, R. Macaluso, S. Calvez, D.
Burns, M. D. Dawson, T. Jouhti, and M. Pessa, Opt.
Lett. 27, 2124 (2002).

13. V. Liverini, S. Schön, R. Grange, M. Haiml, S. C. Zeller,
and U. Keller, Appl. Phys. Lett. 84, 4002 (2004).

14. E. U. Rafailov, S. J. White, A. A. Lagatsky, A. Miller,
W. Sibbett, D. A. Livshits, A. E. Zhukov, and V. M.
Ustinov, IEEE Photonics Technol. Lett. 16, 2439
(2004).

15. A. Markus, A. Fiore, J. D. Ganière, U. Oesterle, J. X.
Chen, B. Deveaud, M. Ilegems, and H. Riechert, Appl.
Phys. Lett. 80, 911 (2002).

16. A. Passaseo, V. Tasco, M. De Giorgi, M. T. Todaro, M.
De Vittorio, and R. Cingolani, Appl. Phys. Lett. 84,
1868 (2004).

17. X. Liu, L. Qian, F. Wise, Z. Zhang, T. Itatani, T.
Sugaya, T. Nakagawa, and W. Torizuka, Opt. Lett. 15,
129 (1998).

Fig. 4. Typical oscilloscope trace of a train of output
pulses.
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An efficient tunable diode-pumped Nd:GdVO4 laser at 1083 nm has been constructed by suppressing the
higher gain transition near 1063 nm. With 12.5 W diode pump power, the free-running output power cen-
tered about 1083 nm was up to 3.4 W, corresponding to an optical-to-optical conversion efficiency of 30.1%.
When a simple uncoated etalon was used as a wavelength-selective element, the output power at each he-
lium transition was higher than 2.5 W. © 2005 Optical Society of America

OCIS codes: 140.3600, 140.3530.

Laser optical pumping of helium is a critical process
in helium magnetometers1,2 in a number of applica-
tions such as atomic cooling and trapping,3 and in
fundamental atomic or nuclear studies.4,5 Two types
of light source are often utilized for generating 1083
nm lasers: distributed-feedback and distributed
Bragg reflector diode lasers,6,7 and solid-state lasers
based on Nd:LaMgAl11O19 crystals8 or Nd:LuAlO3
crystals.9,10

Diode-pumped solid-state lasers have facilitated
considerable advances in various fields of science and
technology. Neodymium-doped gadolinium ortho-
vanadate �Nd:GdVO4� has proved to be an excellent
gain medium because of its high pump absorption co-
efficient and large thermal conductivity.11–14 The out-
put wavelengths of the research involving Nd:GdVO4
crystals were mostly focused at 1063 nm.15 However,
a spectroscopic study with crystal-field analysis16 has
revealed that there are five or six emission bands
within the 4F3/2→ 4I11/2 transition of a Nd:GdVO4
crystal. Figure 1 displays the room-temperature fluo-
rescence spectrum for the 4F3/2→ 4I11/2 transition of a
Nd:GdVO4 crystal with a spectral resolution of 0.1
nm. It can be seen that one of the Stark components
has a central emission wavelength at 1083 nm. As a
consequence, the Nd:GdVO4 crystal could be a favor-
able candidate for a 1083 nm laser. To the best of our
knowledge, there have been no studies of the perfor-
mance of Nd:GdVO4 lasers at 1083 nm.

In this Letter, a compact high-power all-solid-state
laser at 1083 nm with a Nd:GdVO4 crystal is demon-
strated. With an output coupler of T=2.7%, the com-
pact cavity produces the maximum output power of
3.4 W at an incident pump power of 12.5 W. With a
simple uncoated etalon in the laser cavity, a tuning
range of nearly 1.3 nm was achieved, and the output
power at the 23S1→23PJ (J=0, 1, 2) transitions of
atomic helium was generally higher than 2.5 W. The
experimental results indicate that a a diode-pumped
Nd:GdVO4 laser is a superior light source for helium
optical pumping.

Figure 2 is a schematic of the Nd:GdVO4 laser on
the 1083 nm line. Since the stimulated-emission
cross section for the 1083 nm transition is approxi-
mately five to six times smaller than that for the
1063 nm line, operation of the Nd:GdVO4 laser at

1083 nm requires suppression of the competing tran-
sition channel at 1063 nm. Here the stronger transi-
tion near 1.06 �m was suppressed by use of specifi-
cally coated mirrors. The laser active medium was a
10 mm length of GdVO4 crystal doped with 0.27 at. %
Nd. A Nd:GdVO4 crystal with a low dopant concen-
tration was used to prevent thermally induced
fracture.17 The laser crystal was wrapped with in-
dium foil and mounted in a water-cooled copper
block. The water temperature was maintained at
25 °C. Both sides of the laser crystal were coated for
antireflection, one at 808 and one at 1083 nm �R
�0.2% �. The pump source was a 16 W 808 nm fiber-
coupled laser diode with a core diameter of 800 �m
and a numerical aperture of 0.16. A focusing lens
with a 12.5 mm focal length and 85% coupling effi-
ciency was used to reimage the pump beam into the
laser crystal. The pump spot radius was �250 �m.
The cavity length was approximately 35 mm. The in-
put mirror was a 500 mm radius-of-curvature con-
cave mirror with antireflection coating at the pump
wavelength ��808 nm� on the entrance face �R
�0.2% �, high-reflection coating at 1083 nm �R
�99.5% �, and high-transmission coating at 808 nm
�T�90% � and 1063 nm �T�80% � on the other sur-
face. We used several output couplers with different
reflectivities at 1083 nm in the experiment to study
the output performance. Note that coatings were also

Fig. 1. Room-temperature fluorescence spectrum for the
4F3/2→ 4I11/2 transition of a Nd:GdVO4 crystal.
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needed on the output couplers for high loss at 1063
nm; otherwise emission at 1063 nm could occasion-
ally occur. An uncoated etalon of thickness 0.25 mm
was used for the investigation of tuning characteris-
tics. The optical spectrum of the laser was monitored
by an optical spectrum analyzer (Advantest Q8347).
The spectrum analyzer described in this Letter em-
ploys a Michelson interferometer with a Fourier spec-
trum system to reach a resolution of 0.004 nm. Since
the longitudinal-mode spacing is approximately 0.02
nm, the longitudinal-mode spectral information can
be clearly resolved.

Figure 3 shows the experimental results for the
output power at 1083 nm without the frequency-
selective element in the cavity as a function of the in-
cident pump power for two couplers, with T=2.7%
and T=2.2%. The free-running linewidth of the
Nd:GdVO4 laser was measured to be �0.4 nm

FWHM and centered at 1082.7 nm, as shown in the
inset of Fig. 3. When the output coupler with 2.2%
transmission was used, the maximum output power
was approximately 2.7 W, with a slope efficiency of
24%. The maximum output power of 3.4 W was ob-
tained with the 2.7% output coupler at an incident
pump power of 12.5 W, corresponding to a slope effi-
ciency of 30% and a threshold power of 1.2 W. Beam
quality factor M2 was less than 1.5 for all pump pow-
ers. Using the experimental slope efficiency and the
Findlay–Clay method,18 we estimated the round-trip
cavity excess losses to be 0.45%. With standard cavity
mirrors coated for 1063 nm, the slope efficiency for
1063 nm was in the range from 50% to 60%. Making
a comparison between the slope efficiencies of 1063
and 1083 nm, we estimated the quantum efficiency
for 1083 nm to be approximately half of that for 1063
nm. Even so, the output power is considerably higher
than the previous result obtained with other Nd-
doped laser crystals.8–10

With a simple uncoated etalon in the laser cavity,
the spectral output of the laser was generally less
than 0.05 nm. Furthermore, the laser can easily be
tuned from 1082.3 to 1083.6 nm, as shown in Fig 4.
The 1.3 nm tuning range centered about 1083 nm
covers the entire wavelength region containing the
4He transitions at wavelengths 1082.908 �D0�,
1083.025 �D1�, and 1083.034 nm �D2�. With a pump
power of 12.5 W, the output power at each helium
transition was higher than 2.5 W.

It is worthwhile to mention that the laser cavity
can generate simultaneous laser action at wave-
lengths 1083 and 1086 nm. The spontaneous emis-
sion strength for the 1086 nm transition is only 1.5
times smaller than that for the 1083 nm line, as
shown in Fig. 1. Therefore dual-wavelength opera-
tion could be achieved with an output coupler to bal-
ance the gains for 1083 and 1086 nm. Figure 5 shows
the free-running output power at a dual-wavelength
operation as a function of the incident pump power
for an output coupler with T=8.1% at 1083 nm and
T=5.3% at 1086 nm. It can be seen that the relative
output powers at 1083 and 1086 nm were dependent

Fig. 2. Experimental configuration for the diode-pumped
Nd:GdVO4 laser at 1083 nm: HR, highly reflective; HT,
highly transmissive; PR; partially reflective.

Fig. 3. Free-running output power at 1083 nm without the
frequency-selective element in the cavity as a function of
incident pump power for two couplers, with T=2.7% and
T=2.2%. The optical spectrum is shown in the inset.

Fig. 4. Tuning curve of the Nd:GdVO4 laser with an un-
coated, 0.25 mm thick etalon.
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on the pump power. As the pump power increased,
the output power was initially dominated at 1086
nm, whereas, from a certain value of pump power,
the output power at 1083 nm was started and the las-
ing power at 1086 nm began to decrease until the
output power was completely dominated at 1083 nm.
The power decrease of 1086 nm light above 6 W of
pump power comes mainly from the gain competition
between 1083 and 1086 nm light. Nevertheless, dual-
wavelength operation could be obtained with the
pump powers in the range from 6 to 10 W.

In summary, an efficient compact diode-pumped
Nd:GdVO4 laser at 1083 nm has been demonstrated.
With 12.5 W pump power, 3.4 W of 1083 nm average
output power was obtained, corresponding to an
optical-to-optical conversion efficiency of 30.1%. Em-
ploying an uncoated etalon in the laser cavity, we
could tune the laser from 1082.3 to 1083.6 nm, and
more than 2.5 W of power at the 23S1→23PJ
(J=0, 1, 2) transitions of atomic helium was
achieved. We believe the Nd:GdVO4 laser at 1083 nm

to be a useful alternative to previous light sources for
helium optical pumping.

Y. F. Chen’s e-mail address is
yfchen@cc.nctu.edu.tw.
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ABSTRACT We demonstrate a compact efficient diode-
pumped acousto-optically Q-switched intracavity-frequency-
tripled Nd:YVO4 blue laser. The optimum polarization state
is experimentally investigated to optimize the output perfor-
mance. Greater than 280 mW of 447-nm average power at a
repetition rate of 25 kHz was generated with a 15-W diode
pump power. At 25 kHz, the pulse width is shorter than 15 ns
and the peak power is higher than 800 W.

PACS 42.60.Gd; 42.65.Ky; 42.55.Rz

Efficient, compact, high-peak-power, and high-repetition-rate
(> 20 kHz) visible-wavelength lasers are of practical impor-
tance for many applications such as environmental analysis,
spectroscopy and undersea imaging. Diode-pumped solid-
state lasers have been shown to be efficient, compact, and
reliable all-solid-state optical sources. Frequency doubling of
Nd-doped lasers operating at the 4F3/2–4I9/2 transition has
been extensively explored during the past few years for pro-
ducing coherent blue light [1–5]. Another approach for blue
laser sources is based on frequency tripling of a Nd-doped
laser operating at the 4F3/2–4I13/2 transition [6–10]. Unlike
the three-level system of the 4F3/2–4I9/2 transition, stimulated
emission at the 4F3/2–4I13/2 transition is a four-level system
that can provide a low-threshold and stable laser output due to
the lack of sensitive temperature dependence of the transition
rate. Up to now, most of the research results involving blue-
light generation were focused on the aspects of extracavity
third-harmonic generation (THG); the average output power
for a blue laser was approximately several tens of milliwatts
and the peak power was only up to several tens of watts.

In this work, we demonstrate a compact blue laser by
using intracavity THG at 1342 nm in a diode-pumped Q-
switched Nd:YVO4 laser. Efficient THG for yielding blue
light is achieved by cascading second-harmonic generation
(SHG) in a KTP crystal and sum-frequency generation (SFG)
in a LBO crystal. At an incident pump power of 15 W, the
compact laser cavity, operating at 25 kHz, produces average
output powers at 447 nm up to 282 mW and a peak power
greater than 800 W.

✉ Fax: +886-35-729134, E-mail: yfchen@cc.nctu.edu.tw

The experimental configuration for the diode-pumped ac-
tively Q-switched blue laser at 447 nm is depicted in Fig. 1.
The cavity mirrors have a special dichroic coating for ef-
ficient intracavity THG. The input mirror is a 500-mm
radius-of-curvature concave mirror with antireflection coat-
ing at the pump wavelength (∼ 808 nm) on the entrance face
(R < 0.2%), high-reflection coating at 1342 nm, 671 nm, and
447 nm (R > 99.8%) and high-transmission coating at the
pump wavelength on the other surface (T > 95%). The out-
put coupler has high-reflection coating at 1342 nm and 671 nm
(R > 99.8%) and high-transmission coating at 447 nm (T >

85%). Both mirrors have a transmission of 90% at 1064 nm to
suppress parasitic oscillations on lines in the 1064-nm region.

The pump source was an 808-nm fiber-coupled laser diode
with a core diameter of 800 µm, a numerical aperture of 0.16,
and a maximum output power of 16 W. A focusing lens with
12.5-mm focal length and 90% coupling efficiency was used
to re-image the pump beam into the laser crystal. The focus
radius of the pump beam was around 300 µm. The laser-active
medium was a 0.25 at.% Nd:YVO4 crystal with a length of
9 mm. A Nd:YVO4 crystal with a low dopant concentration
was used to avoid thermally induced fracture [11]. The laser
crystal was placed very near (2–3 mm) to the input mirror.
The nonlinear crystal for efficient SHG was a 10-mm-long
KTP crystal cut for type-II phase matching at 1342 nm. On
the other hand, a sum-frequency mixer for THG was an 8-
mm-long LBO crystal cut for type-I phase matching. Both
sides of all crystals were coated for antireflection at 1342 nm

FIGURE 1 Experimental setup for the diode-pumped Q-switched intracav-
ity frequency-tripled blue laser
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and 671 nm (R < 0.2%). The gain medium and nonlinear
crystals were wrapped with indium foils and mounted in
water-cooled copper blocks. The water temperature was main-
tained at 25◦C. The 20-mm-long acousto-optical Q-switcher
(Gooch and Housego) had antireflection coatings at 1342 nm
on both faces and was driven at a 40.68-MHz center fre-
quency with 3.0-W of radio-frequency power. The overall
laser-cavity length was 65 mm. The spectral information of
the laser was monitored by an optical spectrum analyzer (Ad-
vantest Q8381A). The spectrum analyzer employing a grating
monochromator can be used for high-speed measurement of
pulse light with the resolution of 0.1 nm. The pulse temporal
behavior was recorded by a LeCroy digital oscilloscope with
a fast PIN photodiode.

Since the efficient SHG is of the essence for blue-light
generation in SFG, we first investigate the SHG performance
in the KTP crystal. For this investigation, only KTP crystal
was put into the cavity for the SHG process without LBO
crystal. In addition, an output coupler with high-reflection
coating at 1342 nm (R > 99.8%) and high-transmission
coating at 671 nm (T > 85%) was used instead of the
above-mentioned output coupler for THG. For single-pass
external type-II SHG, ϕ = 45◦ can lead to the most effective
conversion efficiency, where ϕ is the angle between the
extraordinary axis (E axis) of the KTP crystal and the c axis
of the Nd:YVO4 crystal. Note that the angle ϕ also represents
the angle between the polarization of the pump fundamental
wave and the polarization of the generated second-harmonic
wave. In the intracavity type-II SHG, however, the optimum
ϕ is usually not equal to 45◦ because the fundamental wave
becomes an elliptically polarized wave due to the birefringent
effect of the KTP crystal. Based on the experimental results,
the optimum ϕ is found to be approximately 35◦. The influ-
ence of the polarization effects on the efficiency of intracavity
SHG can be analyzed from the theoretical model [12]. The
SHG conversion efficiency at ϕ = 35◦, on the whole, is ap-
proximately ten percent higher than that at ϕ = 45◦. Figure 2
shows the average output power at 671 nm as a function of
the incident pump power at a repetition rate of 25 kHz for
ϕ = 35◦. It can be seen that the maximum red output power
of 1.08 W was obtained at an incident pump power of 15 W,
corresponding to a conversion efficiency of 7.2%. It is worth-
while to mention that the highest average output power at
1342 nm that could be extracted with a proper output coupler
(∼ 94% reflectivity at 1342 nm) was about 2.4 W. Accord-
ingly, the maximum second-harmonic power is close to 45%
of the available Q-switched fundamental power. Since the
following THG is accomplished via a type-I SFM, a smaller
ϕ essentially produces higher conversion efficiency for blue
output at 447 nm. Therefore, the configuration with ϕ = 35◦
is employed for the subsequent intracavity THG experiment.

Since the polarization of the fundamental wave is not par-
allel to the polarization of the second-harmonic wave, the
THG conversion efficiency from type-I SFM strongly depends
on the parameter ϑ , where ϑ is the angle between the ordinary
axis (O axis) of the LBO crystal and the E axis of the KTP
crystal. In general, efficient THG from type-I SFM comes
from the power intensities of the fundamental and second-
harmonic beams in a ratio of 1:1. In the present configuration,
however, the power intensity of the second-harmonic wave is

FIGURE 2 The average output power at 671 nm as a function of the incident
pump power at a repetition rate of 25 kHz for ϕ = 35◦, where ϕ is the angle
between the E axis of the KTP crystal and the c axis of the Nd:YVO4 crystal

found to be approximately 1.4 times less than that of the fun-
damental wave. Therefore, the difference of the power intensi-
ties between the fundamental and second-harmonic waves for
effective SFM can be minimized by setting the O axis of the
LBO crystal to be parallel to the polarization of the second
harmonic, i.e. ϑ = 0◦. Figure 3 depicts the average output
power at 447 nm as a function of the incident pump power
at a repetition rate of 25 kHz for ϑ = 0◦, 15◦, and 30◦. As

FIGURE 3 The average output power at 447 nm as a function of the incident
pump power at a repetition rate of 25 kHz for ϑ = 0◦, 15◦, and 30◦, where ϑ

the angle between the O axis of the LBO crystal and the E axis of the KTP
crystal
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FIGURE 4 The peak blue power and pulse width versus diode pump power
at a repetition rate of 25 kHz and ϑ = 0◦

FIGURE 5 Oscilloscope traces of a train of output pulses; the lower trace
is an expanded shape of a single pulse

expected, the average blue output power is highest at ϑ = 0◦
and is up to 282 mW at an incident pump power of 15 W,
corresponding to a conversion efficiency of 1.9% from pump
diode input to blue output. The present result is considerably
higher than the output power of ∼ 55 mW obtained with extra-
cavity THG [6, 7]. After the optical elements were thermally

FIGURE 6 The average blue output power at 15 W of pump power as a
function of the pulse-repetition rate with the configuration of ϑ = 0◦

stabilized, the fluctuations of the average power over hours of
operation have been observed to be approximately ±5%. The
laser performance was reproducible on a day-to-day basis.
With the algorithms of knife-edge technique [13], the beam-
quality factor at the maximum output power was estimated to
be better than 2.0.

Figure 4 shows the peak blue power and pulse width ver-
sus diode pump power at a repetition rate of 25 kHz and
ϑ = 0◦. The pulse width decreases from 25 ns to 14 ns by
increasing the pump power from 5 W to 15 W. The maximum
blue peak power amounts to 800 W at 15-W pump power. To
our knowledge, this is the highest power ever reported for a
diode-end-pumped Q-switched Nd:YVO4 blue laser. The typ-
ical output pulse shape is shown in Fig. 5. Figure 6 shows
the average blue output power at 15 W of pump power as a
function of the pulse-repetition rate with the configuration of
ϑ = 0◦. To avoid damage to the intracavity optical compo-
nents, the Q-switcher is operated above 20 kHz. It can be seen
that the conversion efficiency falls at a higher repetition rate
(> 30 kHz) due to lower power intensities of the fundamental
and second-harmonic waves. Even so, the maximum average
output power at 447 nm still exceeds 100 mW at a repetition
rate of 60 kHz.

We have demonstrated a compact efficient Q-switched
Nd:YVO4 blue laser with an intracavity THG scheme. The
conversion efficiencies for intracavity SHG and THG were
optimized via controlling the polarization state. In the intra-
cavity SHG experiment, 1.08 W of average red output power
at a repetition rate of 25 kHz was obtained by setting the
E axis of the KTP crystal with respect to the c axis of the
Nd:YVO4 crystal at an incident pump power of 15 W. In the
intracavity THG experiment, 282 mW of average blue output
power with a 14-ns pulse width at a repetition rate of 25 kHz
was generated by setting the O axis of the LBO crystal to
be along the polarization of the second-harmonic wave at an
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incident pump power of 15 W. The short pulse width leads to
a peak third-harmonic power at 447 nm of up to 800 W.
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Quantum signatures of nonlinear resonances in mesoscopic systems: Efficient extension
of localized wave functions
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We investigate the quantum signatures of classical nonlinear resonances by making the analytic connection
between the quantum wave functions and the classical periodic orbits for the uncoupled systems. It is found
that the highly efficient extension of the localized coherent states within the classical caustics is an intriguing
phenomenon in mesoscopic systems with nonlinear resonances. With the theoretical analysis, we experimen-
tally demonstrate that the laser resonator with an intracavity saturable absorber can be employed to visualize
the wave patterns analogous to the quantum wave functions associated with Fermi resonance.
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I. INTRODUCTION

Investigations of the quantum ballistic transport in nano-
structure devices have revealed that the intriguing observa-
tions of conductance fluctuations are closely related to the
quantum wave functions associated with the classical peri-
odic orbits �1–6�. In recent years, there has been growing
attention to quantum manifestations of classical periodic or-
bits in mesoscopic systems �7–17�. Nonlinear resonances,
which are originally described by Fermi in the molecule of
CO2 �18�, have been shown to have a dramatic influence on
the shapes of classical trajectories �19�. The phenomenon of
nonlinear resonances play a crucial role in experimental stud-
ies of molecular excitations, tunneling effect, stellar trajecto-
ries, as well as other theoretical works �19–22�. Therefore,
the connection between the quantum wave functions and the
classical trajectories in mesoscopic systems with internal
nonlinear resonances is important for understanding the
quantum features of nonlinear classical dynamics, which is
also a central issue in modern physics.

A single trajectory in the coupled Fermi resonance system
often sweeps out a region similar to that described by an
ensemble of periodic orbits in the uncoupled system �19�.
Therefore, the wave functions related to classical periodic
orbits in the zero-order systems can serve as an excellent
basis to manifest the quantum effect of nonlinear resonances.
In this paper, we analytically construct the connection be-
tween the quantum wave functions and the classical periodic
orbits to investigate the quantum signatures of classical non-
linear resonances in mesoscopic systems. With the analytical
formulism, we disclose that only a few localized stationary
states in mesoscopic systems are already sufficient to extend
wave patterns within the classical caustics to reveal the quan-
tum features of nonlinear resonances. Moreover, we experi-
mentally demonstrate that the quantum wave functions asso-
ciated with 2:1 coupled resonance can be analogously
visualized from the laser patterns emitted from a nearly
hemispherical laser cavity with an intracavity saturable ab-
sorber.

II. CLASSICAL TRAJECTORIES IN THE 2D HARMONIC
OSCILLATOR WITH NONLINEAR RESONANCE

A single classical trajectory in the coupled resonance sys-
tem is usually found to cover a region similar to that of an

ensemble of periodic orbits in the uncoupled system �19�.
Here we present a brief synopsis for the purpose of com-
pleteness. Considering the 2D harmonic oscillator with non-
linear resonances, the Hamiltonian for this system can be
generally modeled as

H = Ho + Vc, �1�

where Vc is the coupling potential and

Ho =
1

2
�px

2 + py
2 + �x

2x2 + �y
2y2� , �2�

where �x=q� and �y = p� , � is the common factor of the
frequencies by �x and �y, and p and q are relative prime
integers. In terms of action-angle variables �Jx ,Jy ,�x ,�y�
and the particle mass m, the representation for the trajecto-
ries of Eq. �2� is given by

x�t� =� 2Jx

m�q��
cos�q�t − �x� , �3a�

y�t� =� 2Jy

m�p��
cos�p�t − �y� . �3b�

The trajectories for Eq. �3� are the so-called Lissajous fig-
ures. Furthermore, four constants of motion for the zero-
order system in Eq. �2� are given by �23,24�

J =
Ho

qp�
=

1

qp
�qJx + pJy� , �4a�

� =
1

qp
�qJx − pJy� , �4b�

K =�2JxJy

qp
cos�p�x − q�y� , �4c�

L =�2JxJy

qp
sin�p�x − q�y� . �4d�

An ensemble of the Lissajous trajectories for a given values
of the Cartesian actions �Jx ,Jy� is to form a rectangular caus-
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tic in �x ,y� space. Alternatively, J and one of the remaining
constants of motion �� ,K ,L� can be used to generate an
ensemble of Lissajous trajectories with different shapes of
the caustics. Figure 1 depicts the calculated results for a fam-
ily of trajectories in the zero-order �uncoupled� system with
different K values and J=24.

To demonstrate the characteristics of the classical trajec-
tories in the coupled system, the coupling potential that is
originally considered by Noid et al. is employed:

Vc = �y�x2 + �y2� . �5�

Figure 2 displays the numerical results for the typical trajec-
tories of the coupled systems in Eq. �1� for different initial
conditions with the parameters of 2�x=�y =2.0, �=1, �=
−0.03, �=−0.2, and J=24. It is clear that the sweeping re-
gion of a single trajectory in the coupled system is similar to
the caustic formed by an ensemble of the uncoupled system,
as shown in Fig. 1. This similarity means that the quantum
effect of classical nonlinear resonance can be manifested
with the quantum wave functions related to classical periodic
orbits in the zero-order systems. As a consequence, the con-
nection between the quantum wave functions and the classi-
cal periodic orbits for the zero-order systems can be em-
ployed to manifest the quantum features of classical
nonlinear resonance �25,26�.

III. DERIVATION OF QUANTUM WAVE FUNCTIONS
ASSOCIATED WITH CLASSICAL LISSAJOUS

TRAJECTORIES

The conventional eigenstates of a 2D harmonic oscillator
with commensurate frequencies do not reveal the character-
istics of classical Lissajous figures even in the correspon-
dence limit of large quantum number. It is well known that
Schrödinger in 1926 �27� originally constructed a coherent
state of a one-dimensional �1D� harmonic oscillator to de-
scribe a classical particle with a wave packet whose center in
the time evolution follows the corresponding classical mo-
tion. Extended to 2D system, the Schrödinger coherent state
is expected to correspond to a wave packet with its center

generally moving along a classical trajectory. This exact cor-
respondence enables us to derive the quantum stationary
states localized on the classical Lissajous orbits from the
time-dependent Schrödinger coherent state.

Since the Hamiltonian is separable, the Schrödinger co-
herent state for a 2D harmonic oscillator can be expressed as
�27�

��x,�y� = � 	
n1=0

	 ��x�n1ein1�x

�n1!
e��x�2/2�n1�xe

−i�n1+1/2��xt


 � 	

n2=0

	 ��y�n2ein2�y

�n2!
e��y�2/2�n2�ye

−i�n2+1/2��yt
 .

�6�

It can be analytically deduced that the probability density for
the coherent state ��x ,�y� follows the motion of a classical
2D isotropic harmonic oscillator, i.e.,

x�t� =� 2�

m�x
��x�cos��xt − �x� ,

y�t� =� 2�

m�y
��y�cos��yt − �y� . �7�

With this result, the coherent state ��x ,�y� can be related to
the classical trajectory in Eq. �3� by use of the following
substitutions:

�x =�Jx

�
ei�x, �y =�Jy

�
ei�y . �8�

Consider the case of the ratio �x :�y =q : p, the set of states
with indices �n1 ,n2� in Eq. �6� can be divided into subsets
characterized by a pair of indices �u1 ,u2� given by n1

�u1�mod p� and n2�u2�mod q�. In terms of these subsets
and the action-angle variables �Jx ,Jy ,�x ,�y� in Eq. �8�, the
Schrödinger coherent state in Eq. �6� can be rewritten as

FIG. 1. Family of periodic orbits for the zero-
order system with p :q=2:1 at a fixed J=24 and
�a� K=8, �b� K=0, and �c� K=−3.

FIG. 2. Classical trajectories for Hamiltonian
in Eq. �1� with the coupling potential in Eq. �5� at
a fixed J=24 and different initial conditions cho-
sen such that the sweeping regions of �a�–�c�
similar to the K representation shown in Figs.
1�a�–1�c�, respectively.
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��x,�y� = � 	
u1=0

p−1

	
N1=0

	
��Jx/��pN1+u1ei�pN1+u1��x

��pN1 + u1�!


eJx/2��pN1 + u1�xe
−i�pN1+u1+1/2�q�t



 � 	
u2=0

q−1

	
N2=0

	
��Jy/��qN2+u2ei�qN2+u2��y

��qN2 + u2�!


eJy/2��qN2 + u2�ye
−i�qN2+u2+1/2�p�t
 . �9�

As seen in Eq. �9�, the 2D Schrödinger coherent state is
divided into a product of two infinite series and two finite
series. The method of the triangular partial sums is used to
make precise sense out of the product of two infinite series in
Eq. �9�. Mathematically, the notion of triangular partial sums
is called the Cauchy product of the double infinite series
�28�. With the representation of the Cauchy product, the
terms �pN1+u1�x�qN2+u2�y in Eq. �9� can be arranged diago-

nally by grouping together those terms for which Nx+Ny
=N:

��x,�y� = 	
N=0

	

e�Jx+Jy�/2� 	
u2=0

q−1

	
u1=0

p−1

e−i�Npq+�u1+1/2�q+�u2+1/2�p��t


�	
K=0

N
��Jx/�ei�x�pK+u1��Jy/�ei�y�q�N−K�+u2

��pK + u1�!��q�N − K� + u2�!


�pK + u1�x�q�N − K� + u2�y . �10�

After some algebra, Eq. �10� can be rewritten as

��x,�y� = 	
N=0

	

e�Jx+Jy�/2� 	
u2=0

q−1

	
u1=0

p−1

e−i�Npq+�u1+1/2�q+�u2+1/2�p��t


��Jx

�
ei�x
u1��Jy

�
ei�y
qN+u2


�	
K=0

N
���Jx�p/�Jy�qei�p�x−q�y��K

��pK + u1�!��q�N − K� + u2�!


�pK + u1�x�q�N − K� + u2�y . �11�

The expression in the curly bracket of Eq. �11� represents the
stationary coherent states labeled with one major index N
and two minor indices u1 and u2. These stationary coherent
states are physically expected to be associated with the Lis-
sajous orbits. Since the minor indices u1 and u2 essentially
do not affect the characteristics of the stationary states, the
condition of u1=u2=0 is used for the following analysis un-
less otherwise specified. Including the normalization condi-
tion, the stationary coherent states in Cartesian coordinates
are given by

FIG. 3. Comparison between the quantum stationary state
��N

p,q�x ,y ;A ,���2 ��a�–�c�� and the classical Lissajous orbits ��a�–
�c�� for the system of p :q=2:1 with N=40, A=5.2 and �a� �=0,
�b� �=0.3 �, and �c� �=0.6 �.

FIG. 4. The same as Fig. 3 for the system of
p :q=3:2 with N=22, A=5.2 and �a� �=0, �b�
�=0.3 �, and �c� �=0.6 �.
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�N
p,q�x,y ;A,�� = �	

K=0

N
A2K

�pK� ! �q�N − K��!�−1/2


	
K=0

N
�Aei��K

��pK�!��q�N − K��!
pK�x;�x�


q�N−K��y ;�y� , �12�

where

A = ��Jx�p/�Jy�q, �13�

� = p�x − q�y , �14�

n�x;�� = �x�n�x =� ��

2nn ! ��
Hn���x�e−�x2/2, �15�

Hn�¯� are the Hermite polynomials, �x=m�x /�, and �y

=m�y /�. Equation �12� reveals that the stationary coherent
states associated with the Lissajous orbits are the superposi-
tion of degenerate eigenstates with the relative amplitude
factor A and phase factor �. Equations �13� and �14� indicate
that the relative amplitude factor A and phase factor � in the
stationary coherent states �N

p,q�x ,y ;A ,�� are explicitly re-
lated to the classical action-angle variables �Jx ,Jy ,�x ,�y�.

From Eq. �11�, the eigenenergies of the stationary coher-
ent states �N

p,q�x ,y ;A ,�� are found to be

EN = �Npq +
1

2
q +

1

2
p��� →

N�1
�Npq��� . �16�

In comparison of Eq. �16� with Eq. �4a�, the relationship
between the index N and the classical action J is given by

J = N� . �17�

With Eqs. �12�–�17�, the connection between the quantum
wave functions and the classical Lissajous orbits is com-
pletely manifested. Figures 3–5 depict the comparison be-
tween the quantum wave patterns ��N

p,q�x ,y ;A ,���2 and the
corresponding classical periodic orbits for p :q to be 2:1,
3 :2, and 4:3, respectively. Here three different phase fac-
tors, �=0, �=0.3�, and �=0.6�, are displayed in each fig-

ure for the purpose of clear comparison. The behavior of the
quantum wave patterns in all cases can be found to be in
precise agreement with the classical Lissajous figures.

It is worthwhile to mention that the stationary states
�N

p,q�x ,y ;A ,�� for the 2D isotropic harmonic oscillator, i.e.,
p :q=1:1, can be simplified to give rise to the well-known
expression of SU�2� elliptic states �29–32�:

�N�x,y ;A,�� = �1 + A2�−N/2	
K=0

N �N!
�K!��N − K�!


�Aei��KK�x;��N−K�y ;�� . �18�

In other words, the stationary states �N
p,q�x ,y ;A ,�� in Eq.

�12� are a kind of SU�2� coherent states. To our knowledge,
it is original to derive the stationary coherent states related to
the classical Lissajous orbits from the time-dependent
Schrödinger coherent state. Since the stationary coherent
states �N

p,q�x ,y ;A ,�� are well localized on the classical pe-
riodic orbits, we call them “localized states.”

IV. QUANTUM FEATURES OF CLASSICAL NONLINEAR
RESONANCES

As mentioned in Sec. II a classical trajectory in the
weakly perturbed systems can be characterized by an en-
semble of the unperturbed periodic orbits. The quantum fea-

FIG. 5. The same as Fig. 3 for the system of
p :q=4:3 with N=15, A=5.2 and �a� �=0, �b�
�=0.3 �, and �c� �=0.6 �.

FIG. 6. Calculated results for the variation of the coherent wave
patterns �real part� with the number of participant localized states.
Top: classical Lissajous trajectories. Bottom: quantum stationary
states.
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FIG. 7. Quantum wave patterns correspond-
ing to the classical tori shown in Fig. 1.

FIG. 8. �Color online� Comparison between
the experimental wave patterns ��a�–�c�� observed
in the laser experiment and the theoretical pat-
terns of quantum coherent states ��a�–�c�� in a
2:1 intrinsic Fermi resonance.

FIG. 9. �Color online� Experimental far-field
wave patterns ��a�–�c�� for the stationary figure-
eight states that were generated at three different
pump positions on the laser crystal, respectively.
Theoretical patterns of quantum coherent states
��20

2,1�x ,y ;A ,� /2��2 �real part� corresponding to
the experimental results: �a� A=10, �b� A=5, �c�
A=1.
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tures of classical nonlinear resonance can be manifested with
a coherent superposition of an ensemble of the localized
states. Figure 6 displays the variation of the coherent wave
patterns with the number of participant localized states cor-
responding to the trajectory in Fig. 1�a�. It is found that only
a few localized states are already sufficient to form a well
extended pattern within the classical caustics, similar to a
kaleidoscopic pattern. The high efficiency of the wave exten-
sion comes from the fact that the encompassing region of
each localized state covers a width of several de Broglie
wavelengths. Since the de Broglie wavelength is inversely
proportional to �N, the critical number of localized states for
a well extended pattern is of order �N. In other words, the
highly efficient extension of the wave pattern is a salient
quantum phenomenon in mesoscopic systems with nonlinear
resonances. Figure 7 depicts the quantum wave functions
corresponding to the classical tori shown in Fig. 1. A close
classical quantum correspondence can be clearly seen; the
quantum wave distributions are well extended within the as-
sociated classical caustics. In the following section, we give
an intriguing demonstration that the laser cavity is a promis-
ing analogous experiment for visualizing the quantum wave
functions associated with nonlinear resonances.

V. ANALOGOUS EXPERIMENTAL OBSERVATIONS

In recent years, microwave cavities have been used to
perform analog studies of transport in open quantum dots
�33–35�. Recently, Doya et al. �36� have introduced the
paraxial approximation to establish an analogy between light
propagation along a multimode fiber and quantum confined
systems. Furthermore, we have demonstrated that it is prom-
ising to explore the high-order quantum wave function from
the pattern formation of the laser resonators �37–39�. This
demonstration is based on the fact that the wave equation for
the transverse mode of the laser resonators in the paraxial
approximation is in analogy with the Schrödinger equation
for the 2D quantum confined systems �40,41�. More recently,
we have observed the kaleidoscope of laser patterns in a
near-hemispheric microchip laser with an intracavity satu-
rable absorber �42�. However, the origin of the salient pattern
formation was not clearly understood at that moment. Here
we demonstrate that the observed laser modes are a kind of
analogous wave patterns associated with the quantum coher-
ent states in a 2:1 stretch-bend Fermi resonance.

The experimental configuration in Ref. �42� is a near-
hemispheric cavity in which the transverse mode spacing
��T and the longitudinal mode spacing ��L are very close to
be commensurable, i.e., ��L :��T�2:1. The inherent com-
mensurability between ��T and ��L have a dramatic effect
on the formation of laser patterns, as shown in the internal
nonlinear resonances. In other words, the coupling of a 2:1
longitudinal-transverse resonance is identical in form to the
well-known phenomenon of Fermi resonance in molecular
systems. We have redone the experiment but with a semicon-
ductor quantum well instead of a bulk crystal as a saturable
absorber in the laser cavity. Similar patterns to those found in
Ref. �42� can be almost reproduced. This similarity implies
that the observed patterns are insensitive to the types of the

saturable absorbers, even though the saturable absorber pro-
vides a source of nonlinear coupling. As shown in Fig. 8, the
formation of the observed laser patterns can be well ex-
plained with the quantum coherent states of a 2:1 intrinsic
Fermi resonance. Note that the bright spot near the center of
the kaleidoscopic patterns arises from the quantum-classical
correspondence that all figure-eight classical orbits pass
through the focal point near origin. The excellent agreement
between the experimental and theoretical patterns confirms
that the coupling of a 2:1 longitudinal-transverse resonance
in a near-hemispheric laser resonator is analogous to the
well-known phenomenon of Fermi resonance in molecular
systems. The present analysis also provides a further indica-
tion that laser resonators can be designed to demonstrate the
quantum phenomenon in mesoscopic physics �43�.

With the same laser cavity configuration, the stationary
localized states related to the single figure-eight classical or-
bits can be excited by use of the off-axis pumping scheme.
Figure 9 shows three experimental far-field patterns for the
stationary figure-eight states that were generated at different
off-axis pump positions on the laser crystal, respectively. The
theoretical patterns corresponding to the experimental results
are also plotted in Fig. 9 for comparison. Again, excellent
agreement is found for all cases. Figure 10 shows the experi-
mental images of the field intensities on the laser crystal to
reveal the relationship between the pump positions and the
formation of the stationary localized states. The bright spot
on the experimental image in Fig. 10 represents the location
of the pump beam. It can be seen that the formation of the
stationary figure-eight states is primarily dependent on the
overlap between the pump intensity and the lasing mode dis-
tribution. This is consistent with the fact that the cavity mode
with the biggest overlap with the gain region will dominate
the lasing process. As a consequence, controlling the pump
position can straightforwardly manipulate the generation of
different stationary localized figure-eight states in a near-
hemispheric resonator. Nowadays, manipulation of the spa-
tially localized optical wave may be promising for optical
information process applications �44�. One central part of the
theory in Sec. III is to derive the analytical representation for
the stationary Lissajous states. Our experimental results il-
lustrate that this analytical representation is not only impor-
tant for understanding the quantum features of the mesos-
copic states with nonlinear coupling but also useful for
providing the idea to manipulate the generation of the sta-
tionary localized states in laser cavities. For the first time to
our knowledge, the analytic representation for the stationary
Lissajous states is derived and employed to explore the ma-
nipulation properties of the coherent optical wave in a de-
generate laser cavity.

FIG. 10. �Color online� Experimental images of the wave inten-
sities on the laser crystal corresponding to the experimental far-field
patterns shown in Fig. 9, respectively. The bright spot on the ex-
perimental image represents the location of the pump beam.
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VI. CONCLUSIONS

In summary, we have analytically derived the stationary
coherent states associated with the classical Lissajous orbits
from the Schrödinger coherent states for the 2D harmonic
oscillators with commensurate frequencies. We have em-
ployed the connection between the quantum wave functions
and the classical Lissajous orbits for the zero-order systems
to investigate the quantum features of classical nonlinear
resonances. It is found that the highly efficient extension of
the quantum wave functions within the classical caustics is
an intriguing phenomenon in mesoscopic systems with non-

linear coupling resonances. Furthermore, we have theoreti-
cally and experimentally demonstrated that a nearly hemi-
spherical laser resonator with an intracavity saturable
absorber forms an experimental system for visualizing the
quantum wave functions associated with Fermi resonance.
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Barium tungstate �BaWO4� is employed to achieve efficient stimulated Raman scattering conversion in a
compact diode-pumped actively Q-switched Nd:YAG laser. With an incident pump power of 9.2 W, 1.56 W of
1181 nm first-Stokes average output power was generated at a pulse repetition rate of 20 kHz, correspond-
ing to an optical-to-optical conversion efficiency of 16.9%. © 2005 Optical Society of America

OCIS codes: 140.3550, 140.3480.

The development of new Raman crystals has
generated a resurgence of interest in solid-
state Raman lasers.1,2 Until now, the important
Raman crystals for achievement of stimulated
Raman scattering (SRS) have comprised nitrates
�Ba�NO3�2�,3,4 calcites �CaCO3�,3,4 iodates
�LiIO3�,5,6 molybdates (SrMoO4 and CaMoO4),7

vanadates (YVO4 and GdVO4),8–10 and tungstates
[KGd�WO4�2 ,BaWO4,CaWO4, and PbWO4].11–14

Among the tungstate crystals, BaWO4 is regarded as
a promising Raman-active crystal suitable for a wide
range of pump pulse durations from picoseconds to
nanoseconds.15

Although the most widespread approach to SRS is
based on an external cavity configuration, intracavity
SRS systems take advantage of the high intensity in-
side the laser cavity and use multiple round trips of
the pump laser inside the Raman cavity to increase
the effective interaction length. Recently Černý et al.
reported a compact quasi-cw diode-pumped passively
Q-switched Nd:YAG–BaWO4 Raman laser with an
overall conversion efficiency of 4.4% from diode laser
input power to Raman output power.15,16 However,
actively Q-switched intracavity Raman lasers based
on BaWO4 crystals have not yet been achieved to our
knowledge.

In this Letter we present our first results on effi-
cient intracavity BaWO4 SRS generation in a com-
pact, actively Q-switched diode-pumped Nd:YAG la-
ser. At an incident pump power of 9.2 W, the compact
intracavity SRS system, operating at 20 kHz, pro-
duces average output powers at 1181 nm of as much
as 1.56 W and a peak power greater than 3 kW.

Figure 1 depicts the experimental configuration
of the diode-pumped actively Q-switched
Nd:YAG/BaWO4 Raman laser. The cavity mirrors
have a special dichroic coating for efficient conversion
at the first-Stokes component in an intracavity Ra-
man configuration. The input mirror (MI) is a 500
mm radius-of-curvature concave mirror with an anti-
reflection coating at 808 nm on the entrance face �R
�0.2% �, a high-reflection (HR) coating at 1000–1200

nm �R�99.8% �, and a high-transmission (HT) coat-
ing at 808 nm on the other surface �T�90% �. The
output coupler is a flat mirror with a high-reflection
coating at 1064 nm �R�99.8% � and a partial-
reflection (PR) coating at 1181 nm �R=50% �. Note
that the output coupler’s reflectivity is not optimized
and it is limited in availability.

The pump source was an 808 nm fiber-coupled la-
ser diode with a core diameter of 800 �m, a numeri-
cal aperture of 0.16, and a maximum output power of
10 W. A focusing lens system with 12.5 mm focal
length and 90% coupling efficiency was used to reim-
age the pump beam into the laser crystal. The waist
radius of the pump beam was approximately 300 �m.
The laser medium was an 0.8 at. % Nd3+:YAG crystal
with a length of 10 mm. The Raman-active medium
was an a-cut BaWO4 crystal with a length of 10 mm.
Both sides of the Nd:YAG and BaWO4 crystals were
coated for antireflection at 1000–1200 nm �R
�0.2% �. Furthermore, both crystals were wrapped
with indium foil and mounted in water-cooled copper
blocks. The water temperature was maintained at
25°C. The 30 mm long acousto-optic (AO) Q-switch
(NEOS Technologies) had antireflection coatings at
1064 nm on both faces and was driven at a 27.12
MHz center frequency with 15.0 W of rf power. The
overall laser cavity length was approximately 10 cm.

Fig. 1. Schematic of a diode-pumped actively Q-switched
Nd:YAG–BaWO4 intracavity Raman laser.
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First we studied the diode-pumped Q-switched
Nd:YAG laser performance at 1064 nm for evaluating
the optical-to-optical conversion efficiency of the int-
racavity SRS. For this investigation, an output cou-
pler with partial reflection at 1064 nm was used in-
stead of the Raman cavity output coupler mentioned
above. The optimum reflectivity of the output coupler
was approximately 80%. Figure 2 depicts the average
output power at 1064 nm with respect to the incident
pump power at pulse repetition frequencies (PRFs) of
10, 20, and 30 kHz. The threshold for 1064 nm oscil-
lation was approximately 3.2 W and was insensitive
to the PRF. With an incident pump power of 9.2 W,
the average output powers at 1064 nm were 3.3–3.5
W for PRFs in the range 10–30 kHz.

When the intracavity Raman laser was used the
pumping threshold for the Raman laser output was
found to be strongly dependent on the PRF. The spec-
tral information on the intracavity SRS output was
measured by an optical spectrum analyzer (Ad-
vantest Q8381A) that employs a diffraction grating
monochromator to measure high-speed light pulses
with a resolution of 0.1 nm. Figure 3 depicts the
optical spectrum for the actively Q-switched
Nd:YAG–BaWO4 SRS output. It can be seen that the
frequency shift between Stokes and laser lines agrees
very well with the optical vibration modes of tetrahe-
dral WO4

2− ionic groups �925 cm−1�. Figure 4 shows
the average output power for the intracavity SRS la-
ser at 1181 nm as a function of the incident pump
power for PRFs of 10, 20, and 30 kHz. The output po-
larization was found to be along the c axis of the
BaWO4 crystal. For all pump powers, we did not ob-
serve the second Stokes. The output power at the
fundamental wavelength was of the order of tens of
milliwatts. Even though reducing the PRF leads to a
lower threshold for Raman output, experimental re-
sults revealed that self-focusing-induced damage to
the volume of the BaWO4 Raman crystal usually oc-
curred at a lower PRF. We often induced self-focusing
damage in the BaWO4 Raman crystal by finely ad-

justing the cavity alignment or slightly changing the
pump beam for the optimum output. For example,
the critical pump power related to the damage
threshold induced by self-focusing was approxi-
mately 8 W at a PRF of 10 kHz. Nevertheless, the av-
erage output power at 1181 nm was as much as 1.56
W at a PRF of 20 kHz with an incident pump power
of 9.2 W, corresponding to a conversion efficiency of
47% with respect to the output power available from
the fundamental laser of 1064 nm under optimum
conditions. As a consequence, the conversion effi-
ciency from diode laser input power to Raman output
power was 16.9% at a PRF of 20 kHz. To our knowl-
edge, this is the highest efficiency for a BaWO4 Ra-
man laser reported to date.

The pulse’s temporal behavior was recorded by a
LeCroy digital oscilloscope (Wavepro 7100,
10 Gsamples/s, 1 GHz bandwidth) with a fast p-i-n
photodiode. The typical time shapes for the funda-
mental and Raman pulses are shown in Fig. 5. The
pulse duration of the Raman output was approxi-

Fig. 2. Average output power at 1064 nm with respect to
the incident pump power for pulse repetition rates of 10,
20, and 30 kHz.

Fig. 3. Optical spectrum for the actively Q-switched intra-
cavity Raman laser.

Fig. 4. Average output power at the Stokes wavelength of
1181 nm with respect to the incident pump power for pulse
repetition rates of 10, 20, and 30 kHz.
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mately 24 ns. As a consequence, the peak power was
higher than 3.2 kW. Oscilloscope traces of a train of
the output pulses are shown in Fig. 6. The pulse-to-
pulse amplitude fluctuation was not more than
±10%.

In summary, an efficient high-power diode-pumped
actively Q-switched Nd:YAG–BaWO4 intracavity Ra-
man laser has been demonstrated. With an incident
pump power of 9.2 W, as much as 1.56 W of average
power at the Stokes wavelength was generated at a
pulse repetition rate of 20 kHz, corresponding to an

optical-to-optical conversion efficiency of 16.9%. Ex-
perimental results indicate that the effect of self-
focusing-induced damage is a critical issue for power
scale-up of intracavity BaWO4 SRS.

The laser experiments described here were sup-
ported by the National Science Council of Taiwan
(contract NSC-92-2112-M-009-013), and the BaWO4
samples were supported by grants from State Key
Programs of China (grant 2004CB19002) and the Na-
tional Natural Science Foundation of China (grant
50590401). Y. F. Chen’s e-mail address is
yfchen@cc.nctu.edu.tw.
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We experimentally demonstrate that the near-field patterns of conical second harmonic generation of a
laser in random domain structures can be used to explore the spatial structure of two-dimensional
disordered wave functions with weak localization. The statistics of the experimental near-field patterns
agree very well with the theoretical distributions. In addition to the short-range correlation, the local-
ization effects are found to contribute a nearly constant value to the long-range correlation. The result of
this Letter also confirms the possibility of using conical second harmonic generation as a diagnostic tool
for topographical characterization of crystals.
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Interference effects between scattered waves lead to
striking phenomena beyond the radiative transfer treatment
and diffusion theory [1]. Weak localization (WL) is a
hallmark of interference of multiply scattered waves in
disordered media [2–4] and is a direct consequence of
the constructive interference between reciprocal paths in
wave scattering [5]. The phenomenon of weak localization
has been extensively studied in coherent backscattering
from colloidal suspension [6], strongly scattering powders
[7], cold atom gases [8], two-dimensional (2D) random
systems [9], randomized laser materials [10], disordered
liquid crystals [11], and disordered microcavities [12].
Especially, microwave experiments have provided direct
observation of quantum wave functions in disordered
quantum billiards [13]. Even so, there have been few
experimental studies of quantum disordered wave func-
tions because of their lack of accessibility.

The underlying wave nature of the particles leads to the
striking feature that the propagation of electrons in con-
ducting devices shows many similarities with random mul-
tiple scattering of light in disordered media [2–4]. This
relevance stimulated active research in the propagation of
light waves in random scattering media since the 1980s [6].
Recently, it has been observed that multiple scattering of
laser light in a microdomained nonlinear crystal constitutes
a novel mechanism for conical second harmonic gen-
eration (SHG) [14]. The coherent wave in laser cavities
enables one to achieve very precise measurements of in-
tensity patterns. Nevertheless, experiments on the spatial
structure of disordered wave functions with conical SHG
have never been realized as yet.

In this Letter, we originally develop an intracavity coni-
cal SHG scheme to explore the spatial structure of 2D
disordered wave functions with weak localization. By us-
ing a nonlinear crystal with extended defects, the conical
SHG is efficiently produced from a Q-switched laser with
intracavity frequency doubling. The near-field patterns of
the conical SHG beams evidently represent the wave func-

tions of disordered quantum systems. The statistics of the
wave functions are found to be in quantitative agreement
with the supersymmetry sigma model [15]. More impor-
tantly, the analysis of the intensity correlation for the
experimental patterns reveals that the localization effects
significantly enhance the magnitude of the long-range
correlation.

In the past few years, a new nonlinear crystal family of
calcium oxyborates such as GdCa4O�BO3�3 (GdCOB) and
YCa4O�BO3�3 has been developed for efficient SHG and
other parametric processes in various fields [16]. The opti-
cal properties of the nonlinear crystals are greatly affected
by their structural imperfection that is strongly dependent
on the material preparation and the growth conditions.
Recent investigations [17] revealed that the disordered
domain structures may be spontaneously present in nomi-
nal GdCOB samples which do not contain any macro-
scopic defects and cracks. Intriguingly, the presence of
an appropriate distribution of disordered domains allows
broadband frequency conversion processes without any
temperature or angular tuning of the crystal, especially
for conical SHG. Here we used a GdCOB crystal with
moderate random defect domains to investigate the spatial
structure of disordered wave functions. Figure 1 depicts the
experimental configuration for the diode-pumped actively
Q-switched Nd:YAG laser with intracavity SHG in the
GdCOB crystal. The input mirror is a 500 mm radius-of-
curvature concave mirror with antireflection coating at
808 nm on the entrance face (R< 0:2%), high-reflection
coating at 1064 nm (R> 99:8%) and 532 nm (R> 99%),
and high-transmission coating at 808 nm on the other
surface (T > 90%). The output coupler is a flat mirror
with high-reflection coating at 1064 nm (R> 99:8%) and
high-transmission coating at 532 nm (T > 85%). The
pump source was an 808 nm fiber-coupled laser diode
with a core diameter of 800 �m, a numerical aperture of
0.16, and a maximum output power of 10 W. A focusing
lens with 12.5 m focal length and 90% coupling efficiency
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was used to reimage the pump beam into the laser crystal.
The laser medium was a 0.8-at. % Nd3�:YAG crystal with
a length of 10 mm. The GdCOB crystal was cut for type I
frequency doubling in the XY planes (� � 90�, � � 46�)
with a length of 2 mm and a cross section of 3 mm�
3 mm. Both sides of the Nd:YAG and GdCOB crystals
were coated for antireflection at 1064 nm (R< 0:2%). The
diameters of the laser beams were approximately 580 and
500 �m in the Nd:YAG and GdCOB crystals, respec-
tively. The 30 mm-long acousto-optic Q switch (NEOS
Technologies) had antireflection coatings at 1064 nm on
both faces and was driven at a 27.12 MHz center frequency
with 15.0 W of rf power. The laser cavity length was
approximately 10 cm.

The pulse repetition rate for the Q-switched pulses was
fixed at 20 kHz. The lasing thresholds for the axial and
conical SHG beams were nearly the same and approxi-
mately 3 W. The typical far-field pattern is shown in
Fig. 2(a). At a pump power of 8 W, the output powers of
both the axial and conical SHG beams were on the order of
1 mW. The phase-matching condition for the conical SHG
in a nonlinear crystal with disordered domain structures is
generally written as �k1 � �k01 � �k2, as shown in Fig. 2(b),
where �k1 is the axial fundamental beam, �k01 is the scattered
off-axis fundamental beam, and �k2 is the phase-matched

off-axis SHG beam. The cone angle ’ is determined by the
effective refractive indices. Experimental results revealed
that the cone angles of the far-field patterns were almost
the same for all the transverse positions of the GdCOB
crystal. Even so, the near-field patterns were found to be
profoundly related to the topographical characterization of
the nonlinear crystal. Figures 3(a)–3(d) show four ex-
amples of the near-field wave patterns measured at differ-
ent transverse positions of the GdCOB crystal. It can be
seen that the experimental near-field pattern j�� �r�j2 ex-
hibits a network of quasilinear ridge structures which result
from the superposition of monochromatic plane waves
with random directions and phases in two dimensions, as
discovered by O’Connor, Gehlen, and Heller [18]. Note
that the paraxial propagation and the phase-matching con-
dition lead the present conical SHG to be a kind of 2D
random scattering process. The quasilinear ridge patterns
should be distinguished from the ordinary speckle patterns
that are a 2D projection of the light formed by the super-
position of monochromatic plane waves with random di-
rections and phases in three dimensions. In other words,
the ordinary speckle pattern has a spread in the magnitudes
of the projected wave vectors, whereas the quasilinear
ridge pattern consists of only a nearly constant transverse
wave vector. With the cone angle of the far-field patterns,
the present near-field patterns are associated with a super-
position of random plane waves with the transverse wave
number K � k2 sin’. To our knowledge, this is the first
time that the near-field patterns of conical SHG are used to
visualize the spatial structures of the quantum disordered
wave functions.

(a) (b)

-3 -2 -1   0   1   2  3

ϕ (deg.)

1k

1k ′
2k

ϕ

FIG. 2 (color online). (a) The typical far-field pattern of coni-
cal SHG. (b) Phase-matching diagram for a conical SHG process
in which �k1 is the axial fundamental beam, �k01 is the scattered off-
axis fundamental beam, and �k2 is the phase-matched off-axis
SHG beam.

(b)(a)

(c) (d)

440 µm

FIG. 3 (color online). Four examples of the near-field wave
patterns measured at different transverse positions of the
GdCOB crystal.

FIG. 1. The experimental configuration for the diode-pumped
actively Q-switched Nd:YAG laser with intracavity SHG in the
GdCOB crystal.
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The density probability distribution P�I� is extensively
used to characterize the localization of the wave function,
where I � j�j2. Fyodorov and Mirlin [15] found that the
density probability distribution for the normalized disor-
dered wave functions with WL can be expressed as

PFM�I� � PPT�I��1� �IPR� 3��18�
1
4I �

1
24I

2�	; (1)

where PPT�I� � exp��I=2�=
���������
2�I
p

is the classic Porter-
Thomas (PT) distribution, and IPR �

R
I2d2r is the inverse

participation ratio that is closely linked to the degree of
localization. The IPR for chaotic systems can be immedi-
ately obtained from PT distribution, i.e., IPR �R
1
0 I

2PPT�I�dI � 3:0, which is a universal value. The
IPR is inversely proportional to the volume in which the
wave function is confined. As a consequence, the IPR
values for disordered systems are generally greater than
3.0, and large IPR values correspond to strongly localized
states. We analyzed the experimental near-field patterns to
obtain the density probability distribution. Figures 4(a)–
4(d) display the density probabilities P�I� for the ex-
perimental data shown in Figs. 3(a)–3(d), respectively.
The IPR values for the experimental wave patterns in
Figs. 3(a)–3(d) are 4.39, 4.91, 5.35, and 5.67, respectively.
All four intensity distributions clearly deviate from the
PT distribution but show fairly good agreement with the
theoretical distribution PFM�I�. The good agreement indi-
cates that the localization effect plays an important role for
conical SHG in disordered domain structures.

With the experimental near-field patterns, we calculated
the intensity correlation function (ICF) to get further in-
formation about the disordered wave function. The ICF for

the normalized wave function is defined as C��r� �
h�I� �r�I��r0�i � 1, where �r � j �r� �r0j. The ICF C��r� for
disorder systems is composed of three terms describing
short-range C1��r�, long-range C2��r�, and infinite-range
C3��r� [19]. For the 2D orthogonal case, C1��r� is given
by 2J0�K�r�, where J0 is the Bessel function of zero order.
Note that the ICF for chaotic systems is contributed only by
C1��r�. Figure 5 shows the measurement of C��r� for the
experimental wave patterns shown in Figs. 3(a)–3(d).
Since C��r� at �r � 0 is equal to the value of (IPR�
1), the increase of the short-range correlation due to local-
ization is perceptible. A more intriguing feature is that the
measured C��r� are found to approach a constant value for
long range. The spatial dependence of the long-range con-
tribution can be examined from the difference C��r� �
C1��r�, as shown in the inset in Fig. 5. It can be seen that
the long-range contribution depends on the degree of lo-
calization, and its magnitude increases with increasing the
IPR value. The similar long-range correlation has also been
observed in the transmission of microwaves [20]. Although
numerical study of light in a random medium reveals the
analogous phenomenon [21], the present investigation pro-
vides the first experimental evidence for the long-range
correlation due to transverse localization.

In summary, the spatial structure of 2D disorder wave
functions with weak localization has been explored with
the conical SHG of a laser in random domain structures.
The statistics of the experimental near-field patterns are
found to be in quantitative agreement with the theoretical
distributions with the correction of weak localization.
Furthermore, the analysis of the ICF reveals that the local-
ization effect not only increases the magnitude of the short-
range correlation but also introduces a nearly constant
value to the long-range correlation. The present result
also confirms the possibility of using conical SHG as a
diagnostic tool for topographical characterization of crys-
tals in which localization phenomenon occurs naturally.

This work is supported by the National Science Council
of Taiwan (Contract No. NSC-94-2112-M-009-034).
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FIG. 4 (color online). (a)–(d) The density probabilities P�I�
for the experimental data shown in Figs. 3(a)–3(d), respectively.
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Devil’s Staircase in Three-Dimensional Coherent Waves Localized
on Lissajous Parametric Surfaces

Y. F. Chen,* T. H. Lu, K. W. Su, and K. F. Huang
Department of Electrophysics, National Chiao Tung University, 1001 TA Hsueh Road, Hsinchu 30050, Taiwan

(Received 1 March 2006; published 2 June 2006)

We experimentally demonstrate the significance of the longitudinal-transverse coupling in the meso-
scopic regime by using a high-Q laser resonator as an analog experiment. The longitudinal-transverse
coupling is found to lead to the three-dimensional (3D) coherent waves that are localized on the
parametric surfaces with Lissajous transverse patterns. More strikingly, experimental results reveal that
the mode locking of the 3D coherent states forms a nearly complete Devil’s staircase with the hierarchical
ordering.

DOI: 10.1103/PhysRevLett.96.213902 PACS numbers: 42.60.Jf, 03.65.Vf, 05.45.�a, 42.55.Xi

The bunch of energy levels in the quantum spectra has
been found to lead to the shell structures in nuclei [1],
metallic clusters [2], and quantum dots [3]. More intrigu-
ingly, the existence of the bunch level has a deep and far-
reaching relation with the emergence of classical features
in a mesoscopic quantum system [4]. Recent experimental
and theoretical studies have verified that the coherent
superposition of degenerate or nearly degenerate quantum
states can result in mesoscopic quantum wave functions
localized on periodic orbits in the classical counterpart of
the given system [5]. Furthermore, experimental results [6]
indicated that the mode-locking effects lead to the sta-
tionary coherent waves associated with periodic orbits to
be robust and structurally stable within a finite range of the
perturbation or detuning. Devil’s staircases, Arnold
tongues, and Farey trees are the hallmark of mode locking
and have been found to be ubiquitous in physical, chemi-
cal, and biological systems [7]. The phenomenon of mode-
locked staircases has been extensively studied in Rayleigh-
Bénard experiments [8], charge-density-wave systems [9],
Josephson-junction arrays [10], reaction-diffusion systems
[11], the modulated external-cavity semiconductor laser
[12], the driven vortex lattices with periodic pinning [13],
the motion of a charge particle in two waves [14], and the
bimode CO2 laser with a saturable absorber [15]. Never-
theless, experiments on the mode-locked staircase in high-
order optical coherent waves have never been realized.

In this Letter we originally show that the longitudinal-
transverse coupling leads to the formation of three-
dimensional (3D) coherent waves localized on Lissajous
parametric surfaces which are formed by the Lissajous
curves with the relative phase varying with the longitudinal
direction. A high-Q symmetric laser cavity is experimen-
tally employed to verify the existence and prevalence of 3D
coherent waves in the mesoscopic regime. More impor-
tantly, the detailed experimental measurements indicate
that the formation of plentiful 3D coherent waves con-
structs a nearly complete devil’s staircase in the meso-
scopic regime. Since the laser cavity may be used as an
excellent analog system for the investigation of quantum

systems [6], the present results will be useful for under-
standing the mesoscopic wave functions.

The resonance frequency for an optical cavity with two
spherical mirrors and the mirror distance L is gener-
ally expressed as f�n;m; l� � �fL�l� �m� n� 1��
��fT=�fL��, where �fL � c=2L is the longitudinal
mode spacing, �fT is the transverse mode spacing, l is
the longitudinal mode index, and m and n are the trans-
verse mode indices. For an empty symmetric resonator
consisting of two identical spherical mirrors with radius
of curvature R, the bare ratio between the transverse and
the longitudinal mode spacing is given by ���fT=
�fL��2=��tan�1�L=2zR�, where zR �

�����������������������
L�2R� L�

p
=2.

As a consequence, the bare mode-spacing ratio � can be
changed in the range between 0 and 1 by varying the cavity
length L for a given R. Figure 1 shows a portion of the
spectrum f�l; n;m� as a function of the bare mode-spacing
ratio � for the range of 10 	 l 	 30 and 0 	 �m� n� 	
20. It can be seen that the degeneracies and gaps appear at

FIG. 1. A portion of the spectrum f�l; n;m� as a function of the
bare mode-spacing ratio � for the range of 10 	 l 	 30 and 0 	
�m� n� 	 20.
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the values of � corresponding to the rational numbers
P=Q, forming an interesting fractal structure. Degen-
eracies in the spectra of the quantum systems have been
found to play a vital role in the relationship between
quantum shell structures and classical periodic orbits, es-
pecially in the mesoscopic regime [1–4]. The following

analysis will verify that the longitudinal-transverse cou-
pling and the mode-locking effect can lead to the 3D
coherent waves to be localized on the parametric surfaces
with Lissajous transverse patterns.

The wave functions of the Hermite-Gaussian (HG)
modes for a spherical cavity are given by [16]

��HG�
m;n;l�x; y; z� � �m;n�x; y; z�e

i�m�n�1�tan�1�z=zR�e�i��z=L��l��m�n�1�����x2�y2�=2�z2�z2
R��1�; (1)

where

�m;n�x; y; z� �
1

�����������������������������
2m�n�1�m!n!
p

1

w�z�
Hm

� ���
2
p
x

w�z�

�
Hn

� ���
2
p
y

w�z�

�

� exp
�
�
x2 � y2

w�z�2

�
; (2)

w�z� � w0

������������������������
1� �z=zR�

2
p

, w0 is the beam radius at the
waist, and zR is the Rayleigh range. When the mode-
spacing ratio � is locked to a rational number P=Q, the
group of the HG modes ��HG�

m0�pk;n0�qk;l0�sk
�x; y; z�, with

k � 0; 1; 2; 3; . . . , can be found to constitute a family of
frequency degenerate states, provided that the given inte-
gers (p; q; s) obey the equation s� �p� q��P=Q� � 0.
For convenience, the integer s is taken to be negative.

The equation s� �p� q��P=Q� � 0 indicates that q� p
needs to be an integral multiple of Q, i.e., q� p � KQ,
where K � 1; 2; 3; . . . . It has been verified that the coher-
ent superposition of the mode-locked degenerate states
manifestly leads to the wave functions to be associated
with the classical periodic orbits in the 2D quantum sys-
tems [17]. In the present case, the 3D coherent states
constructed by the family of ��HG�

m0�pk;n0�qk;l0�sk
�x; y; z�

can be generally given by �p;q;s
m0;n0;l0

�x; y; z;�0� �PM
k�0 e

ik�0 ��HG�
m0�pk;n0�qk;l0�sk

�x; y; z�, where the parameter
�0 is the relative phase between various HG modes at z �
0. The relative phase �0 has been verified to play an
important role in the quantum-classical connection [17].
With the expression of Eq. (1), the 3D coherent states can
be rewritten as

�p;q;s
m0;n0;l0

�x; y; z;�0� � �p;q
m0;n0
�x; y; z;�0�e

�i��z=L��l0��m0�n0�1�P=Q���x2�y2�=2�z2�z2
R��1�; (3)

where

�p;q
m0;n0
�x; y; z;�0� �

XM

k�0

eik��z��m0�pk;n0�pk�x; y; z�; (4)

and

��z� � �q� p�tan�1�z=zR� ��0: (5)

Equation (3) indicates that the wave pattern of the 3D
coherent state �p;q;s

m0;n0;l0
�x; y; z;�0� is utterly determined

by the wave function �p;q
m0;n0
�x; y; z;�0�. As seen in

Eq. (4), the wave function �p;q
m0;n0
�x; y; z;�0� is a coherent

superposition of the modes �m0�pk;n0�qk�x; y; z;�0� with
the phase factor��z�. It is worthwhile to mention that the z
dependence of the phase factor ��z� arises from the Gouy-
phase difference between the HG modes with distinct
transverse orders. With the results obtained in the 2D
quantum harmonic oscillator [18], the wave function
�p;q
m0;n0
�x; y; z;�0� can be manifestly deduced to have the

intensity distribution concentrated on the parametric sur-
face:

x�#; z� �

�����������������

m0 �
M
2

s

w�z� cos
�
q# �

��z�
p

�
;

y�#; z� �

����������������

n0 �
M
2

s

w�z� cos�p#�;

(6)

where 0 	 # 	 2� and �1 	 z 	 1. Equation (6) re-
veals that the parametric surface related to the 3D coherent
waves is formed by the Lissajous curves with the relative

phase varying with the position z. In other words, the
longitudinal-transverse coupling leads to the 3D coherent
states to be localized on the Lissajous parametric surfaces.
With q� p � KQ and Eq. (5), the total change of the
relative phase of the 3D coherent wave from z � �1 to
z � 1 is given by ��1� ����1� � �KQ��. On the
other hand, the total change of the relative phase of the
3D coherent wave from one cavity mirror at z � �L=2 to
another one at z � L=2 is given by��L=2� ����L=2� �
�KP��, where the mode-locking condition
tan�1�L=2zR� � �P=Q���=2� is used. Figure 2 depicts an
example for the Lissajous parametric surface described in
Eq. (6) for the range from z � �L=2 to z � L=2 with
�p; q� � �3; 2�, P � 2, and �0 � 0. The tomographic
transverse patterns are also plotted in the same figure to
display the Lissajous feature of the 3D coherent state. Even
though the relationship between the 2D quantum coherent
states and the Lissajous curves has been previously devel-
oped [17], this is the first time that the 3D coherent states
are derived to be related to the Lissajous parametric
surfaces.

The wave patterns localized on the classical orbits have
been realized in the degenerate laser resonator with the
ring-shaped pump profile [19]. However, the index order of
the laser modes is not high enough to explore the complete
devil’s staircase phenomenon in the wave-ray correspon-
dence or quantum-classical correspondence. To generate
super-high-order laser modes, here we use the off-axis
focused pumping scheme to excite a very high gain crystal
in a symmetric cavity with extremely low losses (<0:5%),
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as depicted in Fig. 3. The laser medium was a
a-cut 2.0-at. % Nd3�:YVO4 crystal with a length of
1 mm. Both sides of the Nd:YVO4 crystal was coated for
antireflection at 1064 nm (reflection<0:1%). The radius of
curvature of the cavity mirrors are R � 10 mm and their
reflectivity is 99.8% at 1064 nm. The pump source was an
809 nm fiber-coupled laser diode with a core diameter of
100 �m, a numerical aperture of 0.16, and a maximum
output power of 1 W. A focusing lens with 20 mm focal
length and 90% coupling efficiency was used to reimage
the pump beam into the laser crystal. The pump radius was
estimated to be 25 �m. A microscope objective lens
mounted on a translation stage was used to reimage the
tomographic transverse patterns inside the cavity onto a
CCD camera. To measure the far-field pattern, the output
beam was directly projected on a paper screen at a distance
of 
50 cm from the rear cavity mirror and the scattered
light was captured by a digital camera.

At a pump power of 1 W, the emission powers were
generally found to be on the order of 0.5 mW. The low

emission powers indicate the cavity Q value to be rather
high. The pump positions on the gain medium were con-
trolled to excite the laser modes with the transverse orders
n and m in the range of 100 to 500. Experimental results
revealed that the far-field transverse patterns were not the
familiar HG modes but were almost the coherent waves
concentrated on various Lissajous figures for all cavity
lengths. Furthermore, the tomographic transverse patterns
inside the cavity evidently displayed the revolution of the
Lissajous curve along the longitudinal axis to form a
Lissajous parametric surface. Figure 4 shows the experi-
mental tomographic transverse patterns observed at � �
0:422. The experimental tomographic transverse patterns
are found to be in good agreement with the feature that the
3D coherent states are well localized on the Lissajous
parametric surfaces. Furthermore, the experimental pat-
terns shown in Fig. 4 for �0:15L 	 z 	 0:15L have a
noticeable bright spot that represents the location of the
pump beam. It can be seen that the pump intensity has a
great overlap with the lasing mode distribution. Since the
cavity mode possessing the biggest overlap with the gain
region will dominate the laser emission, distinct 3D coher-
ent waves can be precisely generated by manipulating the
pump position.

Continuously adjusting the bare mode-spacing ratio �,
the far-field transverse patterns were found to change from
one mode-locked Lissajous wave to another in discrete
steps. According to the above-mentioned analysis, the
appearance of the Lissajous waves signifies the mode-
spacing ratios to be locked to rational numbers P=Q. The
analytical representation of the 3D coherent states enables
us to identify the mode-locked ratios P=Q precisely from
the information of the revolution numbers of the Lissajous
wave patterns inside and outside the cavity. Based on
thorough experiments, we found that each mode-locked
ratio P=Q is composed of numerous 3D coherent waves
localized on various Lissajous parametric surfaces with

Gain
mediumPumping

beam

z = −L/2 z = 0

Fiber coupled
laser diode

Focusing
lens

Cavity mirrorCavity mirror

z = L/2

FIG. 3 (color online). Experimental setup for the generation of
3D coherent waves in a diode-pumped microchip laser with off-
axis pumping scheme in a symmetric spherical resonator.

FIG. 4 (color online). Experimental tomographic transverse
patterns inside the cavity observed at � � 0:422.

FIG. 2 (color online). Upper: An example for the Lissajous
parametric surface described in Eq. (6) for the range from z �
�L=2 to z � L=2 with �p; q� � �3; 2�, P � 2, and �0 � 0.
Bottom: The tomographic transverse patterns along the longitu-
dinal axis.
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indices q� p to be an integral multiple of Q. On the
whole, more than 560 different 3D coherent states have
been obtained. The locking range of each coherent state
was found to be �� � �1:5� 0:2� � 10�3 on average.
More noticeably, the experimental mode-locked ratios
P=Qwere found to form a fairly complete devil’s staircase,
as shown in Fig. 5. Figure 5 also demonstrates the experi-
mental far-field patterns observed in the mode-locked pla-
teau with P=Q � 2=5. The absolute values of the indices p
and q were first determined from the feature of the
Lissajous transverse pattern and their signs were deter-
mined from the equation of q� p � KQ, where the factor
K could be found from the total change of the relative
phase of the Lissajous transverse pattern inside the cavity
and the indices Q and P were confirmed with the cavity
length. It is worthwhile to mention that p and q can have
the opposite sign, as long as q� p is an integral multiple
of Q. On the other hand, the locking regimes for the
coherent states with the indices (p; q) and (q; p) are split
due to the anisotropic properties of the gain medium [6].
As the transverse order (m0; n0) of the coherent mode is
increased, the number of mode-locked plateaus increases,
suggesting that all rational steps will be seen in an infinite
order system.

In summary, the longitudinal-transverse coupling has
been verified to cause the formation of 3D coherent waves
with localization on parametric surfaces in the mesoscopic
regime. The theoretical analysis reveals that the tomo-
graphic transverse patterns of the 3D coherent waves ex-
hibit to be well localized on the Lissajous parametric

surfaces. A high-Q symmetric laser cavity with the off-
axis pumping scheme has been utilized to realize the
experiment. Experimental results reveal that the mode
locking of the 3D coherent states forms a nearly complete
devil’s staircase with the hierarchical ordering. Our studies
may provide some useful insights into the nature of the
mesoscopic wave functions.
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63, 155 (1989).

[13] C. Reichhardt and F. Nori, Phys. Rev. Lett. 82, 414 (1999).
[14] A. Macor, F. Doveil, and Y. Elskens, Phys. Rev. Lett. 95,

264102 (2005).
[15] D. Hennequin, D. Dangoisse, and P. Glorieux, Phys.

Rev. A 42, 6966 (1990).
[16] A. E. Siegman, Lasers (University Science Books, Mill

Valley, CA, 1986).
[17] Y. F. Chen, K. F. Huang, and Y. P. Lan, Phys. Rev. E 66,

046215 (2002); 66, 066210 (2002); Y. F. Chen and K. F.
Huang, Phys. Rev. E 68, 066207 (2003).

[18] Y. F. Chen and K. F. Huang, J. Phys. A 36, 7751 (2003).
[19] Y. F. Chen, Y. P. Lan, and K. F. Huang, Phys. Rev. A 68,

043803 (2003).

(0,5) (-3,8) (-4,9)(-1,6) (-2,7)

Ω

0.0 0.2 0.4 0.6 0.8 1.0

W

0.0

0.2

0.4

0.6

0.8

1.0

(4,1) (7,3) (3,2) (2,3)
(3,7) (1,4)

(9,- 4) (8,- 3) (7,- 2) (6,- 1) (5,0)

5
2

7
3 9

4

8
3

11
4

3
113

4

10
3

7
2

11
3

15
4

4
1

17
4

13
3

9
2

14
3

5
1

2
1

5
4

14
11

9
7

13
10

17
13

4
3

15
11

11
8

7
5

10
7

13
9

3
211

7

8
55

3

7
4

9
5

Ω=0.413 Ω=0.430
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High-peak-power AlGaInAs quantum-well 1.3-�m
laser pumped by a diode-pumped actively
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We report a room-temperature high-peak-power AlGaInAs 1.36 �m TEM00 laser pumped by a diode-
pumped actively Q-switched Nd:YAG 1.06 �m laser. With an average pump power of 1.0 W, an average out-
put power of 140 mW was obtained at a pulse repetition rate of 10 kHz. With a peak pump power of 8.3 kW,
the highest peak output power was 1.5 kW at a pulse repetition rate of 5 kHz. © 2006 Optical Society of
America

OCIS codes: 140.5960, 140.5560, 140.3380, 250.7270.

High-peak-power all-solid-state laser sources in the
1.3–1.6 �m spectral region are of particular interest
in remote sensing, eye-safe optical ranging, fiber
sensing, and communication.1–4 Diode-pumped solid-
state lasers (DPSSLs) that have the advantages of
relatively compact size, high power, excellent beam
quality, long lifetime, and low heat production have
been widely used for various applications, including
industry, pure science, medical diagnostics, and
entertainment.5 Nevertheless, the spectral range of
diode-pumped solid-state laser systems is limited by
the properties of existing doped crystals and glasses.
Recently, the optically pumped vertical-external-
cavity surface-emitting semiconductor lasers
(VECSELs) have been proposed as a novel class of
all-solid-state lasers with potential spectral coverage
from the near ultraviolet to the midinfrared.6,7

Typically, a VECSEL device consists of a highly re-
flecting distributed Bragg reflector (DBR) and a reso-
nant periodic gain structure that comprises a series
of barriers to provide the pump absorption, quantum
wells (QWs) to provide gain, and layers to prevent
oxidation. Although InP-based material could offer a
gain region with a smaller lattice mismatch for
1.3 �m wavelengths, the small contrast of refractive
indices hinders the performance of the DBRs. As a
consequence, until now the InP-based material has
never been used as a VECSEL device at 1.3 �m. To
reach a wavelength near 1.3 �m, GaInNAs/GaAs
QWs have been developed as a gain medium8 and a
0.6 W cw output power has been demonstrated.9

Even so, there has been no experimental demonstra-
tion of room-temperature high-peak-power 1.3 �m la-
ser sources with semiconductor QWs as gain media
in an external cavity.

In this Letter we report, for the first time to our
knowledge, a room-temperature high-peak-power
nanosecond semiconductor QW laser at 1.36 �m, us-
ing a diode-pumped actively Q-switched Nd:YAG
1.06 �m laser as a pump source. The gain medium
was composed of an AlGaInAs QW/barrier structure
grown on an Fe-doped InP transparent substrate.
Note that the conventional S-doped InP substrate
has significant absorption in the 1.0–2.0 �m spectral

region. Since the Fe-doped InP substrate is transpar-
ent at the lasing wavelength, the function of the
DBRs in the VECSEL device can be replaced by an
external mirror. With an average pump power of
1.0 W, an average output power of 140 mW at a pulse
repetition rate of 10 kHz was obtained. The peak out-
put power was up to 1.5 kW at a pulse repetition rate
of 5 kHz.

The present gain medium is an AlGaInAs QW/
barrier structure grown on an Fe-doped InP sub-
strate by metalorganic chemical-vapor deposition. It
is worthwhile to mention that the AlGaInAs material
system has a larger conduction band offset than the
most widely used InGaAsP system.10–13 This larger
conduction band offset has been confirmed to yield
better electron confinement in the conduction band
and higher temperature stability. The AlGaInAs ma-
terial has been used as a surface-emitting optical am-
plifier pumped by a laser diode.14 However, until now
there has been no experimental realization involving
the VECSEL with AlGaInAs. Here the gain region
consists of 30 groups of two QWs with the lumines-
cence wavelength around 1365 nm, spaced at half-
wavelength intervals by AlGaInAs barrier layers
with the bandgap wavelength around 1070 nm. The
barrier layers are used not only to absorb the pump
light but also to locate the QW groups in the anti-
nodes of the optical field standing wave. An InP win-
dow layer was deposited on the gain structure to
avoid surface recombination and oxidation. The back
side of the substrate was mechanically polished after
growth. Both sides of the gain chip were antireflec-
tion (AR) coated to reduce backreflections and
coupled-cavity effects. The total residual reflectivity
of the AR-coated sample is approximately 5%. Figure
1 shows the transmittance spectrum at room tem-
perature for the AR-coated AlGaInAs/InP gain chip.
It can be seen that the strong absorption of the bar-
rier layers leads to low transmittance near 1070 nm.
The total absorption efficiency of the barrier layers at
1064 nm was found to be approximately 95%. On the
other hand, an abrupt change in transmittance near
1365 nm comes from the absorption of the AlGaInAs
QWs. The room-temperature spontaneous-emission
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spectrum, obtained by pulse excitation at 1064 nm, is
shown in the inset of Fig. 1. As expected, the emis-
sion is quite broad, with a peak around 1365 nm, and
has a long tail extending to shorter wavelengths.

Figure 2 shows the experimental configuration of
the room-temperature high-peak-power AlGaInAs
QWs laser at 1365 nm. The pump source is a diode-
pumped acousto-optically Q-switched Nd:YAG
1064 nm laser to provide 15-50 ns pulses at repeti-
tion rates between 5 and 50 kHz. The pump spot di-
ameter is controlled to be 380±20 �m for efficient
spatial overlap with the fundamental transverse
mode. The gain chip was mounted on a copper heat
sink, but no active cooling was applied. The laser
resonator is a concave–plano cavity. The input mirror
was a 500 mm radius-of-curvature concave mirror
with AR coating on the entrance face at 1064 nm �R
�0.2% �, high-reflection coating at 1365 nm �R
�99.8% �, and high-transmission coating at 1064 nm
on the other surface �T�90% �. The reflectivity of the
flat output coupler is 94% at 1365 nm. The overall la-
ser cavity length is approximately 10 mm.

Figure 3 shows the performance of the optically
pumped AlGaInAs laser at pump repetition rates of
5, 10, and 50 kHz. The pump pulse widths for repeti-
tion rates of 5, 10, and 50 kHz are approximately 15,
25, and 50 ns, respectively. The cavity decay time is
�0.11 ns. The beam quality factor was determined by
a Gaussian fit to the laser beam waist, and the diver-
gence angle and was found to be less than 1.5. At a
repetition of 10 kHz, the average output power could
be up to 140 mW; the output power saturation be-
yond the average pump power of 1.0 W was due to
the thermally induced gain degradation. At a repeti-
tion of 5 kHz, the absorption efficiency of the gain
chip for the pump power higher than 0.7 W was
found to be significantly reduced because of pump-
saturation effects of the barrier layers. As a conse-

quence, maximum average output power at a repeti-
tion rate of 5 kHz was saturated at around 90 mW.
With the experimental data on a pump pulse energy
of 140 �J, a pump pulse width of 15 ns, and a pump
area of 0.113 mm2, the pump saturation intensity
was estimated to be 8.2 MW/cm2. This value was 2–3
orders of magnitude higher than conventional solid-
state laser crystals because of its shorter fluorescence
decay time.15 However, the lower conversion effi-
ciency at the 50 kHz repetition rate might be due to
the longer pump pulse duration that enhanced the lo-
cal heating effect. The maximum output power at
50 kHz was found to be nearly the same as the result
obtained at 10 kHz. In other words, management of
the thermal effects is necessary to scale up the aver-
age output power.

Figure 4 shows a typical oscilloscope trace of a
train of output and pump pulses and expanded

Fig. 2. Experimental configuration of the room-
temperature optically pumped AlGaInAs laser at 1365 nm.

Fig. 1. Transmittance spectrum at room temperature for
the AR-coated AlGaInAs/InP gain chip. Inset, room-
temperature spontaneous-emission spectrum, obtained by
pulse excitation at 1064 nm.

Fig. 3. Experimental results for the optically pumped
AlGaInAs laser at pump repetition rates of 5, 10, and
50 kHz.
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shapes of a single pulses. It can be seen that the out-
put pulses tracked the pump pulses for each pumping
case. Figure 5 shows the peak output power as a
function of peak pump power. The peak output power
was up to 1.5 kW at a peak pump power of 8.3 kW,
and the slope efficiency was approximately 18%.

The typical lasing spectrum shown in the inset of
Fig. 5 was obtained with 750 mW of average pump

power at a repetition rate of 10 kHz. The lasing spec-
trum was composed of dense longitudinal modes, and
its bandwidth was up to 20 nm for an average pump
power greater than 200 mW. The wide spectral range
indicates the potential for achieving ultrashort
pulses in mode-locked operation.

In summary, an AlGaInAs QW/barrier structure
grown on an Fe-doped InP transparent substrate was
developed to be a gain medium in a room-
temperature high-peak-power nanosecond laser at
1365 nm. Using an actively Q-switched 1064 nm la-
ser to pump the gain chip, an average output power
of 140 mW was obtained at a pulse repetition rate of
10 kHz and an average pump power of 1.0 W. At a
pulse repetition rate of 5 kHz, the peak output power
was found to be up to 1.5 kW at a peak pump power
of 8.3 kW.

The authors gratefully acknowledge various
AlGaInAs/InP gain chips from TrueLight Corpora-
tion. The authors also thank the National Science
Council for their financial support of this research
under contract NSC-93-2112-M-009-034. Address cor-
respondence to Y.-F. Chen, yfchen@cc.nctu.edu.tw.
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Fig. 5. Experimental results for the peak output power as
a function of peak pump power. Inset, typical lasing spec-
trum obtained with 750 mW of average pump power at a
repetition rate of 10 kHz.
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ABSTRACT We demonstrate the first use of InGaAsP quantum
wells as a saturable absorber in the Q-switching of a diode-
pumped Nd-doped 1.3 µm laser. The barrier layers of the In-
GaAsP quantum-well device are designed to be a strong ab-
sorber for the suppression of the transition channel at 1.06 µm.
With an incident pump power of 1.8 W, an average output power
of 160 mW with a Q-switched pulse width of 19 ns at a pulse
repetition rate of 38 kHz was obtained.

PACS 42.60.Gd; 42.55.Xi; 42.65.Re

1 Introduction

Compact, rugged, all-solid-state Q-switched lasers
at 1.3 µm wavelength are of practical importance for numer-
ous applications such as medical diagnostics, fiber sensing,
distance measurements, intracavity optical parametric oscil-
lators, and intracavity Raman conversion. Compared with
active Q-switching, passive Q-switching is compact, and has
simplicity in operation because it requires no electro-optic or
acoustic-optic devices. Nowadays, the saturable absorbers for
1.3 µm lasers comprise V3+:YAG [1–3], Co2+:MgAl2O4 [4],
Co2+:MAS [5], PbS-doped glasses [6], and semiconductor
saturable absorber mirrors (SESAMs) [7–10]. The material
for SESAMs at 1.3 µm wavelength include InGaAs/GaAs
quantum wells (QWs) [7], GaInNAs/GaAs QWs [8, 9],
InAs/GaAs quantum dots (QDs) [10], and InGaAsP/InP
bulk layers [11]. InGaAs QWs for 1.3 µm SESAMs have the
drawback of large insertion losses because the high indium
concentration gives rise to significantly strained layers on the
GaAs distributed Bragg reflectors (DBRs). Even though InAs
QDs for 1.3 µm SESAMs have lower nonsaturable losses,
it is difficult to scale up the amount of the maximum re-
flectivity change between low and high intensities [10]. On
the contrary, the lattice-matched InGaAsP-based SESAMs
could offer saturable absorbers with larger modulation depths
and longer recovery lifetimes for passive Q-switching op-
eration at 1.3 µm. However, the overall performance of the
DBRs on InP substrates are hindered by the disadvantage

� Fax: +886-35-725230, E-mail: yfchen@cc.nctu.edu.tw

of a small contrast between refractive indices. Even though
AlGaAsSb/InP has been demonstrated to be lattice-matched
DBRs at 1.55 µm [12], it is more difficult for the 1.3 µm
wavelength because the choice of DBR becomes tighter. Nev-
ertheless, the DBRs are merely an optional structure for the
cavity design of the passive Q-switched lasers. Without the
use of DBRs, the semiconductor saturable absorber (SESA)
has to be grown on a transparent substrate. The Fe-doped InP
material is a particularly useful substrate to grow the SESA
for passively Q-switched Nd-doped or Yb-doped solid-state
lasers [13], since it is transparent at the lasing spectral re-
gion. More importantly, the double-pass configuration with
an external output coupler is beneficial to the flexibility of the
cavity design and the optimization of the output coupler.

Here we present an InGaAsP QW/barrier structure grown
on an Fe-doped InP substrate to be a semiconductor saturable
absorber (SESA) for a Nd:YVO4 1.34 µm laser. The novelty
of this work lies in the present semiconductor device serving
simultaneously as a saturable absorber for 1.34 µm lasers and
a strong absorber for the suppression of the transition channel
at 1.06 µm. With an incident pump power of 1.8 W, an aver-
age output power of 160 mW with a peak power of 220 W at
a pulse repetition rate of 38 kHz was obtained.

2 Experimental

This InGaAsP QW/barrier structure was mono-
lithically grown on an Fe-doped InP substrate by metalor-
ganic chemical-vapor deposition. The saturable-absorber re-
gion consists of fifteen InGaAsP QWs with the band-gap
wavelength around 1.34 µm, spaced at quarter-wavelength in-
tervals by InGaAsP barrier layers with the band-gap wave-
length around 1.06 µm. In other words, the composition of
the barrier layers was designed to have a strong absorbance
at 1.06 µm. With this SESA, the cavity mirrors require no
special dichroic coatings to suppress the strongest transi-
tion channel at 1.06 µm. The backside of the substrate was
mechanically polished after growth. Both sides of the SESA
were antireflection (AR) coated to reduce back reflections and
couple-cavity effects. Figure 1 shows the transmittance spec-
trum at room temperature for the AR-coated InGaAsP/InP
saturable absorber. The transmittance of the AR-coated Fe-
doped InP substrate is also shown for comparison. It can be
seen that the strong absorption of the barrier layers leads to



430 Applied Physics B – Lasers and Optics

FIGURE 1 Solid line: the transmittance spectrum at room temperature for
the AR-coated InGaAsP/InP saturable absorber. Dashed line: the transmit-
tance of the AR-coated Fe-doped InP substrate

a low transmittance near 1.06 µm. The initial transmissions
at 1.06 µm and 1.34 µm are 0.54 and 0.82, respectively. As
a consequence, the gain suppression of 1.06 µm is approxi-
mately 3 dB compared to that of 1.34 µm for a double pass.
On the other hand, an abrupt change in the transmittance near
1.36 µm comes from the absorption of the InGaAsP QWs.
The modulation depth of the SESA device is experimentally
estimated to be approximately 10% in a single pass, so in total
20% for a cavity roundtrip. From the numerical simulations of
the SESA design, the saturation fluence is estimated to be in
the range of 10 µJ/cm2. The relaxation time and optical dam-
age threshold of the SESA are approximately 10 ∼ 20 ns and
200 ∼ 300 MW/cm2, respectively.

Figure 2 depicts the experimental configuration for the
passively Q-switched 1.34 µm Nd:YVO4 laser by use of
InGaAsP/InP QWs as a saturable absorber. The active
medium was a 0.5 at. % Nd3+, 6 mm long Nd:YVO4 crystal.
Both sides of the laser crystal were coated for antireflection at
1.34 µm (R < 0.2%). The pump source was a 2.0 W 808 nm
fiber-coupled laser diode with a core diameter of 200 µm and

FIGURE 2 Experimental configuration for the passively Q-switched
1.34 µm Nd:YVO4 laser by use of InGaAsP/InP QWs as a saturable
absorber

a numerical aperture of 0.16. A focusing lens with a 16.5 mm
focal length and 90% coupling efficiency was used to re-
image the pump beam into the laser crystal. The pump spot
radius was around 100 µm. The input mirror was a 500 mm
radius-of-curvature concave mirror with antireflection coat-
ing at the diode wavelength on the entrance face (R < 0.2%),
high-reflection coating at the lasing wavelength (R > 99.8%)

and a high-transmission coating at the diode wavelength on
the other surface (T > 90%). Note that the laser crystal was
placed near the input mirror (< 1 mm) for the spatial over-
lap of the transverse mode structure and radial pump power
distribution. The reflectivity of the output coupler is 94%
at 1342 nm. The overall Nd:YVO4 laser cavity length was
approximately 20 mm. The cavity losses introduced by the
pump mirror and output coupler are approximately 0.48 and
0.065 for wavelengths at 1.06 and 1.34 µm. The total nonsat-
urable loss introduced by the SESA is approximately 0.05.
The nonsaturable loss of the SESA mainly comes from elec-
tron overflow. The nonsaturable loss may be reduced by the
QW materials with relatively large conduction band offsets.
Without the SESA in the cavity, cw operation at 1.34 µ m
could be achieved with the cavity losses introduced by the
resonator mirrors. However, the gain suppression at 1.06 µm
needed to be larger for the Q-switching operation at 1.34 µm.
In the present setup, the extra gain suppression at 1.06 µm was
introduced by the SESA.

3 Results and discussion

Figure 3 shows the average output powers at
1342 nm with respect to the incident pump power in cw and
passively Q-switching operations. Without the SESA in the
cavity, the cw laser at 1342 nm had a slope efficiency of 37%
and an output power of 580 mW at an incident pump power of
1.8 W. In the passively Q-switching regime an average output
power of 160 mW was obtained at an incident pump power of
1.8 W. The Q-switching efficiency (ratio of the Q-switched
output power to the cw power at the maximum pump power)
was found to be 27.6%. This Q-switching efficiency is consid-
erably higher than that obtained with an InGaAsP SESAM [4]

FIGURE 3 Average output powers at 1.34 µm with respect to the incident
pump power in cw and passively Q-switching operations
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FIGURE 4 Experimental results for the pulse repetition rate and the pulse
width versus incident pump power

FIGURE 5 (a) Typical oscilloscope trace of a train of output pulses and
(b) expanded shape of a single pulse

and is close to the results obtained with V3+:YAG [1–3] and
Co2+:MAS [5] saturable absorbers.

The pulse temporal behavior was recorded by a LeCroy
digital oscilloscope (Wavepro 7100, 10 G− samples/sec,
1 GHz bandwidth) with a fast p-i-n photodiode. Figure 4
shows the pulse repetition rate and the pulse energy ver-
sus the incident pump power. The pulse repetition rate in-
creases monotonically with the pump power up to 38 kHz.

On the other hand, the pulse energy, like typical passively
Q-switched lasers, is insensitive to the pump power. A typical
oscilloscope trace of a train of output pulses and an expanded
shape of a single pulse are shown in Fig. 5. Under the optimum
alignment condition, the pulse-to-pulse amplitude fluctuation
was found to be within ±5%. The pulse width was measured
to be 19 ns. As a consequence, the peak power was found to be
higher than 220 W. It is worthwhile mentioning that although
the Nd:YVO4 crystal is an efficient Raman gain medium, the
present intracavity peak power is not high enough to reach the
Raman self-conversion.

The InGaAsP QW/barrier structure grown on a Fe-doped
substrate was used as a saturable absorber for the Q-switching
of a diode-pumped Nd:YVO4 laser operating at 1342 nm.
An average output power of 160 mW was obtained at an in-
cident pump power of 1.8 W. Stable Q-switched pulses of
19 ns duration with a repetition rate of 38 kHz were generated.
The present result indicates the possibility of using InGaAsP
QW/barrier structure to generate a Q-switched 1.3 µm laser
with peak power greater than 1 kW. Attempts to use InGaAsP-
based SESA to scale up Nd-doped 1.3 µm lasers are under
way.
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InGaAs quantum-well saturable absorbers for a
diode-pumped passively Q-switched Nd:YAG laser
at 1123 nm

J. Y. Huang, H. C. Liang, K. W. Su, H. C. Lai, Y.-F. Chen, and K. F. Huang

A low-loss semiconductor saturable absorber based on InGaAs quantum wells was developed for highly
efficient Q switching of a diode-pumped Nd:YAG laser operating at 1123 nm. With an incident pump
power of 16 W, an average output power of 3.1 W with a Q-switched pulse width of 77 ns at a pulse
repetition rate of 100 kHz was obtained. © 2007 Optical Society of America

OCIS codes: 140.3480, 140.3540, 140.3580.

1. Introduction

Nd:YAG crystals that have excellent optical and
mechanical properties have been identified to be
one of the promising gain media in diode-pumped
solid-state lasers.1–3 Most of the research involving
the 4F3�2 → 4I11�2 transition of Nd:YAG crystals were
focused on the wavelength of 1064 nm. However,
there are many Stark components in the 4F3�2 → 4I11�2
transition of the Nd:YAG crystal, such as 1112, 1117,
and 1123 nm.1 Even though the fluorescent intensity
at 1123 nm is in excess of ten times smaller than that
at 1064 nm, the diode-end-pumped configuration
has been successfully used to achieve highly effi-
cient Nd:YAG 1123 nm lasers.4–8 The 1123 nm la-
ser has been demonstrated to be a useful pump
source for a thulium upconversion fiber laser with
blue light emission.4,9 Recently, a diode-pumped
passively Q-switched Nd:YAG 1123 nm laser has
been achieved by the use of a Cr4�:YAG crystal with
a low modulation depth as a saturable absorber.7
Note that the modulation depth is defined as the
maximum change of absorption (or reflectivity),
which can be induced by incident light with a given
wavelength. Nevertheless, the nonsaturable losses of
the Cr4�:YAG crystal are relatively high in compari-
son with the gain of the Nd:YAG crystal at 1123 nm.

As a consequence, the Cr4�:YAG crystal brings about
a considerably low Q-switching efficiency (ratio of the
Q-switched average output power to the cw output
power at the same pump power) in the Nd:YAG
1123 nm laser. Therefore it is of practical value to
develop the saturable absorbers with low modulation
depths ��5%� as well as low nonsaturable losses for
the low-gain Nd:YAG 1123 nm laser.

InGaAs�GaAs quantum wells (QWs) have often
been used as semiconductor saturable-absorber mir-
rors (SESAMs) in Nd-doped lasers at 1.06 �m.10 Even
so, such highly strained QWs were previously difficult
to use as saturable absorbers for the wavelengths
beyond 1.1 �m because of their high nonsaturable
losses.11 Recent progress in the growth methodology
has made it possible to realize InGaAs QWs with
emission wavelengths up to and somewhat beyond
1.2 �m.12–14 However, to our knowledge, there has
been no work using InGaAs QWs to be SESAMs in
Nd:YAG lasers at 1123 nm. Here, for what is believed
to be the first time, a diode-pumped passively
Q-switched 1123 nm Nd:YAG laser with InGaAs
QWs as a saturable absorber is reported. With an
incident pump power of 16 W, the compact laser cav-
ity produces an average output power of 3.1 W at
1123 nm with a repetition rate of 100 kHz and a
pulse width of 77 ns. The extremely low nonsaturable
losses of the SESAM lead to the Q-switching effi-
ciency to be up to 94%.

2. Device Fabrication and Experimental Setup

The SESAM structure was monolithically grown on an
undoped GaAs substrate by metal-organic chemical-
vapor deposition (MOCVD) to simultaneously serve as
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a saturable absorber and an output coupler in the pas-
sively Q-switched laser at 1123 nm. Note that the
concept of combining the SESAM with an output
coupler has been realized in passively Q-switched
lasers.15 The Bragg mirror structure consists of 12
AlAs�GaAs quarter-wavelength layers, designed for
a reflectivity of 96% at 1123 nm. The saturable ab-
sorber region was grown to comprise two 8 nm thick
ln0.34Ga0.66As QWs separated by a 10 nm thick GaAs
layer. Figure 1 shows the measured results for the
low-intensity reflectivity and room-temperature pho-
toluminescence (PL) spectrum of the InGaAs SESAM.
It can be seen that the peak wavelength of the PL
spectrum is in the vicinity of 1123 nm and the FWHM
is approximately 40 nm. Furthermore, the dip in the
reflectivity correlates with the maximum in the PL
spectrum. The z-scan technique was used to find that
the present SESAM device has a modulation depth of

2.8%, nonsaturable losses of 0.4%, and a saturation
fluence of 30 �J cm�2.

Figure 2 shows the experimental configuration for
the passively Q-switched 1123 nm Nd:YAG laser
with InGaAs QWs used as a saturable absorber and
a semiconductor saturable-absorber mirror output
coupler (SESAMOC). The active medium was a
1.0 at. % Nd:YAG crystal with a length of 10 mm.
Both sides of the laser crystal were coated for anti-
reflection at 1123 nm �R � 0.2%�. The laser crystal
was wrapped with indium foil and mounted on a
water-cooled copper block. The pump source was a
20 W 808 nm fiber-coupled laser diode with a core
diameter of 800 �m and a numerical aperture of 0.16.
A focusing lens with a 12.5 mm focal length and a
90% coupling efficiency was used to reimage the
pump beam into the laser crystal. The pump spot
radius was approximately 250 �m. The input mirror
was a 200 mm radius-of-curvature concave mirror
with an antireflection coating at the pump wave-
length of 808 nm on the entrance face �R � 0.2%�, a
high-reflection coating at 1123 nm �R � 99.8%�, a
high-transmission coating at 808 nm �T � 90%�, and
1064 nm �T � 70%� on the other surface. The cavity
length was approximately 35 mm. A 0.2 mm thick
glass without a coating was used as an etalon to
suppress the lasing channels at 1112 and 1116 nm.
Without the etalon, simultaneous emission among
three wavelengths of 1112, 1116, and 1123 nm was
intermittently found at the pump power higher than
12 W. The spectral information of the laser was mon-
itored by an optical spectrum analyzer (Advantest
Q8381A). The spectrum analyzer employing a diffrac-
tion lattice monochromator can be used for the high-
speed measurement of pulse light with the resolution
of 0.1 nm. The pulse temporal behavior was recorded
by a LeCroy digital oscilloscope (Wavepro 7100,
10 Gs�s, 1 GHz bandwidth) with a fast p-i-n photo-
diode.

3. Experimental Results

The cw performance of the Nd:YAG laser at 1123 nm
was studied first. For this investigation, an output
coupler with partial reflection at 1123 nm was used

Fig. 1. (a) Measured results for the low-intensity reflectivity and
room-temperature PL spectrum of the InGaAs QWS SESAM. (b)
Measured results for the low-intensity transmission spectrum.

Fig. 2. Schematic of a diode-pumped passively Q-switched
Nd:YAG laser at 1123 nm. HR, high reflection; HT, high transmis-
sion.
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instead of the above-mentioned InGaAs SESAM. The
optimum reflectivity of the output coupler was found
to be approximately 96%. The optimum cw perfor-
mance at 1123 nm provides the baseline for evaluat-
ing the passively Q-switched efficiency. Figure 3
shows the average output powers at 1123 nm with
respect to the incident pump power in cw and pas-
sively Q-switching operations. In the cw regime, the
laser had a slope efficiency of 22.8%; the output power
reached 3.3 W at an incident pump power of 16 W. In

the passively Q-switching regime, an average output
power of 3.1 W was obtained at an incident pump
power of 16 W. The Q-switching efficiency (ratio of
the Q-switched output power to the cw output power
at the maximum pump power) was found to be up to
94%. The nearly perfect Q-switching efficiency indi-
cates that the nonsaturable losses of the present
InGaAs QWs’ SESAM is significantly low.

Figure 4 shows the pulse repetition rate and the
pulse width versus the incident pump power. The
pulse repetition rate initially increases with pump
power and is up to approximately 100 kHz at an in-
cident pump power of 16 W. On the other hand, the
pulse width decreases from 100 ns at the threshold to
77 ns at the maximum pump power. As a conse-
quence, the peak power was found to be higher than
400 W. A typical oscilloscope trace of a train of output
pulses and an expanded shape of a single pulse are
shown in Fig. 5. Under the optimum alignment con-
dition, the pulse-to-pulse amplitude fluctuation was
found to be within �10%.

4. Conclusion

InGaAs QWs have been used to be a low-loss semicon-
ductor saturable-absorber output coupler for passive Q
switching of a diode-pumped Nd:YAG laser operating
at 1123 nm. An average output power of 3.1 W with a
Q-switching efficiency of 94% was obtained at an in-
cident pump power of 16 W. Stable Q-switched pulses
of 77 ns duration with a repetition rate of 100 kHz
were generated. The present result indicates the pos-
sibility of using an InGaAs QW structure to mode
lock a Nd:YAG laser at 1123 nm. Furthermore, the

Fig. 3. Average output powers at 1123 nm with respect to the
incident pump power in cw and passively Q-switching operations.

Fig. 4. Experimental results for the pulse repetition rate and the
pulse width versus the incident pump power.

Fig. 5. (a) Typical oscilloscope trace of a train of output pulses and
(b) expanded shape of a single pulse.
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low-loss SESAM may be employed to generate the
high-peak-power yellow laser at 561 nm with intra-
cavity second-harmonic generation.

The authors thank the National Science Council for
their financial support of this research under contract
NSC-95-2112-M-009-041.
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High power passively Q-switched ytterbium fiber 
laser with Cr4+:YAG as a saturable absorber 

J. Y. Huang, H. C. Liang, K. W. Su, and Y. F. Chen  
Department of Electrophysics, National Chiao Tung University, Hsinchu, Taiwan 

yfchen@cc.nctu.edu.tw 

Abstract: We report an efficient high-peak-power and high-average-power 
passively Q-switched ytterbium fiber laser with a Cr4+:YAG crystal as a 
saturable absorber in an external-resonator configuration. At an incident 
pump power of 17.5 W, the passively Q-switched fiber laser produces an 
average power greater than 6.2 W with a pulse repetition rate of 48 kHz. 
The output pulses noticeably display a mode-locking phenomenon that leads 
to the maximum peak power to be higher than 20 kW. 

©2007 Optical Society of America 

OCIS codes: (140.3510) Lasers, fiber; (140.3480) Lasers, diode-pumped; (140.3540) Lasers, 
Q-switched. 
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1. Introduction 

High-power diode-pumped rare-earth-doped double-clad fiber lasers have been promised as 
efficient and compact light sources with excellent beam quality, high efficiency, and a broad 
tuning range [1, 2]. Compared to cw fiber lasers, high-peak-power Q-switched fiber lasers are 
practically useful in numerous applications, such as range finding, remote sensing, industrial 
processing, and medicine [3-6]. Active Q-switching is typically achieved by inserting an 
acoustic-optic or an electro-optic modulator into the cavity. On the other hand, passive Q-
switching by means of saturable absorbers is a convenient technique to simplify the cavity 
design and eliminate the need for external Q-switching electronics. So far, Cr4+-doped [7], 
Sm-doped [8], and Tm3+-Yb3+ co-doped [9] fibers have been developed as fiber saturable 
absorbers in fiber laser systems in the range of 1.0-1.1 μm. Another effective approach for 
passive Q-switching of fiber lasers is to use crystals [10-12] or semiconductor materials [13] 
as saturable absorbers.  Recently, giant pulses with a duration of 2.7 ns and a peak power of 9 
kW have been achieved in a Yb-doped fiber by a Cr4+:YAG saturable absorber [14].  However, 
the average power and the conversion efficiency have been limited by 0.3 W and 17.6%, 
respectively.  In view of that, it is of practical interest and value to develop high-average-
power and high-peak-power fiber laser sources. 

Here we report on an efficient high-peak-power and high-average-power passively Q-
switched Yb-doped fiber laser with a Cr4+:YAG saturable absorber. The high conversion 
efficiency is achieved by using a highly doped doubly clad fiber which combines a large core 
with excellent beam quality and high cladding absorption. With an incident pump power of 
17.5 W, the fiber laser, operating at 48 kHz, produces an average output power up to 6.2 W 
with a pulse energy of 110~130 μJ.  The mode-locking phenomenon leads to the maximum 
peak power to be higher than 20 kW. 

2. Experimental setup 

Figure 1 displays the schematic of the experimental setup for the passively Q-switched Yb-
doped fiber laser that consists of a 3-m Yb-doped fiber and an external feedback cavity 
including a saturable absorber. The fiber has an absorption coefficient of 10.8 dB/m at 976 nm 
and a double-clad structure with a diameter of 350 μm octagonal outer cladding, diameter of 
250 μm octagonal inner cladding with a numerical aperture (NA) of 0.46, and 25 μm circular 
core with a NA of 0.07. Note that the use of larger diameter cores is vital for storing higher 
pulse energies. Here the fiber possesses a low NA core to sustain the excellent beam quality. 
The end facets of the fiber were cut to be normal incident. Therefore, the lasing by end facets 
usually occurred for the free-running operation. The external cavity consists of a collimating 

(C) 2007 OSA 22 January 2007 / Vol. 15,  No. 2 / OPTICS EXPRESS  474



lens of 50-mm focal length, a focusing lens of 25-mm focal length to focus the fiber output 
into a Cr4+:YAG saturable absorber, a re-imaging lens to re-image the beam on a highly 
reflective mirror for feedback. The Cr4+:YAG crystal has a thickness of 1.5 mm with 40% 
initial transmission at 1075 nm. Both sides of the Cr4+:YAG crystal were coated for 
antireflection at 1075 nm (R<0.2%). The focal lengths of the collimating and focusing lenses 
were chosen to have a beam waist of 12.5 μm inside the saturable absorber. The saturable 
absorber was wrapped with indium foil and mounted in a copper block without active cooling. 
A translation stage was used to adjust the longitudinal position of the Cr4+:YAG saturable 
absorber for minimizing the beam volume inside the crystal and achieving the lowest Q-
switching threshold. 

The pump source was a 20-W 976-nm fiber-coupled laser diode with a core diameter of 
400 μm and a NA of 0.22.  A focusing lens with 25 mm focal length and 92% coupling 
efficiency was used to re-image the pump beam into the fiber through a dichroic mirror with 
high transmission (>90%) at 976 nm and high reflectivity (>99.8%) at 1075 nm.  The pump 
spot radius was approximately 200 μm. The pulse temporal behavior was recorded by a 
LeCroy digital oscilloscope (Wavepro 7100; 10G samples/sec; 1 GHz bandwidth) with a fast 
InGaAs photodiode. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 1. Schematic of a diode-pumped passively Q-switched Yb-doped double-clad fiber laser. 
HR, high reflection; HT, high transmission. 

 

3. Results and discussions 

The cw performance of the present fiber laser was studied first. For this investigation, the 
external cavity only comprised a focusing lens and a high reflector (R>99.8% at 1075 nm). 
The cw performance provides the baseline for evaluating the passively Q-switched efficiency.  
Figure 2 shows the average output powers with respect to the incident pump power in cw and 
passively Q-switching operations.  In the cw regime the laser had a slope efficiency of 61.6%; 
the output power reached 10.1 W at an incident pump power of 17.5 W. In the passively Q-
switching regime an average output power of 6.2 W was obtained at an incident pump power 
of 17.5 W.  The Q-switching efficiency (ratio of the Q-switched output power to the CW one 
at the maximum pump power) was found to be up to 61.3%. This Q-switching efficiency is 
generally superior to those of Yb-doped crystal lasers with Cr4+:YAG crystals as saturable 
absorbers [15-20].  The M2 beam-quality factor was measured to be <1.5 over the complete 
output power range.  On the other hand, no damage to the fiber was observed over several 
hours of operation, and the laser performance was reproducible on a day-to-day basis.  

Figure 3 shows the pulse repetition rate and the pulse energy versus the incident pump 
power.  The pulse repetition rate initially increases with pump power, and is approximately up 
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to 50 kHz at an incident pump power of 17.5 W.  Like typically passively Q-switched lasers, 
the pulse energies weakly depend on the pump power and their values are found to be in the 
range of 110~130 μJ. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Dependence of the average output power on the incident pump power for the cw and 
passive Q-switching operations. 
 

 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Pulse repetition rate and the pulse energy versus the incident pump power 
 

With the model of the coupled rate equations, the expression for the pulse energy of the 
passively Q-switched has been derived to be given by [21, 22] 
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where hv is the laser photon energy, A is the mode area in the gain medium, σ is the 
stimulated emission cross section of the gain medium, γ=2 is the inversion reduction factor, R 
is the reflectivity of the output mirror, and the parameter x represents the extraction efficiency 
of the energy stored in the gain medium through the lasing process. The equation for the 
parameter x is given by 
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L is the intracavity round-trip dissipative optical loss, To is the initial transmission of the 
saturable absorber, As is the effective mode area in the saturable absorber, σgs and σes are the 
ground-state and excited-state absorption cross sections of the saturable absorber, respectively. 
With Eqs. (1)-(3) and the values of the parameters: 21103 −×=σ  cm2 [23], 19107.8 −×=gsσ  

cm2 [24], 19102.2 −×=esσ  cm2 [24], 4.0=oT , 04.0=R , 04.0=L , 6109.4 −×=A  cm2, and 
6103.6 −×=sA  cm2, the calculated result of the parameter x was found to be approximately 

0.65. With this calculated value and Eq. (1), the pulse energy could be found to be 155 μJ. 
This value agrees very well with the experimental result.  Furthermore, the present pulse 
energy is comparable with the maximum energy storage capacity of the laser given by the 
saturation energy 303== σhvAEsat

μJ. To confirm the theoretical analysis, we changed the 

mode area in the absorber by moving the absorber away from the focal plane. It was found 
that the output pulse energy decreased from 130 μJ to 90 μJ as the mode area 

sA  was changed 

to be 5101.1 −×  cm2. This experimental result is close to the theoretical value of 97 μJ. The 
good agreement validates the present analysis. 

A typical oscilloscope trace of Q-switched pulse train is shown in Fig. 4(a). With the 
optimum alignment, the pulse-to-pulse stability was found to be approximately ±15%. The 
pulse-to-pulse stability may be improved by the angle-cleaved end facets of the fiber. The 
stable self-mode-locking pulse output could be usually observed as the pump power is higher 
than 10 W. Figure 4 (b) shows the temporal shape of a single Q-switched pulse envelope, 
which was recorded at the maximum pump power. It can be seen that the self-mode-locking 
effect [25, 26] leads to the formation of the mode-locked pulses inside the Q-switched pulse 
envelope. The separation of the mode-locked pulses was found to be 33 ns, which matched 
exactly with the cavity roundtrip time and corresponded to a repetition rate of 30 MHz. The 
estimated energy of the highest pulse inside envelope was found to be close to 50 μJ. As 
shown in Fig. 4(c), the expanded oscilloscope traces reveal that the mode-locked pulse width 
is approximately 2.1 ns.  As a consequence, the peak power can be found to be more than 20 
kW. This is to our knowledge by far the highest mode-locked peak power reported for diode-
pumped Yb-doped fiber lasers with simultaneous Q-switching. The present result indicates 
that the output peak power can be significantly enhanced by using a fiber with a larger core 
size and a saturable absorber with a lower initial transmission. 

The spectral information was measured by an optical spectrum analyzer (Advantest 
Q8381A) that utilizes a grating monochromator for the high speed measurement of pulse light 
with the resolution of 0.1 nm. Figure 5 shows the output spectrum of the passively Q-switched 
fiber laser at an average output power of 5 W. The experimental FWHM line width was 
approximately 0.2 nm. Note that the mode-locked pulse width of 2.1 ns is consistent with the 
measured bandwidth of 0.2 nm and the pulses are near transform-limited.  
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Fig. 4. (a). Oscilloscope traces of a train of Q-switched pulses, (b) Oscilloscope traces of a 
typical Q-switched envelope, (c) Oscilloscope traces of a mode-locked pulse inside the Q-
switched envelope.  

 

 

 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Output spectrum of the Q-switched laser at an output power of 5 W. 
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4. Conclusion 

In conclusion, we have demonstrated an efficient high-peak-power and high-average-power 
passively Q-switched Yb-doped fiber laser with a Cr4+:YAG crystal as a saturable absorber in 
an external-resonator configuration.  Greater than 6.2 W of an average output power at a 
repetition rate of 48 kHz was generated with a 17.5-W diode pump power.  Moreover, the 
mode-locking phenomenon enhances the peak power higher than 20 kW.  It is believed that 
this efficient Q-switched fiber laser should be a useful light source for technical applications 
because of its high average power as well as high peak power. 
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