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Self-Oscillating, Third-Harmonic Mode-Locked 1-GHz Nd:YLF Laser
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A Nd:YLF laser has been actively mode-locked at the third-order harmonic cavity frequency
using a lithium niobate phase modulator. Self-oscillating pulses of 14 ps duration, 1 GHz repetition
rate, and 10 mW average power at 1053 nm wavelength have been obtained. A 1 GHz rf signal to
drive a phase modulator was obtained by using 1 GHz pulse train without rf synthesizer as a driver

of an active mode locker.

I. INTRODUCTION

AM and FM active mode-locking methods have been
utilized to generate high-quality pulse trains at high
repetition rate in several laser systems, including semi-
conductor lasers, and erbium-doped fiber lasers. How-
ever, these techniques usually fail to produce pulse
trains with long-term stability [1,2]. Some forms of
active stabilization are generally required for mode-
locked lasers to maintain exact synchronism between
the modulation frequency and the natural cavity rep-
etition rate, which tends to drift in time owing to me-
chanical vibrations and thermal changes. Additionally,
because the higher repetition rate makes the cavity
length short, it is difficult to install the mechanical
mountings of an active mode-locker close to an out-
put mirror for the maximum modulation efficiency in
a bulk laser system. For these problems in high rep-
etition rate, active mode-locking lasers, a direct drive
method [3] and a harmonic mode-locking method [4]
may be useful. The direct drive method, which would
automatically track any change in cavity length and
provide a correct modulation frequency, can solve the
synchronization problem and does not require an rf
synthesizer as a driver of the phase modulator. A har-
monic mode-locked laser can relax the short cavity re-
quirement for a high repetition rate laser.

II. EXPERIMENTAL SETUP

We developed a self-oscillating, third-harmonic
mode-locked Nd:YLF laser operating at a 1 GHz rep-
etition rate by using the direct drive, harmonic mode-
locking method. The experimental arrangement of the
laser is shown in Fig. 1. The Nd:YLF of active medium
of a 10 mm long rod with a 4 mm radius was longitudi-
nally pumped by a LD 3 W GaAlAs diode (SDL-2482-
P1). The output was first collimated with a lens of 6.5
mm focal length (Melles Griot 06GLC001/D), passed
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FIG. 1. Schematic layout of the third harmonic
mode-locked laser system PBS; polarized beam splitter.
PD; high speed photodetector (bandwidth of 2 GHz).

through a plano-cylindrical lens of 150 mm focal length
to provide a nearly parallel beam and through a half
wave plate to achieve optimum pumping efficiency, and
finally focused by a lens of 25 mm focal length on the
laser rod. One side of the laser rod is dichroic coated
for high reflectivity at the laser wavelength of 1053 nm
(R > 99.8%) and antireflection-coated at the pump
wavelength 800 nm (T > 90%). The second side of
the laser rod is a Brewster cut face. The laser cavity
includes a folding mirror with a 0.15 m radius of cur-
vature tilted by 23 degree to the resonator axis and an
output mirror with a 5 m radius of curvature and 5%
transmission at the laser wavelength. To compenste
astigmatism, the concave mirror was tilted by consid-
ering the following equation.
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where the refractive index is 1.45, the length of ac-
tive medium is 8.6 mm and the focal length of the
concave mirror is 75 mm. So the laser cavity astigma-
tism is compensated. The phase modulator (New Fo-
cus Model 4423) consists of a Z-cut, Y-propagating, 20
mm long MgO : LiNbO; which has high maximum op-
tical power limit (4 W/mm?) and low optical-insertion
loss. The laser polarization by a Brewster cut face
of the laser rod and an electric field for modulation
was paralleled with the optical Z-axis of electro-optic
crystal. The electric field was produced in a high Q
resonant cavity with a resonance frequency of 1 GHz.
The effective cavity length was set to 45 cm, which is
three times longer than the fundamental cavity length
corresponding to the 1 GHz modulation frequency.

For a best modulation efficiency, the phase modula-
tor needs to be properly located in the laser cavity. The
position of the electro-optic crystal may be decided by
considering the following equations [5)
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where ) is the wavelength of the laser, §,, is the optical
phase shift obtained by applying a voltage V across the
electro-optic crystal with a length I, a width d of the
electro-optic phase modulator, § is the optical phase
shift in the laser cavity, N is the harmonic order or the
number of mode-locked pulses in the laser cavity, and
29 is the position of the center of the crystal from the
output mirror. Here the length of laser cavity L is 45
cm, the length of the electro-optic crystal ! is 2 cm, and
N is 3 in the third harmonic mode-locking laser system,
so the optical phase shift in the laser cavity is approx-
imately ¢ = cos(Nnzg/L) - 6, from Eq.(2). To achieve
the maximum modulation efficiency, the modulator has
to be located at a distance 29 (0,L/3,2L/3, L) from the
output mirror. Because the mechanical mountings of
the phase modulator did not allow putting the modu-
lator close to the output mirror, we chose a distance d
=15cm.

III. DIRECT DRIVE AND HARMONIC
MODE-LOCKING METHOD

To achieve a third harmonic mode-locking system
without an rf synthesizer which is a driver of an ac-
tive mode-locker, we choose the third beat frequency
3¢/2L of the laser oscillator as an rf drive signal by
using a high-speed photodetector (EQT-2000) with a
bandwidth of 2 GHz. Fig. 2. is the r.f. power spec-
trum of c.w. fluctuation captured by fast photodetec-

10 ©, (320MHz)

Power

400M s00M
Frequency (Hz)

FIG. 2. Rf. power spectrum of the c.w. fluctuation
(w2, 2wz, w2 — w1, 2w2 — w1, wa + w1 are dummy peaks by
aliasing of a digital oscilloscope).

tor with a 500 MHz digital oscilloscope. There exists
the third harmonic beat(3¢/2L) in this figure. Other
peaks are dummy frequency by aliasing with the 500
MHz clock(ws) of the digital oscilloscope, but the nat-
ural cavity frequency(w;) and the harmonic frequency
are true. We believe that the interaction of ampli-
fied spontaneous emission and Fabry-Perot laser cav-
ity generates the third beat frequency 3¢/2L. This sig-
nal was amplified by the rf amplifier(Minicircuits ZHL-
1000-3W) with 38 dB gain, properly phase-shifted by
an optical delay line, and then applied to the phase
modulator. The adjustable phase shifter compensates
for the delay in the feedback loop. When the phase
of the electric signal on the phase modulator and the
signal derived from the laser equal an integer times ,
the feedback loop goes into regeneration and the laser
goes to mode-locked operation [3]. Therefore the inter-
val between one phase matching position and another
of the phase shifter was 15 cm owing to ambiguity in
the phase relationship between the 1 GHz laser pulse
train and the modulator driving signal, as the pulses
may pass through the modulator at either of the two
extreme voltage points. The resultant mode-locking
system was a closed-loop oscillator using the third beat
frequency of the laser cavity. Such a system would au-
tomatically track any change in cavity length. In the
general method, the laser behavior changes from FM
operation to FM mode-locking by tuning an rf signal
frequency of a synthesizer. In the direct drive method,
however, the laser behavior directly goes to FM mode-
locking.

IV. RESULTS AND DISCUSSION

The output of the laser was monitored in the time
domain by a fast photodiode (New Focus Model 1434)
with a rise time of 17 ps connected to a sampling os-
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FIG. 3. Temporal monitoring of the 1 GHz Nd:YLF laser
output using (a) a sampling scope (span : 5 ns) and (b) an
analog oscilloscope (span : 2 s).

cilloscope (HP 58121A) with a bandwidth of 20 GHz.
The resulting pulse train is shown in Fig. 3(a). A
stable mode-locked pulse train was monitored during
thirty minutes with an analog oscilloscope with a band-
width of 1 GHz. The resulting pulse train is shown in
Fig. 3(b). As the phase of the rf signal and the laser
pulse was synchronized on the phase modulator, tem-
poral structure of the laser output is shown in Fig.
4(a) which has three pulses in the laser cavity. How-
ever, as the phase of the rf signal and the laser pulse
was not synchronized on the phase modulator, tem-
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FIG. 4. Temporal monitoring of the 1 GHz Nd:YLF laser

poral structure of the laser output has been changed
[see Fig. 4(b)] with intent to have one pulse in the
laser cavity. With the pumping configuration and in
CW operation, the maximum output power of 200 mW
at the pump power level of 1.4 W was obtained, with
a threshold power of 105 mW. The maximum output
power was limited by the damage thresholds of the
Mg : LiNbO; phase modulator. When we increased
the pump power to the laser rod, the stability of the
laser system was degraded. So, the maximum out-
put laser power of a stable mode-locked pulse train
is 10 mW with the pump power of 170 mW because
all modes of the mode-locked laser would drift with
respect to the center of the atomic line owing to ther-
mal changes of the laser rod from pump power. The
phase and the amplitude of the first beat with respect
to the phase modulator (the third beat with respect to
the laser cavity) change abruptly as the center of all
modes of the mode-locked laser move from one side of
an atomic line to the other [6]. Because of this prob-
lem, we would utilize the second-order beat frequency
in the future instead of the first beat with respect to
the phase modulator, to avoid the failure mode which
occurs due to a spontaneous switch of 180° in the phase
of the output pulse train [5,6]. The rf power spectrum
of the laser was shown in Fig. 5(a). The power ratio
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FIG. 5. (a) The rf power spectrum (peak frequency :

oscillator with (a) a well phase matched case, (b) an slightly
mismatched case. Horizontal scale, 1ns/divisiontely phase
matched case.

1.00 GHz) from the third harmonic mode-locked Nd:YLF

laser oscillator. fo ; ¢/2L. (b) Measured collinear
auto-correlation trace.
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between the third beat and the first beat with respect
to the laser cavity is 44 dB. As the position of the
phase shifter was optimized, the first beat power was
minimized. The pulse duration was measured by using
a collinear autocorrelation technique. The measured
auto-correlation trace is shown in Fig. 5(b). The pulse
duration, for a sech? pulse shape, was 14 ps.

V. CONCLUSIONS

In conclusion, we have firstly demonstrated picosec-
ond pulse generation at a high repetition rate of a
diode-pumped Nd:YLF laser in a third harmonic cav-
ity without rf synthesizer, using an electro-optic phase
modulator MgO : LiINbO,;. Pulses with an average
power of 10 mW and a pulse duration of 14 ps at the
wavelength of 1053 nm were obtained. The combina-
tion of harmonic mode-locked method and direct drive
method has advantages for solid state laser systems re-
quiring high repetition rate and long term stability in
communication.
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