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Bidirectional, synchronously pumped, ring optical
parametric oscillator
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We report the operation of a bidirectional femtosecond pulsed ring optical parametric oscillator based on period-
ically poled lithium niobate, pumped alternately with nonsimultaneous pulses from a Ti:sapphire mode-locked
laser. A beat note between the two counterpropagating beams attests to a gyro response without dead band.
The sensitivity of the device to differential phase changes is demonstrated by measurement of the nonlinear
index of lithium niobate. © 2001 Optical Society of America
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A ring laser operating in a bidirectional mode can
be thought as a differential spectrometer, provided
that there is no phase or frequency coupling between
oppositely traveling waves. The resonance condition
imposes that the wavelength l1 and l2 in either
direction be an integer divider of the corresponding
optical perimeter P1 and P2. If the two outputs of
this ring laser are made to interfere on a detector,
a beat note of frequency Dn will be measured, equal
to the difference between the two optical frequencies
n6 � c�l6:

Dn � n
DP
P

, (1)

where n is the average optical frequency.
Bidirectional operation without phase coupling

is never observed in solid-state cw lasers, because
(i) backscattering from all optical components causes
phase coupling from one wave into the oppositely
traveling one and (ii) stable bidirectional operation
is prevented by the homogeneously broadened gain
line. In the case of mode-locked lasers, however,
bidirectional operation has been demonstrated even
for Kerr-lens mode-locked solid-state lasers,1,2 because
gain competition can be prevented by having each
pulse traverse the amplifying medium at equal time
intervals. The phase coupling between counterpropa-
gating beams is avoided by having the pulses meet in
a moving mode-locking element,3 thus averaging the
phase of the backscattering (a kind of random phase
dithering).

The two outputs can also be made to inter-
fere on a detector to record a beat note as given
by Eq. (1). Experiments with ring2 and linear4

Ti:sapphire femtosecond lasers have demonstrated the
exceptional sensitivity of these lasers as differential
interferometers. A resolution of Dn � 1.5 Hz for
0146-9592/01/050265-03$15.00/0
the beat note implies that a differential phase shift
of Dn 3 tRT $ 1.5 3 1028 can be measured (where
tRT is the cavity round-trip time). In metrological
applications, this resolution in optical path, according
to Eq. (1), is better than 0.1 pm �1024 nm�.

The fact that the observed spectral width of the beat
note is as small as a few hertz is another manifestation
of the near-perfect regularity of the frequency comb of
a femtosecond laser.5 Indeed, the beat frequency is an
average of the difference frequencies of the correspond-
ing teeth of the two output combs of the laser, and the
bandwidth of that signal is an upper limit to the irregu-
larities of the frequency combs.

A Ti:sapphire laser with an intracavity saturable
absorber jet is not a practical device for applications.
A synchronously pumped optical parametric oscillator
(OPO) (Fig. 1) is an attractive alternative. It offers
the possibility to decouple the relative phase and repe-
tition rates of the oscillating signals, without the need
for any moving element. The position of the cross-
ing point of two counterpropagating trains is simply
determined by optical delay lines, rather than by a
saturable absorber3 or a nonlinear crystal.2 The mode
frequencies are still set by the cavity. Another advan-
tage is the tunability, which is important for detecting
ultralow magnetic fields, where the laser radiation has
to be tuned to a narrow atomic transition.

A mode-locked Ti:sapphire laser, operating at
790 nm, is used to pump the ring OPO bidirectionally,
with pulses of 175-fs duration at a repetition rate of
110 MHz. The pump laser can provide 1 W of aver-
age power in a linear configuration. The isolation
between OPO and pump, provided by a single-stage
Faraday rotator, was marginal in the case of a linear
pump laser. Therefore, a preferred configuration was
with the pump in a unidirectional ring configuration,
less sensitive to feedback, which provided an average
© 2001 Optical Society of America
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Fig. 1. Illustration of the OPO cavity pumped by the
Ti:sapphire laser. The ref lected and transmitted parts
of the beam splitter, BS, are focused into the periodically
poled LiNbO3 (PPLN) crystal via mirrors M1 M2 and
mirror M3, respectively. The difference between the two
optical paths determines the crossing point of the signal
pulses in the OPO cavity. The two output pulses are
made to interfere on a detector, D, after an optical delay
line brings them in coincidence. In exact alignment, BS
and mirrors M1, M2, and M3 constitute an antiresonant
ring, the output of which can be monitored with a CCD.
Since the antiresonant ring has 100% ref lection, an optical
isolator, consisting of a Faraday rotator between two
polarizers, is needed to protect the oscillator from the
feedback.

power of only 400 mW. The pump beam is split into
two parts that are sent in opposite directions into a
0.8-mm-long OPO crystal, periodically poled LiNbO3,
with a period of 19.75 mm. Stabilizing the crystal
temperature at 373 K prevents photorefractive dam-
age and results in a quasi-phase matching condition
for generation of a signal near 1.4 mm.

Two outputs corresponding to opposite circulation
in the OPO cavity are appropriately delayed with re-
spect to each other before being recombined on a In-
GaAs photodiode that collects the interfering signals.
Compared with a laser, the OPO ring presents peculiar
characteristics, which will be detailed below: (i) sensi-
tivity to the pump focal spot, (ii) feedback to the pump
laser, and (iii) cavity length tuning.

In a conventional laser, the two oppositely propa-
gating waves experience the same gain medium.
Therefore, the two counterrotating beams are opera-
ting on the same transverse mode. In the case of
the OPO, the gain volume is the focal spot of two
independent beams, which have to coincide. A mi-
nor displacement of one of the pump spots results
in a large change in beat signal. This spurious
beat note is minimized if the two counterpropa-
gating pumps are exactly collinear, which implies
that the cavity consisting of beam splitter BS and
the three turning mirrors, M1, M2, and M3, is an
antiresonant ring.6,7 The alignment of the pump is
optimized by monitoring the output of the antireso-
nant ring. Since the antiresonant ring ref lects
into the laser one should isolate the pump laser to
maintain mode-locked operation. The 1024 isolation
provided by a single-stage isolator is not suff icient to
ensure stable continuous operation when the pump
laser is in a linear configuration. Continuous
mode-locked operation can be maintained with the
Ti:sapphire laser modif ied into a ring configuration
with four intracavity prisms operating in unidirec-
tional mode.

One might wonder whether a Sagnac effect in the
antiresonant ring might alter the gyro response of
the OPO. It should be remembered that the phase of
the pump and that of the OPO signal generated or
amplified in the periodically poled LiNbO3 crystal
are uncorrelated. In a frame of reference where the
signal wave repeats itself in phase at each round
trip, its electric f ield at the round trip of index m is
Es,m � §s,m exp�ivst�. To a linear approximation, the
signal field at the next round trip, after amplif ication
in the OPO crystal of index n0, nonlinear susceptibility
x�2�, and length l is

Es,m11 � Es,m 1 l
v

2n0c
x �2�Ep,mE�

i,m . (2)

If dm is a random phase f luctuation of the pump at the
round trip m, the generated idler at that particular
cycle will be

Ei,m � §p,m exp�ivpt 1 dm�§�s,m exp�2ivst�

� §p,m§
�
s,m exp�ivit 1 dm� . (3)

Inserting Eq. (3) into the generation term of Eq. (2),
we find that, indeed, the phase factor of the gain factor
is independent of dm.

The wavelength of the circulating signals in the OPO
is partly set by the phase-matching condition, partly
by the cavity mismatch, while the mode frequency is
set by the OPO cavity. The laser can be temperature
tuned or pump tuned. Using the Sellmeier f it,8 we cal-
culate the temperature and pump wavelength tuning
curves for a f ixed grating period of 19.75 mm. The
threshold dependence of the pump wavelength, mea-
sured at a temperature of 420 K, shows an average
pump power of 350 mW at 775 nm, decreasing nearly
linearly to a minimum of 150 mW at 785 nm. The
maximum pump depletion is approximately 35%. The
signal wavelength is centered at 1.4 mm with a pulse
duration of 220 fs (without group-velocity dispersion
compensation). Using a 1% output coupler, we find
that the average power of the signal is approximately
20 mW when the average pump power is 200 mW in
each direction.

As previously reported,9 the signal and idler wave-
lengths show a very strong dependence on cavity
detuning. This dependence is attributed to the
group-velocity dispersion of the crystal: as the cavity
length is changed, another signal wavelength will have
the same round-trip frequency as the pump pulses.
A change of 26 mm in cavity length is suff icient to
shift the signal frequency by an amount equal to its
bandwidth. This sensitivity results in amplitude
f luctuations of the signal of the order of 30%, which
also affect the beat note. The bandwidth of the beat
note (Fig. 2) is approximately 10 kHz. Such a large
bandwidth can only be attributed to the third-order
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Fig. 2. Spectrum of the beat note as observed by a spec-
trum analyzer. The vertical scale is 10 dB�div .

Fig. 3. Plot of the beat note versus the difference in power
between counterpropagating beams.

nonlinearity of the LiNbO3 crystal, which is the only
intracavity element. Indeed, the amplitude f luctu-
ations of the signal cause differential phase shifts
between counterpropagating beams. If I1 is the peak
intensity of the clockwise-circulating pulse in the
OPO cavity, and I2 is that of the counterclockwise-
circulating pulse, the nonlinear index n2 of lithium
niobate causes a beat-note frequency DnNL equal to

DnNL �
2pd

l
n2�I1 2 I2�

1
tRT

, (4)

where d is the length of the lithium niobate crystal.
Stable operation of the OPO as a ring laser gyro will
thus require active stabilization of the OPO cavity to
that of the pump.

The synchronously pumped ring laser itself pro-
vides an accurate means of determining the nonlinear
index of the OPO crystal used. Figure 3 shows a
plot of the beat note versus the difference in power
between counterpropagating signals. The general
slope of the data corresponds to a nonlinear index of
8.5 3 10215 cm2�W. The main sources of error are
related to the amplitude instability of the OPO, itself
due to cavity length f luctuations. Active stabilization
of the cavity will greatly improve the accuracy of the
measurement.

Despite the large noise observed in this preliminary
demonstration of a bidirectional OPO femtosecond ring
laser, this instrument holds promises as a metrologi-
cal tool. As shown by Wachman et al.,10 active stabi-
lization of a synchronously pumped OPO can reduce its
amplitude noise by several orders of magnitude. With
further stabilization of the frequency of the signal,5 the
OPO signal in one direction can be tuned to resonance
with an atomic vapor. In addition to metrology appli-
cations such as measurements of minute rotation rates
and picometer displacements,3 very sensitive magnetic
field sensing is possible. The technique is to insert
the atomic vapor between quarter-wave plates in the
cavity so that each intracavity circulating wave has op-
posite circular polarization in the vapor. A level struc-
ture with a Zeeman split ground or upper state should
be chosen. In the presence of a magnetic field, the op-
positely circularly polarized countercirculating pulses
will experience a difference phase shift, resulting in a
beat note that is proportional to the magnetic field.
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