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We observe a nonlinear response of a dual-wavelength Nd:YAG laser when subjected to low-frequency periodic
modulations of cavity losses. The modulation frequency is far from the relaxation oscillation frequency. The
harmonic resonances of the two laser wavelengths associated with antiphase intensity oscillations are demon-
strated and resonances up to the fourth order were observed. For relatively weak modulation, the intensity
oscillation frequency of the laser is equal to the modulation frequency. Harmonic resonances occur under a
stronger modulation. We find that more harmonic components appear when the modulation frequency is in-
creased. Furthermore, with enhancing the modulation, the dominant frequency of the intensity oscillations
of both wavelengths is shifted toward the higher-order harmonic frequency.
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As a nonlinear dynamical system, a laser with parameter
modulation can create a variety of intriguing dynamic
effects, including chaos[1,2], antiphase dynamics[3], period
doubling[4,5], parametric resonance[6], chaotic phase syn-
chronization[7], etc. The effect of antiphase dynamics in
different types of lasers has been studied intensively from
the beginning of its discovery by Wiesenfeld et al.[8–14].
Periodic antiphase oscillations of two orthogonal polariza-
tion states have been observed in the Nd-doped fiber laser,
and the laser exhibits several nonlinear effects including a
period-doubling cascade leading to chaos when the pump
modulation is enhanced[15]. In this case, the antiphase
states correspond to different polarization states, which
can be treated as two multimode sets. A nonlinear re-
sponse can also be observed in a loss-modulated two-mode
Fabry–Perot laser[16] that shows antiphase dynamics under
modulation. In Ref. [16], the laser exhibits notable
dynamic behavior when the modulation frequency ap-
proaches the relaxation oscillation frequency of the laser,
and a simple theoretical model based on the rate equations
was successfully developed to describe the antiphase
dynamics. The numerical simulations in Ref. [16] also re-
vealed that the harmonic resonance arises when the am-
plitude of the modulation is increased. In application it
has been shown that introducing the small modulation
of a parameter can cause an appreciable output modula-
tion to control the intensity instability. For instance,
Kang et al.[17] have demonstrated that the instability in
a laser-diode-pumped multimode Nd:YAG laser can be
suppressed by the additive modulation of pump current.
Using the technique of acoustic wave modulations, Pua
et al.[18] have showed that the irregular intensity

fluctuations in an erbium-doped dual-wavelength fiber la-
ser can be stabilized into periodic orbits that will facilitate
the enhancement of the sensing sensitivity. Nevertheless,
in most of the studies on modulated lasers, the modulation
frequencies have been restricted to the vicinity of the
relaxation oscillation frequency of the laser. To our knowl-
edge, features concerning low-frequency modulations have
not been reported in dual-wavelength solid-state laser
systems.

In this Letter, we report the observation of antiphase
dynamics and harmonic resonances in a modulated
Nd:YAG laser. The laser operated simultaneously at two
wavelengths, 1.319 μm (λ1) and 1.338 μm (λ2). In our case,
compared to true two-mode lasers, each mode was a group
of modes around λ1 and λ2 that was actually composed of a
large number of individual cavity modes. The antiphase
states correspond to the intensity of the two different
wavelengths. Two representative types of dynamic phe-
nomena at modulation frequencies of 200 and 500 Hz were
chosen for this study. At the modulation frequency of
200 Hz, second harmonic resonances of the two wave-
lengths associated with antiphase intensity oscillations
were demonstrated when the modulation amplitude was
increased. In the case of 500 Hz, resonances up to fourth
order were observed. Furthermore, with the increasing
modulation, the dominant frequency of intensity oscilla-
tions of both wavelengths was shifted toward the higher-
order harmonic frequency.

Generally, dual-wavelength lasing is governed by both
emission cross sections and resonator design in an Nd:
YAG laser system[19]. By optimizing the reflectivity of
the output coupler, lasing can be achieved simultaneously
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at two wavelengths. The schematic of the experimental
setup is shown in Fig. 1. A diode laser operating at
808 nm was used for side pumping of an Nd:YAG rod
(3 mm diameter, 75 mm long, and with 0.7% atomic dop-
ing). The maximum pumping intensity was approxi-
mately 150 W. The diode bars and the crystal rod were
both cooled by recirculating water to keep their temper-
ature at 25°C. The cavity was composed of two plane mir-
rors, M1 (R > 99.9% around 1.3 μm) andM2 (T ¼ 8.1% at
λ1 and T ¼ 7.6% at λ2) that were spaced apart by 105 mm.
Both cavity mirrors were also coated with an antireflective
coating for 1.064 μm wavelength to suppress this stronger
oscillation (T ¼ 91.2% at 1.064 μm).
A small piezoelectric transducer (PZT) ceramic

vibrator (resonant impedance: ≤300 Ω, capacitance:
30000� 30% pF, metal material: brass, diameter: 15 mm,
thickness: 0.25 mm), driven by a forcing function genera-
tor, was used in our experiment as the modulator. To
make sure there was slightly loss modulation caused by
minor perturbations, one end of the output coupler mirror
was solidly fixed to a mirror mount and the vibrator was
directly attached to the other end of the mirror. The loss
modulation was introduced in the resonator by slightly
tilting the mirror. The output laser intensity was incident
upon three beam splitters denoted M3, M4, and M5. Two
of the beams passed through gratings adjusted at λ1 and
λ2. The InGaSe photodiode detectors collected the signals
and sent them to a multi-input oscilloscope. This setup
enabled intensity variation measurement of two separate
lasers with different wavelengths as well as their total
intensity.
We first considered the operating properties of the dual-

wavelength Nd:YAG laser without the modulation. The
power ratio between the two wavelengths depended both
on the tilt of the coupler mirror and the pumping
power[20,21]. We did not adjust the output mirror for the
maximum efficiency. Instead, the tilt angle of the coupler
mirror and the pump current were adjusted for achieve-
ment of the comparative intensity of the dual-wavelength
emission. Before the deliberate perturbation, we achieved
a balanced dual-wavelength emission; the total dual-
wavelength lasing power was about 0.85 W at the pump-
ing power of 75 W. The spectral distribution obtained
with a spectrophotometer (APE LasScan RS232) is repre-
sented in Fig. 2, where the two central wavelengths are at

1.319 and 1.338 μm, respectively. The profile of the two
wavelength emission was measured by a pyroelectric cam-
era (Pyrocam III, Ophir Optronics Ltd.) and is given in
the insert of Fig. 2. The total laser output is reasonably
steady, but the optical signals of both lasing wavelengths
showed an instability in the oscilloscope. As shown in
Fig. 3(a), the total intensity has a slight fluctuation; how-
ever, the intensities of λ1 and λ2 (corresponding to I 1 and
I 2) exhibit pronounced irregular fluctuations [Figs. 3(b)
and 3(c)]. The amplitudes of the two wavelengths were al-
most inverted with respect to each other; i.e., the maxima
of one wavelength tend to coincide with the minima of the
other. I 1 and I 2 are essential complementary antiphase
synchronizations so that the sum intensity (I 1 þ I 2) can
maintain relative stability. The reason for the above
phenomena is that the two emissions share the same upper
Stark level, and they will compete for the energy stored in
the laser medium. Thus, the feature of mode competition
is one of the intrinsic characteristics in dual-wavelength
solid laser systems[18].

Fig. 1. Schematic of the experiment.

Fig. 2. Measured spectrum of the laser output of two wave-
lengths and its beam profile.

Fig. 3. Temporal characteristics of the intensities of the dual-
wavelength laser; (a) I 1 þ I 2, (b) I 1, and (c) I 2.
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For transient dynamics of a multimode laser, an individ-
ual mode shows N relaxation oscillation frequencies
f 1 > f 2 > … > f N while the total intensity exhibits a
unique relaxation oscillation f 1, just like a single-mode la-
ser, where N is the number of oscillating modes[3,22,23]. In
our case, the relaxation oscillation frequency of the laser
was estimated to be in the 25–50 kHz range, and each of
the wavelengths had approximately 35 longitudinal modes
in the laser cavity. Therefore, we concluded that, com-
pared to the relaxation oscillation of the total intensity,
there were lower relaxation oscillation frequencies in indi-
vidual modes that might then be viewed as intrinsic
frequencies of the multimode laser system. These frequen-
cies were much lower than the standard relaxation oscil-
lation frequency of the total intensity, and nonlinear
effects may appear when the external modulation fre-
quency approaches these low intrinsic frequencies.
After the sinusoidal periodic loss modulation was

switched on, the intensity of the vibrator was changed
slowly by tuning the generator output voltage. The
response frequencies range was nearly from 100 Hz to
1.2 kHz. To show the key dynamics of nonlinear response
to the modulation in the laser system, we present here the
modulation frequencies of 200 Hz (f m1) and 500 Hz (f m2)
as the examples of illustrations. The laser operation did
not have an obvious response to modulation frequencies
above 1.2 kHz, probably because the vibrator amplitude
was too slight to affect the laser regime in higher modu-
lation frequencies; i.e., it was limited by the piezoelectric
vibrator itself.
For small modulating amplitudes, the loss modulation

forced the system to oscillate at its own frequency, as shown
in Fig. 4. The modulation frequency was f m1 and the gen-
erator voltage was 7 V. This aspect of regular intensity
oscillation, similar to that of the modulation signal, is
usually referred to as a fundamental oscillation. Both
wavelengths with pronounced sinusoidal modulations were
exactly out of phase with each other [Figs. 4(b) and 4(c)].

Therefore, the loss introduced on one wavelength will be
compensatedby the increased gain of the otherwavelength,
resulting in a small change in the sum intensity.

When the modulation frequency was fixed at f m1, by
progressively increasing the modulation voltage, the com-
ponent of the second harmonic resonance in the intensitiy
variations of the two wavelengths became gradually
stronger. When the modulation amplitude became large
enough, the harmonic resonance was dominant over the
fundamental oscillation, as shown in Figs. 5(b) and 5(c).
In this case, the modulation voltage was up to the highest
attainable strength of 20 V. However, the total intensity,
exhibiting a slight distortion, showed only the fundamen-
tal frequency component [Fig. 5(a)]. Because the total
intensity was only the intensity combination of the two
wavelengths, it showed that the harmonic oscillation com-
ponents of two wavelengths interfered destructively, and
consequently they were in antiphase. The corresponding
power spectra are plotted in Fig. 5(d). The intensities near
the zero points are associated with the direct current com-
ponents of the attenuated laser intensity. These power
spectra each have a single prominent peak, one at f m1

Fig. 4. Temporal characteristics of the intensities of the laser
with a 200 Hz modulation and a 7 V generating voltage;
(a) I 1 þ I 2, (b) I 1, and (c) I 2.

Fig. 5. The response of intensity oscillations of the laser with a
200 Hz modulation and a 20 V generating voltage, indicating
second-harmonic resonance; (a) I 1 þ I 2, (b) I 1, and (c) I 2.
(d) Power spectra corresponding to a, b, and c (from top to
bottom).
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and two at 2f m1, respectively. We observed that the first
peak corresponding to the oscillation at the modulation
frequency f m1 exhibited a clear antiphasing property; i.e.,
the peak at 2f m1 for the sum intensity was considerably
smaller. This implies the destructive interference between
the two lasing.
In the case of f m2, the response of the sum intensity was

similar to the case of f m1, but the response of the laser in
this case exhibited more harmonic components. When the
amplitude of the loss modulation was small enough, the
response was fundamental oscillation. The second har-
monic resonance was observed near 5 V of the modulating
voltage. We plot the intensity of the two wavelengths in
Figs. 6(a)–6(d). To clarify the low-frequency nonlinear re-
sponse with increasing modulation amplitude, the corre-
sponding power spectra of the intensity oscillations of
two wavelengths are plotted in Fig. 7, where the evolution
of the oscillation frequency corresponds to I 1 and I 2, re-
spectively. It is apparent that higher-order harmonics
arise with enhancing of the modulation. When increasing
the strength of the modulation, the dominant frequency of
the intensity oscillations of the two wavelengths switched
from f m2 to 2f m2, 3f m2, and then to 4f m2. These corre-
spond to the fundamental oscillation frequency, frequency
doubling, tripling, and quadrupling. In other words,
higher harmonic oscillations can be excited as modulation
enhancement, and the dominant harmonic component de-
pends crucially on the modulation amplitude. As a result,
by varying the periodically modulating loss magnitude,
the dual-wavelength laser tends to operate in a macrotem-
poral pulsed regime, with an adjustable period in the range
of milliseconds.

Among the response frequencies, we found that the
higher harmonic components came along with the higher
modulation frequencies for the same modulating intensity.
The second harmonic component was obvious in the
modulation frequency of 200 Hz, and the highest fourth
harmonic was observed in the range of 0.5–1.2 kHz. We
also found that this behavior was strongly affected by
the input pumping power. In the case of a given perturba-
tion, a higher input pumping power can force the intensity
oscillation of both wavelengths to oscillate at a higher-har-
monic frequency. This is because of the stronger competi-
tion between the two lasing wavelengths for population
inversions in the active medium of the laser, which favors
the appearance of harmonic resonances at multiples of the
modulation frequency.

In conclusion, we discover a new nonlinear response in a
modulated dual-wavelength Nd:YAG laser, including
antiphase dynamics and harmonic resonance. Nonlinear
effects of frequency doubling, frequency tripling, and fre-
quency quadrupling of the laser intensity oscillation under
a low-frequency modulation are demonstrated for the first
time to our knowledge. We find that the higher-order har-
monic resonance is more likely to occur when the laser is
subjected to a large amplitude modulation. The antiphase
state between the two different wavelengths is found to be
within higher-order harmonic resonances.
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