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A continuous intracavity frequency-doubled singly resonant optical parametric oscillator (OPO) is stabilized to the
side of the transmission peak of a medium finesse Fabry–Perot cavity. The narrow bandwidth of the frequency noise
of this OPO allows this simple scheme to lead to a stability of a few kilohertz with respect to the locking etalon. The
system, operating in the visible domain, remains locked for more than 1 h. © 2010 Optical Society of America
OCIS codes: 190.4970, 190.2620.

Rare-earth ions embedded in crystalline matrices are
promising candidates for the realization of optically con-
trolled quantum computers [1–3] and quantum memories
[4,5]. They are even considered to achieve the strong cou-
pling regime of cavity quantum electrodynamics in mono-
lithic optical resonators [6]. All these applications use the
remarkably long coherence lifetimes of these ions. For ex-
ample, homogeneous linewidths smaller than 1 kHz have
been observed for the optical transitions of europium and
praseodymium [7,8]. Unfortunately, the optical transi-
tions of these two latter ions lie at 579 and 606 nm, respec-
tively, in the domain where diode lasers are not readily
available. Moreover, some coherent processes used to
drive these systems [9] require a laser whose short-term
linewidth is smaller than the homogeneous linewidth of
the considered ion, i.e., in the kilohertz domain. Up to
now, this has been possible only using dye lasers [10].
However, due to the high-frequency noise of the dye
jet, these systems can be stabilized to the kilohertz level
only with an intracavity phase modulator [11]. Recent
works on quantum memories and quantum information
processing have stressed the importance of laser fre-
quency stability [3,5,12]. We have recently shown that
an intracavity frequency doubled singly resonant optical
parametric oscillator (SHG-SROPO, where SHG stands
for second-harmonic generation) is a good candidate to
replace cw dye lasers [13]. In particular, the bandwidth
of the frequency fluctuations of such a source ismuch nar-
rower than that for a dye laser [13]. This is consistent with
several reports showing that SROPOs can be relatively
easily stabilized at the megahertz level [14,15] and below
[16,17]. Our aim here is to take advantage of the small
bandwidth of the frequency fluctuations of this system
to prove that a simple stabilization of the frequency on
the side of the transmission fringe of a Fabry–Perot (FP)
cavity permits to reach the kilohertz frequency stability
range. Although subkilohertz frequency stabilization of
doubly resonant OPOs has already been achieved [18],
this has, to our best knowledge, never been achieved in
the case of SROPOs.
Our experimental setup is schematized in Fig. 1. The

OPO is pumped at 532 nm by a 10 W single-frequency
Verdi laser. It is based on a 30-mm-long MgO-doped per-
iodically poled stoichiometric lithium tantalate (PPSLT)

crystal (deff ≃ 11 pm=V) manufactured and coated by HC
Photonics. This single-grating crystal (7:97 μm period) is
antireflection coated for the pump, signal, and idler. It
leads to quasi-phase-matching for an idler wavelength in
the 1200–1400 nm range. The OPO ring cavity is 1:15 m
long and consists of four mirrors. The two mirrors sand-
wiching the PPSLT crystal have a 150 mm radius of cur-
vature. The two other mirrors are plane. This cavity is
resonant for the idler only. The estimated waist of the
idler beam at the middle of the PPSLT crystal is 37 μm.
The pump beam is focused to a 53 μm waist inside this
crystal. All mirrors are designed to exhibit a reflectivity
larger than 99.8% between 1.2 and 1:4 μm and a transmis-
sion larger than 95% at 532 nm and between 850 and
950 nm.

A 25-mm-long beta-barium borate (BBO) crystal is in-
serted between the two plane mirrors, i.e., at the second
waist of the cavity. It is antireflection coated for the idler
and the second-harmonic wavelengths. A 1.5-mm-thick
etalon with a finesse F ¼ 3 is also inserted in this leg
of the cavity. In these conditions andwith the PPSLT crys-
tal heated at T ¼ 103 °C, the system oscillates at an
idler wavelength of 1204 nm with a pump threshold
equal to 800 mW. At a pump power equal to 3:4 W, the
SHG-SROPO emits a single-frequency orange beam at
602 nmwith a 90 mWoutput power (only a fewmilliwatts

Fig. 1. (Color online) Experimental setup. HVA, high-voltage
amplifier; PZT, piezoelectric transducer; L, focusing lens; FP,
Fabry–Perot cavity.
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at 579 nm, the mirrors being not optimized for this
wavelength).
To measure the frequency fluctuations of this source,

we send a part of the orange beam to a 750 MHz free
spectral range (FSR) confocal FP cavity with a rather low
finesse F ¼ 60. Wemanually maintain the OPO frequency
on the side of the transmission peak of the cavity and
record the transmitted signal for 1 s with a sampling fre-
quency of 2 × 105 Hz. The Fourier transform of this signal
leads to the frequency-noise spectrum of Fig. 2 [19]. The
frequency standard deviation obtained from the square
root of the area below the spectrum of Fig. 2 is equal
to 400 kHz. This spectrum also shows that the frequency
noise mainly occurs for frequencies below 1 kHz. This
allows us to expect a simple frequency locking technique
to strongly reduce this noise. For comparison, we mea-
sure the frequency noise of the pump laser using the
same FP cavity that has a finesse F ¼ 16 at 532 nm (see
Fig. 2), leading to a standard deviation of 1:2 MHz.
To stabilize the OPO, we use the servo loop of Fig. 1. As

a frequency reference, we use another FP cavity of FSR
equal to 1 GHz with a finesse F ¼ 100. The transmission
of this FP cavity is subtracted froma reference and filtered
by an adjustable proportional-integrator (PI) filter (Preci-
sion Photonics model LB1005). It is then amplified by the
high-voltage amplifier (HVA) (Piezomechanik model
SVR150-3) and applied to a piezoelectric transducer
(Piezomechanik model PSt 150=10 × 10=2, resonance fre-
quencies above 20 kHz) carrying a cavity mirror weighing
6 g. We experimentally checked using an interferometer
that the combination of this HVA and this transducer with
the mirror glued on it behaves like a first-order low-pass
filter with a 300 Hz 3 dB bandwidth. Moreover, the phase
introduced by these elements changes by only 90° be-
tweenDCand 3 kHz.With the parameters of the loop filter
chosen here (PI corner frequency equal to 10 kHz, no low-
frequency gain limit, proportional gain equal to 0 dB), the
open-loop transfer function of the servo loop exhibits a
roll-off equal to 20 dB=decade between DC and 250 Hz,
35 dB=decade between 250 Hz and 10 kHz, and again
20 dB=decade above 10 kHz. The 0 dB gain frequency is
about 10 kHz.
In these conditions, the SHG-SROPO can be locked to

the cavity and the error signal, processed as in Fig. 2, leads
to the noise spectrum of Fig. 3. By comparison with Fig. 2,
the noise is strongly reduced and is almost white except

for a few resonances between 100 and 1 kHz. These peaks
are due either to electrical perturbations (at 100 Hz) or to
what remains of the fluctuations of the pump frequency
(between 300 and 500 Hz). However, by comparison with
the spectrum of the Verdi laser (see Fig. 3), one sees that
most of the frequency noise of the pump has been elimi-
nated from the SHG-SROPO. This proves that our choice
of a singly resonant architecture indeed permits us to sta-
bilize the resonant beam (here the idler) below the pump
laser frequency noise level and, consequently, to dump
this noise into the nonresonating beam (here the signal).
From Fig. 3, we extract an rms deviation of the frequency
of the SHG-SROPO of 4 kHz with respect to the cavity re-
sonance. This means that the relative frequency stability
of the idler is equal to 2 kHz. This is to be compared with
the value of 1:2 MHz obtained for the pump laser. The
main part of the remaining frequency noise of our
SHG-SROPO is due to the noise floor between 102 and
103 Hz2=Hz. This floor is mainly due to the detector and
the HVA. We also checked experimentally that the contri-
butions of the intensity noises of the pump and the OPO to
the spectra of Figs. 2 and 3 are negligible. To further re-
duce the noise floor and, consequently, the linewidth of
the SHG-SROPO, we need to reduce the amplifier noise
but also to use a higher-finesse cavity. However, this
would make the simple scheme used here unstable and
would consequently oblige us to implement a Pound–
Drever–Hall-type servo loop [20].

Stabilizing the frequency of the SHG-SROPO also
stabilizes its intensity, as evidenced in Fig. 4. The rms

Fig. 2. (Color online) Spectrum of the frequency fluctuations
of the free-running SHG-SROPO and of the pump laser.

Fig. 3. (Color online) Spectrum of the relative frequency fluc-
tuations of the servo-locked SHG-SROPO and of the pump laser.

Fig. 4. (Color online) Time evolution of the output power of
the locked and unlocked SHG-SROPO.
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fluctuations of the power during 1 min are equal to 0.5%
(respectively, 0.3%) when the SHG-SROPO is unlocked
(respectively, locked). Moreover, the SHG-SROPO re-
mains locked during relatively long periods of time.
Figure 5 shows an example lasting more than 1 h. The fre-
quency of the orange beam is measured using a 0:02 pm
resolution lambdameter.We can see that the SHG-SROPO
frequency follows the thermal drift of the FP cavity (the
data of Fig. 5 are compatible with a change of temperature
of about 1 °C in 1 h). In particular, the inset shows that the
short-term variations of the frequency are below the reso-
lution of the lambdameter. Of course, long-term stabiliza-
tion of the SHG-SROPO is feasible using either a thermally
stabilized cavity and/or an atomic reference [21].
In conclusion, we have shown that the intrinsically

low-frequency nature of the frequency noise of a SROPO
makes it very easy to stabilize to the kilohertz level, i.e.,
well below the frequency noise of the pump laser. In the
present case, this has been applied to an SHG-SROPO,
thus providing a red/orange source for quantum informa-
tion processing applications using europium and praseo-
dymium ions at cryogenic temperatures. In the future, we
plan to use a Pound–Drever–Hall stabilization scheme
with a higher-finesse cavity to decrease the linewidth
down to the hertz level [22].

This work is supported by the Triangle de la Physique.
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Fig. 5. (Color online) Time evolution of the frequency of the
SHG-SROPO over more than 1 h. The OPO remains locked to
the cavity while it thermally drifts. The inset is a zoom lasting
1 min.
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