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81% Conversion efficiency in frequency-
stable continuous-wave parametric oscillation
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We have studied doubly resonant parametric oscillation in the regime of maximum conversion efficiency. A
monolithic MgQ:LiNbO3 resonator with a threshold of 28 mW, pumped by a frequency-doubled Nd:YAG laser,
was employed. With an active frequency-stabilization scheme, single-mode operation without mode hops at
105 mW combined signal and idler output power was achieved at a pump power four times above threshold,
with a conversion efficiency of 81%. Excellent agreement between theory and experiment was found for
the dependence of efficiency and depletion on pump power. The efficiency and the nearly complete pump
depletion of 94% were limited only by imperfect mode matching of the pump wave and by the small cavity

losses. © 1995 Optical Society of America

1. INTRODUCTION

A primary goal in the development of cw resonant nonlin-
ear optical devices is the achievement of high conversion
efficiency and frequency-stable operation. Recently, con-
version efficiencies greater than 80% have been demon-
strated for cw second-harmonic generation (SHG) of
infrared lasers at the 0.1-1-W power range.*? In the
reverse process of cw downconversion the highest effi-
ciency reported was at the 40% level.?

In a historic paper, Siegman* showed that the maxi-
mum conversion efficiency of a doubly resonant optical
parametric oscillator (DRO) that employs a standing-
wave cavity and a unidirectional, nonresonant pump wave
is limited to 50%. This limit, reached when the pump
power is four times above threshold, occurs because of
back conversion of the backward-propagating signal or
idler waves to the pump frequency by the sum-frequency-
generation (SFG) process. It is well known that one can
circumvent the 50% limit by reflecting the pump beam
back through the crystal or by using a ring cavity.® With
such an arrangement 100% conversion efficiency is theo-
retically possible. In this paper we report an exper-
imental investigation of the high-pump-depletion/high-
conversion-efficiency of the operating regime of cw DRO’s
by employing the double-pass geometry for the pump
beam.

The implementation of schemes for continuous tuning
of the output frequencies of cw DRO’s and for obtaining
a high degree of stability of the output frequencies has
recently become a focus of DRO development. High fre-
quency stability is possible only if a stable reference is
employed. This can be the pump frequency itself, gen-
erated by an actively frequency-stabilized or intrinsically
stable laser source, or it can be realized by a stable cav-
ity geometry. A continuous tuning system will have to
achieve highly accurate control of three tuning parame-
ters, at least one of which will require active feedback
control by means of an error signal derived from the de-
tunings of the signal and the idler frequencies relative
to the cavity-mode frequencies. Usually this parameter
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is the cavity optical path length. We demonstrate here
that, for a monolithic DRO, it is possible to use the pump
frequency as a feedback parameter instead because the
cavity length is intrinsically stable. The pump source
that we have developed for this purpose has a 20-GHz
continuous tuning range at 532 nm, which is in principle
suited for DRO output tuning over 10 GHz.

This paper is structured as follows. We discuss ba-
sic issues of the theory of DRO’s, such as threshold, con-
version efficiency, depletion, and frequency tuning, in
Section 2. Experimental results are given in Section 3.

2. THEORY

A. DRO Conversion Efficiency and Pump Depletion
The theory of the conversion efficiency of a DRO as a func-
tion of pump power was given by Bjorkholm® for the case
of plane pump, signal, and idler waves. As the effect on
the pump depletion of DRO’s employing a focused pump
beam and focused resonator modes was unclear,® we use
here a general theory that is also applicable to focused
waves. Its derivation will be given elsewhere.’

We consider a nearly degenerate type-I DRO whose
signal and idler frequencies (w;, w;, respectively) are suf-
ficiently close that their intracavity loss and output cou-
plings as well as their waists are nearly equal. The
crucial assumption is that the signal and the idler waves
are TEMy modes and that the nonresonant pump wave
(frequency w,) is a TEMy; mode with one half the beam
area. This assumption ensures optimum spatial overlap
and therefore a limiting efficiency of 100%. The equa-
tions of motion for the intracavity signal (&) and idler
(@;) fields are then given, in the notation customary in
quantum optics, by
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Here the intracavity fields are defined in terms of their
slowly varying electric-field envelopes E;. by &y =
(vhiye/wis) 2 Eys, where 7 is the round-trip time of the
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cavity, n is the refractive index, and o is the angu-
lar frequency. The pump field incident upon the non-
linear medium and its envelope are related by a,;, =
i(np/wp) E,. We assume below that ws = w; = w,/2,
ng =n; = Np.

The first term on the right-hand side in Eq. (1) de-
scribes the decay of the intracavity fields due to outcou-
pling (mirror power transmission 7') and internal loss
(power loss fraction A per round trip), where y = (T +
A)/2r is the total decay rate of the amplitudes. A4 are
the detunings of the signal and the idler waves from cav-
ity resonance frequencies. The second term is the para-
metric coupling between the signal or the idler wave and
the pump wave. The last term describes upconversion of
the circulating signal and idler waves to the pump wave.
The nonlinear coefficient /v = |«|L,,/27, where « is pro-
portional to the d. coefficient® and L,, is the propagation
distance through the nonlinear medium per roundtrip.
The phase-matching coefficients D, K are complex, dimen-
sionless numbers that depend on the wave-vector (phase)
mismatch Ak = &, — k; — %, on the focusing, and on ad-
ditional phase shifts between the signal or the idler wave
and the pump wave that may occur on a round trip, e.g.,
on reflection at a mirror.25%10

To calculate depletion and conversion efficiency, we re-
quire expressions that relate the fields leaving the cavity,
@pout AN @ our, to the incident ones:

&pout = Apin — 2\/’;[{5;&‘: s (2)
= 27c Tifs - (3)

Qfs.out

Here y. = T/27 is the relaxation rate due to outcoupling
alone, and the external signal and idler fields are defined
as @ysour = (Myss/ wis) 2 Eijs our-  The beam powers leaving
and entering the resonator are given by

% \' "Z% wi.’s."pwt/sr'pz‘az’s/p,im’ouclg, (4)
where w are the respective waists at the foci inside the
cavity. For signal and idler waves, w; = w, are the
waists ot the resonator TEMy mode. The assumption
of optimum focusing stated above implies that the pump-
beam waist w,? = w;,2/2.

Equations (1)—(3) are valid for a high-finesse cav-
ity, that is, in the limit 7, A << 1. Special cases of
Egs. (1)-(3) for near-field focusing and Ak = 0 were de-
rived and discussed in Refs. 11-14. For concreteness,
we give the explicit forms of the phase-matching coeffi-
cients in the near-field case?®:

KNF
DN'F =

Pi/s,’p.i.n/uut =

sinc(AkL,,/2),
— exp(—iAkL./2)sinc(ARL,,/2)].
(5)

In the following calculations we require only a very gen-
eral relationship between & and D.” Energy conserva-
tion for the DRO is expressed by the power balance (with
@ = w = w,/2):

2
T ARL, {1

|a,z:.in|2 = |ap,our,|2 - |Q:‘.out‘2 + |as.out|2
= 20y = yoll@l® - & l?) + d(l&@? - |&,[*)/dt,
(6)

Breitenbach et al.

from which one obtains, using Egs. (1)—(3):
Re D = |K|2. (N

In general, the imaginary part of I} is nonvanishing.
In the near-field case, Eqgs. (5) show that this part van-
ishes only for perfect phase match, Ak = 0. There is
thus, in general, a nonlinear contribution to the detuning
of signal and idler waves in Eq. (1), and this contribution
is given by

Ai/SNL = VZ—Q'-s/glz ImD. (8)

This detuning can be interpreted as an effective Kerr cross
coupling due to cascading.!®
Conversion efficiency and depletion are defined by

5= Pi.out + Ps.out , d= Pp‘aut . (9)

P p.in P pin
We evaluate these expressions for the stationary state
(@i = 0), taking the input pump field «,;, as real and
positive for simplicity. For given detunings A;, and
phase-matching coefficients K, D, the intracavity signal
and idler powers are determined by two fourth-order
equations. Accordingly, the conversion efficiency and
depletion will also, in general, depend on the detunings.
As the detunings are, in principle, arbitrary, we consider
those detunings that yield the maximum conversion ef-
ficiency. To this end [@,;]? are maximized with respect
to A; and A;. The optimum detunings are found to be
given by

Ay = —pla,™ ) Im D. (10

By comparison with Eq. (8) we can see that for opti-
mum efficiency the cavity detunings must be such that
they just compensate the detuning caused by the nonlin-
ear round-trip phase shift. For perfect phase matching,
when Im D = 0, we recover the well-known result that the
efficiency is maximum for zero detuning. The intracavity
fields corresponding to the above detunings are given by

maxl?. = la—max12 - ﬁIKIaP-in Y .
s ! v Re D
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Inserting Eq. (11) into Egs. (9) and making use of Egs. (2),
(3), and (7), we obtain
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being the threshold corresponding to zero detuning, that
is, the minimum threshold. Expressions (12) and (13)
constitute the important result that the functional forms
of maximum conversion efficiency and corresponding de-
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pletion of a high-finesse DRO at a given pump power P are
independent of focusing and wave-vector mismatch. This
result represents a generalization of the result obtained
by Bjorkholm.? Focusing and wave-vector mismatch do
determine the value of the DRO threshold power, how-
ever. The highest conversion efficiency, nmax = T/(A +
T), and complete depletion, d = 0, are reached at four
times above threshold, P, = 4Py,.

To relate this result to a measurable nonlinear
coefficient, we consider the inverse process of SFG.
Equation (2) shows that, in the absence of an incident
pump wave (apin = 0), signal and idler powers P;gir,
P; circ circulating in the cavity generate a sum-frequency
wave of power P; with an efficiency of

P, 16 5 "
S ; BRI T ) S Y
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In the near-degeneracy case assumed here, I'spg is equal
to 4Tsug, where T'sug (in W™1) is the nonlinear coefficient
for SHG. Combining Egs. (14) and (15), we finally obtain
the well-known expression

(T + AP
Py = Aene (16)
with
2
_pont o (L)
Tsue — Lm( %, K| ) (17

with n being the refractive index and z, denoting the
Rayleigh range. The factor given in parentheses is the
focusing factor. For a simple cavity in which no relative
mirror phase shifts between signal or idler and pump
occur, the focusing factor is equal to the Boyd—Kleinman
focusing factor #.'* The explicit form for the focusing
factor of the resonator used here, which takes into account
an arbitrary mirror phase shift, was discussed in Ref. 2,

In closing this section, we emphasize again that expres-
sions (12)-(16) hold for the case of maximum conversion,
i.e., for zero total (linear + nonlinear) detunings.

B. Tuning of DRO Frequencies
Continuous tuning can be achieved in a controlled fash-
ion through the use of three tuning parameters that
are varied so as to satisfy the resonance conditions for
signal and idler frequencies and to obtain optimum wave-
vector mismatch.’” The tuning parameter that most
directly controls the wave-vector mismatch is the crystal
temperature (or angular orientation). The remaining
tuning parameters depend on the DRO type. For a
single-cavity DRO, cavity length and pump frequency
can be used. When a monolithic DRO is employed, the
cavity-length parameter is accessible through an electric
field causing an electro-optic and/or piezoelectric optical
path length change.l” For type-I interaction, initial re-
search on DRO tuning was performed by Nabors et al.®
Below we summarize the basic features of type-I DRO
tuning and frequency control.’”

The range (but not the precise values) of the DRO out-
put wavelengths are governed by the requirement of high
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parametric gain or, equivalently, small wave-vector mis-
match Ak. Near degeneracy, Ak can be Taylor expanded
as

dAk 1 a*Ak ., | dAk

Ak(l’p, ve, 1) = EL\DP + —2' v Ap” + WAT

(18)

The expansion is given in terms of deviations of the pump
frequency Av, = v, — 2vp, the temperature AT =T — T,
and the signal frequency Ay, = v — g from their values
at degeneracy. The partial derivatives are all taken at
the degeneracy temperature T, and at the degeneracy
frequencies vy and 2v;. The numerical expression for
MgO:LiNbO; pumped by A¢/2 = 532 nm is'’

Ak =[3.4Ay,/GHz — 8.7 X 10%(Av/po)?
+ 749A7/Klm™. (19

This expression is complemented by the description of
the behavior of the actual values of the output frequen-
cies when the remaining parameters of the DRO undergo
changes. In this study we consider the case in which the
cavity length and the temperature are independent tun-
ing parameters and the pump frequency is regulated by
electronic feedback control. The regulation criterion is
the fulfillment of the cluster equation, the sum of the sig-
nal and idler cavity resonance equations.

The characteristics of this type of lock can be cast in
quantitative form. Consider a DRO whose monelithic
cavity (round-trip length L) is subject to small changes in
round-trip length (6L) and temperature (§T') due to exter-
nal control or environmental perturbations. The cavity
resonance frequencies change by the amounts 6»°, 8»,°
in response. The pump frequency is actively controlled
such that the average detuning of signal and idler fre-
quencies from cavity-mode frequencies does not change,
bys — SV + Sy — 5v\ = 0. By expanding the cluster
equation and the signal resonance condition in Taylor se-
ries near the degeneracy point Ty, g, it is easy to derive
cause—effect relationships between the required pump
frequency adjustment v, and the induced signal cavity
frequency change §v, caused by the assumed length and
temperature changes.!® These relationships are given by

syl 1(38L 1
S = - == & + ('} -
. ) ( T A5T)(B CAv,)™",

ovp _ 1 (% + Aa:r)B(B2 —CAn L 20)

2vp 2

The coefficients are given by
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2 ny st
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and are evaluated at the degeneracy point. Here n; is
the refractive index of the signal wave and ar is the
coefficient of thermal expansion.
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Under the assumption that the detuning of signal and
idler waves relative to cavity resonance frequencies does
not change, the cavity shift §v is equal to the oscilla-
tion frequency shift §»;. Expressions (20) are then an
example of a three-parameter tuning relation discussed
by Eckardtet al.'” Here the three tuning parameters are
cavity length L, temperature T, and pump frequency v,,
with the last being a slave parameter.

Equations (20) can be simplified near degeneracy,
where the CAv, term is negligible (for MgQ:LiNbO;,
C = 1.2 x 107 5). One then finds that the correction
to be applied to the pump frequency is twice as large as
the tuning of the signal and the idler frequencies:

Sues = 6v,/2 = —[2.7 x 105(8L/L) + 5.36T/K]GHz.
(24)

Expressions (19) and (24) are useful guides to the coarse-
and fine-tuning behavior of a type-I DRO. In Section 3
they are applied to give estimates of the locking range of
the laser and the cutput wavelength tuning range.

3. EXPERIMENT

A. Nonlinear Resonator

To study parametric oscillation in the high-conversion
regime, we chose a cavity design that not only per-
mits a large ratio T/A and preserves an accessible
threshold level. We wused a low-loss monolithic
resonator®1%?’ whose good mechanical stability and
large cavity linewidth considerably simplify frequency-
stable operation. The resonator is of the standing-wave
type and was previously described in Ref 2. It is
fabricated from 5% MgO-doped LiNbO3 and has a length
of 7.5 mm. The crystal ¢ axis is perpendicular to the
length. Gold electrodes were evaporated onto the crystal
sides perpendicular to the ¢ axis for modulation purposes.

The end faces of the crystal are spherically polished
to have 10-mm radii of curvature, yielding mode waists
w = 27 um for a wavelength of 1064 nm. Dielectric mir-
rors were deposited on the end faces. One is the output
coupler, with nominal T = 2.1% transmission at 1064 nm
and near-complete transmission at 532 nm. The back re-
flector is highly reflecting for the signal and the idler
waves as well as for the pump wave, so that they interact
over the full round-trip distance of 15 mm. The relative
reflection phase shift between the signal or the idler wave
and the pump wave at the back reflector is unknown.
Irrespective of the actual value of this phase shift, the
DRO will oscillate at signal and idler wavelengths such
that the corresponding wave-vector mismatch Ak yields
a large squared nonlinear coefficient |K|?. Estimates®
indicate that even the worst-case mirror phase shift yields
a squared nonlinear coefficient not less than a factor of 2
smaller thar the maximum possible value for optimum
mirror phase shift.

A necessary condition for achieving high conversion effi-
ciency is a correspondingly high escape efficiency T/(A +
T). The sum T + A of mirror transmission and inter-
nal loss can easily be determined from the measured fi-
nesse F = 265 as T + A = 2.4%. To verify that the
escape efficiency is high, the results of SHG from 1064
to 532 nm can be used. Indeed, the theoretical maxi-
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mum conversion efficiency for externally resonant SHG is
T/(A + T),"8 identical to that of a DRO. For the present
device, Paschotta et al.? obtained 82% conversion effi-
ciency at a 1064-nm input power of 120 mW. As the frac-
tion of input power coupled into the cavity was 94%, we
can infer a corrected conversion and thus a cavity escape
efficiency of 88%. This result implies a round-trip cav-
ity loss A = (0.3 = 0.1)%. The nonlinear coefficient was
measured to be I'syg = 0.48%/W at the optimum crystal
temperature.

B. Experimental Setup
A schematic of the experimental setup is shown in Fig. 1.
As a pump source for the DRO, a single-frequency, diode-
laser-pumped Nd:YAG ring laser with 500-mW output
power (Lightwave Electronics Model 122) is used. A har-
monic wave at 532 nm is generated by resonant SHG
in a standing-wave MgO:LiNbO; resonator. The dou-
bler cavity consists of a 7.5-mm-long crystal with one
flat face and one R; = 10 mm spherical face and an
Ry = 25 mm input coupler mirror [antireflection coated
(532 nm), T(1064 nm) = 3.5%] mounted on a piezoelectric
actuator. The back coating of the crystal is highly re-
flecting for both 1064 and 532 nm. A frequency-locking
circuit is used to lock the cavity to the laser frequency. A
modified technique?! is employed, with electro-optic mod-
ulation of the crystal itself. When optimized, the fre-
quency doubler generates a 532-nm pump wave with as
much as 200-mW power at 70% conversion efficiency and
power fluctuations of less than 0.2%. Typically, the dou-
bler is operated with nonoptimal mode match of the input
wave, emitting 150 mW at 532 nm with 300-mW input
power at 1064 nm. By tuning the laser frequency, the
harmonic frequency is continuously and rapidly tunable
over 20 GHz.

Before being injected into the DRO, the pump wave
passes through an optical isolator that prevents back

Lock[
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Fig. 1. Schematic of the experimental setup. The SHG and
the optical parametric oscillator (OPO) LiNbOj crystals are both
temperature stabilized at the phase-matching temperature (near
110°C). For simplicity, the circuits for electro-optic modulation
of the crystal resonators used for the frequency stabilization of
the OPO output and of the doubler cavity length are omitted.
D1-D4 are photodetectors.
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reflection into the doubling cavity. The output wave-
lengths of the DRO are analyzed by a grating spectrome-
ter, and a scanning Fabry—Perot cavity allows us to verify
single-mode oscillation.

C. Measurement of the Input-Output Behavior

A good overlap between the pump wave and the resonator
mode is crucial for obtaining a high conversion efficiency.
To optimize the performance of the DRO, we generated
0.1-ms-duration pump pulses by scanning the doubler
cavity length. When the pump pulses reach a certain
power, the DRO starts to oscillate and emits signal and
idler pulses, and the power of the reflected pump pulse
declines. The pump-wave focusing and alignment were
optimized to produce maximum pump depletion.

By operating the DRO in the long-pulse mode (where
the pulse length is much longer than the oscillation
buildup time), we can obtain the full dependence of ef-
ficiency and depletion on input pump power and per-
form an accurate comparison with Egs. (12) and (13).
Figure 2 shows the time traces of an input pump pulse,
the reflected pump pulse, and the infrared output pulse.
From such traces the input—output behavior of the DRO
can easily be obtained. Figure 3(a) shows the deple-
tion of the pump and the generated infrared power as
a function of input power. The measured threshold of
28 mW agrees well with the expected value [Eq. (16)].
As shown in Fig. 3(b), a pump depletion of 95% was
achieved at a pump level four times above threshold.
The conversion efficiency from pump to combined sig-
nal and idler power reached a maximum of (84 = 5)%.
The theoretical fits shown in Figs. 3(a) and 3(b) are ob-
tained from expressions (12) and (13), modified to ac-
count for imperfect pump-wave mode match. Denoting
by Ppm = (1 = €)P3% the fraction of pump power actu-
ally available to pump the infrared modes, the fit yields
€ = 5%, which indicates a mode overlap of 95% between
the pump mode and the resonator mode. When corrected
for finite €, the maximum conversion efficiency for para-
metric generation coincides with that for resonant SHG?
within the experimental error.

D. Frequency Stabilization and Tuning

DRO frequency-stabilization techniques usually use the
pump frequency as a reference and actively stabilize
the DRO cavity length to suppress mode and cluster
hops.®62225 If the DRO is of the monolithic type, the
opposite procedure can be employed. Because the modes
of a monolithic resonator thermally stabilized at the
millikelvin level can provide frequency references with
a stability at the 10-MHz level, one can also obtain
stable output frequencies by slaving the pump frequency
to the DRO. The present locking scheme is based on
controlling the pump frequency such that the cluster
frequency condition is satisfied. Its implementation is
iepicted in Fig. 1. The error signal to be fed back to
the pump laser frequency actuator is generated in a
way that is analogous to the doubler cavity lock: the
DRO crystal is electro-optically modulated at 18 MHz
(the resonator FWHM linewidth being 34 MHz) with a
0.1-V peak-to-peak signal. The corresponding optical
path length modulation leads to amplitude modulation of
the signal and the idler waves if their detuning is nonzero.
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The modulation is detected on the infrared waves trans-
mitted through the highly reflecting side of the resonator.
Although the signal and the idler waves each generate a
respective error signal, the single detector employed does
not discriminate between the two; instead the photocur-
rents caused by the two error signals are added, which
results in a sum error signal that gives the average devi-
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Fig. 2. High-efficiency parametric generation in pulsed opera-
tion. Solid curve, input 532-nm pump pulse incident upon
the DRO. Dotted curve, depleted output pump pulse. Dashed
curve, signal -+ idler output pulse. The upturn of the reflected
pump pulse at the middle of the trace indicates that the DRO is
driven beyond the point of maximum depletion.
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Fig. 3. (a) Output pump and combined signal and idler power
as a function of pump power, (b) conversion efficiency and
depletion as a function of normalized pump power. Maximum
conversion efficiency of 84% and maximum pump depletion (95%)
are reached at four times above threshold. The data are from
Fig. 2. The solid curves are theoretical fits explained in the text.



2100 J. Opt. Soc. Am. B/Vol. 12, No. 11/November 1995

0646 ]
. (a)

1060+ ]

1056+ .

Signal Wavelength [nm)

1052+ .

o4 8 12
Pump frequency detuning [GHz]

1120+

1080+

1040

Signal,Idler Wavelengths [nm]

1000}
114 116 118
Temperature [°C]

Fig. 4. Output wavelengths of the DRO as a function of (a) the
pump frequency, (b) the crystal temperature.

ation of the signal and the idler frequencies from the cav-
ity frequencies. By locking the pump frequency to zero
out the error signal, the sum of signal and idler detun-
ing is kept to zero, which is equivalent to fulfillment of
the cluster condition. The servo system acts on the fast
frequency control of the laser, which consists of a piezo-
electric ceramic bonded to the laser cavity. Because a
tuning range of approximately =50 MHz is accessible,
Eq. (24) indicates that temperature changes of as much
as =10 mK or length changes of as much as 1.4 nm can
be followed with the present servo system.

In the present experiment, with the laser frequency sta-
bilized to the DRO, mode-hop-free, single-frequency sig-
nal and idler output was typically maintained for more
than 10 min. Over a period of 1 h occasional mode hops
occurred. Without stabilization, mode hops typically oc-
curred every few tens of seconds. The mode hops may
be due to sporadic fluctuations in the length or the tem-
perature of the cavity that exceed the capabilities of the
servo system. A combined signal and idler power of
105 mW was generated under lock, at a conversion ef-
ficiency of 81%. This conversion efficiency was slightly
reduced compared with operation in the long-pulse mode
as a result of slight changes in the mode-matching effi-
ciency 1 — ¢ caused by thermal effects in the resonator.

Coarse tuning of DRO output by pump frequency
variation is shown in Fig. 4(a). By variation of the laser
frequency over 6 GHz at a fixed temperature close to the
degeneracy point, the signal and the idler wavelengths

Breitenbach et al.

could each be tuned over more than 10 nm. In this mea-
surement the crystal temperature and length are not
changed, so that the tuning contains both mode and clus-
ter hops. In the absence of these effects the range of
tuning predicted by Eq. (19) is £7.3 nm.

Temperature tuning of the DRO at fixed pump fre-
quency covered the range from 1004 to 1132 nm limited by
the bandwidth of the dielectric mirrors [Fig. 4(b)]. The
curve is the Ak = 0 curve according to Eq. (19), with a
fitted reference temperature.

4. CONCLUSION

In this paper we have presented a theoretical and
experimental study of the conversion efficiency and the
depletion of a doubly optical parametric oscillator (DRO).
We found excellent agreement between a general treat-
ment of focused wave interactions in the presence of
phase mismatch and the experimental data obtained with
a cavity exhibiting strongly focused modes. It has been
shown that the maximum conversion efficiency is always
reached at four times above threshold and is equal to the
escape efficiency of the cavity, independent of wave-vector
mismatch, provided that signal and idler modes oscillate
with zero net detuning. This condition arises from the
occurrence of nonlinear detunings above threshold under
phase-mismatched conditions.

We have also demonstrated an actively frequency-
stabilized cw DRO that operated over significant periods
of time with single-frequency output and a visible-to-
infrared power conversion of 81%, to our knowledge the
highest demonstrated so far. The unoptimized infrared-
to-infrared conversion efficiency was 35%. Tens of
minutes of mode-hop-free operation through active sta-
bilization represents an improvement from the previous
state of the art.?»?® The high stability and efficiency
demonstrated represent an important step toward a prac-
tical use of DRO’s. With regard to future developments,
the externally resonantly doubled monolithic Nd:YAG
laser, with its 20-GHz continuous tuning range at 532 nm,
is well suited for applications in which a significant con-
tinuous tuning range of DRO output is desired.

The operating regime several times above threshold
explored in this study is also of interest for quantum
optical studies. It offers the possibility of verifying
a number of theoretical predictions, one of which is a
substantial reduction in the quantum fluctuations of the
phase quadrature of the depleted harmonic wave.?* The
high conversion efficiency achievable in above-threshold
operation also implies that the resonator is suitable for
the generation of squeezed vacuum below threshold® and
of strongly intensity-correlated twin beams.?®
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Note added in proof: After submission of this pa-
per, a publication appeared describing single-frequency
operation of a type-II KTP DRO. Operation without
mode hops for periods of time similar to those observed
here was achieved through active stabilization.?”
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