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We investigate, both theoretically and experimentally, spectral, temporal, and coherence properties of a degen-
erate synchronously pumped optical parametric oscillator (SPOPO) as a divide-by-2 subharmonic generator.
Periodically poled lithium niobate was used as the nonlinear gain medium and 180 fs pulses from a mode-
locked Ti:Sapphire laser as the pump. A regime of stable SPOPO operation at degeneracy was achieved, where
the SPOPO longitudinal modes were phase-locked to the pump, even without active cavity-length stabilization.
Phase locking was confirmed by interference measurements between the pump and the frequency-doubled op-
tical parametric oscillator output, as well as by beat frequency measurements using an independent
continuous-wave laser. We have found that the stability range of such a phase-locked state, with respect to
external perturbations, increased with the pump power and decreased with the cavity @ at a constant number
of times above threshold, in excellent agreement with our model based on coupled nonlinear wave equations.
At degeneracy (around 1550 nm), the SPOPO produced 70 fs output pulses with the full width at half-
maximum spectral width of 210 cm~!, which manifests significant pulse compression and spectral broadening

with respect to the pump laser. © 2010 Optical Society of America

OCIS codes: 190.4970, 190.7110.

1. INTRODUCTION

Broadband optical frequency comb sources based on si-
multaneously mode-locked and carrier-envelope-phase-
stabilized femtosecond lasers in the ultraviolet, visible,
and near-infrared (IR) wavelength ranges have become
ubiquitous in time and frequency metrology [1,2]. The
most recent applications of frequency combs include as-
tronomical observations [3], ultrasensitive molecular
spectroscopy based on both parallel spectral detection [4],
and coherent multi-heterodyne Fourier transform spec-
troscopy [5-7].

Extending the range of phase-stabilized few-optical-
cycle pulses to longer wavelengths is critical for such ap-
plications as molecular spectroscopy and trace gas detec-
tion, since one can reach the most desirable range of
frequency combs corresponding to fundamental
rotational-vibrational resonances; for high harmonic gen-
eration in gases, because at longer wavelengths one can
achieve longer acceleration cycle for an electron escaping
the atom [8,9]; and for vacuum-based laser-driven particle
acceleration [10,11] using photonic crystal structures [12],
since with longer wavelengths one can avoid two-photon
absorption in the latter.

Several methods were developed recently for extending
ultrafast frequency comb sources to longer wavelengths.
These include direct laser sources in the mid-IR [6,13],
supercontinuum generation via spectral broadening in op-
tical fibers [14—16] and engineered x® nonlinear optical
devices [17], optical rectification [18,19], difference-
frequency generation schemes [20—23], and optical para-
metric oscillators (OPOs) [24,25] and amplifiers [26].

OPOs are ideal candidates for extending frequency
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combs to the IR via optical frequency division. The imple-
mentation of OPOs as divide-by-N subharmonic genera-
tors allows downconverting pump photons into highly
phase-correlated signal and idler photons. Phase-locked
frequency division by 2 was observed in a type I phase-
matched continuous-wave (CW) OPO [27], whose co-
polarized signal and idler become truly degenerate when
their frequencies are equal. Experimental and theoretical
studies were also done for type II phase-matched CW
OPOs where an intracavity quarter-wave plate was used
to induce coupling between orthogonal polarizations of
the signal and idler for injection locking to occur [28-33].
Extensive research has been carried out on divide-by-3
OPOs where the photon energy ratio for the pump, signal,
and idler is 3:2:1, respectively [34—-36]. The phase relation
among the pump, signal, and idler pulses of a divide-by-3
femtosecond OPO pumped by a Ti:Sapphire laser was
measured [37] and phase locking was achieved [38,39] us-
ing active electronic control of cavity lengths.

This work presents what we believe to be a new ap-
proach to creating IR frequency combs by using a type 0
phase-matched divide-by-2 OPO pumped by a femtosec-
ond laser (type 0 OPO is a type I OPO with the pump, sig-
nal, and idler polarizations parallel). It extends the re-
sults of our previous work on the first demonstration of a
self-phase-locked subharmonic OPO [40,41]. One advan-
tage for choosing this configuration is the potential for
high (>90%) conversion efficiency where most of the
pump photons are converted into signal/idler pairs. Also,
type 0 phase-matching is characterized by an extremely
wide bandwidth near degeneracy and, in the case of
lithium niobate, exploits the highest available nonlinear

© 2010 Optical Society of America



Wong et al.

coefficient (d33). Another advantage is that passive optical
phase locking can be achieved even without active elec-
tronic stabilization.

The paper is organized in the following way. First, we
consider oscillation conditions for a degenerate synchro-
nously pumped optical parametric oscillator (SPOPO), de-
velop a simple theory based on coupled nonlinear optical
wave equations, for self-phase-locking of the OPO modes
to those of the pump, and explore the stability conditions
of the phase-locked state. Next, we compare our predic-
tions with experimental data and make final conclusions.

2. LOCKING CONDITIONS FOR THE
DEGENERATE SPOPO

In an OPO, the photon energy conservation dictates that
v, =V + 1, (1)

and, also, there is a fixed phase relationship between the
pump, signal, and idler waves,

¢p=¢s+¢i+77/2, (2)

so that the energy flow is from the pump to the signal and
the idler pair [42]. Here v,, v, and v; are the pump, sig-
nal, and idler frequencies, and E,=E, cos(2mv,t+ ¢,), E
=E, cos(2mv i+ ¢,), and E;=E; cos(2mv;t + ¢;) are the elec-
tric fields (E-fields) of the pump, signal, and idler, corre-
spondingly. For a non-degenerate OPO, the signal and
idler phases, ¢, and ¢;, are free to adopt any value as long
as Eq. (2) is satisfied. This degree of freedom disappears
when the (co-polarized) signal and idler become indistin-
guishable at degeneracy, which leads to ¢,= ¢;. Hence, Eq.
(2) becomes

¢p=2¢s,i+ 77/27 (3)

and the phase coherence between the OPO and the pump
is established. Note that when the signal and idler
E-fields simultaneously change their phases by = (flip
sign), the total phase difference changes by 2, such that
Eq. (3) still remains valid [27].

The locking analysis for the degenerate SPOPO is a
little more complicated than that for the CW OPO with a
monochromatic pump due to the multi-axial-mode struc-
ture of the SPOPO. However, the main features remain
the same. The pump field is represented by a frequency
comb,

Vy = feRO + M veps (4)

with mode separation f,., (Fig. 1) corresponding to the
pulse repetition rate, n as the mode number (centered at
some large n,=10°-107), and fogo as the carrier-envelope
offset (CEO) frequency (0=fcgo<frep). For the degener-
ate SPOPO [Fig. 1(c)], such that the signal and the idler
overlap near half of the pump center frequency, the OPO
frequency comb is expressed as

fCEO

Vm = T +mfrep7 (5)

or
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Fig. 1. (Color online) Longitudinal modes of (a) non-degenerate,
(b) partly degenerate, and (c) degenerate SPOPO. Dashed line
corresponds to the half of the pump center frequency.
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where m is the OPO mode number (centered around some
mq which is the closest integer to ny/2). Figure 2 illus-
trates positions of longitudinal modes of a degenerate
SPOPO with respect to those of the pump. Relations (5)
and (6) result (i) from the photon energy conservation if
one regards, as an elementary act, a decay of a particular
pump mode into a signal plus idler modes and (ii) from
the fact that the frequency spacing between neighboring
OPO longitudinal modes has to be the same as for the
pump (per SPOPO condition). The distinction between
Eqgs. (5) and (6) comes from the fact that the OPO fre-
quency grid v, can either correspond to one half of the
frequencies of the even modes (4) of the pump laser vy, or
odd modes vy,,;, where p is an integer.

For a mode-locked pump laser, all its modes are—by
definition—in phase. For simplicity, these phases can be
set to zero by an appropriate choice of time origin: ¢,=0.
In a non-degenerate OPO, constant phase relations will
be established separately among the signal and idler
modes. Suppose that a pump mode number n (Fig. 3) de-
cays into the idler mode number m and signal mode num-
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Fig. 2. Longitudinal modes of the pump and a degenerate dou-
bly resonant SPOPO, which has two possible sets of modes.
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Fig. 3. Phase coherence between neighboring OPO modes is es-
tablished via cross-coupling between the pump, signal, and idler,
e.g., via abed path.

ber k. If the phase of the mth idler mode is ¢,,, from Eq.
(2) it follows that the phase of the signal mode % has to be
¢p=—7/2-¢,,. Now, if a laser mode number n+1 decays
into the idler mode m+1 and signal mode %, the phase of
the (m+1)th idler mode has to be ¢,,,1=—7/2— ¢=—m/2
—(=m/2-¢,,)= ¢p,. This mechanism locks the phases (via
abcd path in Fig. 3) of neighboring idler modes and thus
locks all idler modes. The same is true for the signal. In a
degenerate OPO, the signal and the idler overlap. Because
of the cross-coupling, a constant phase is established
through the common set of signal-plus-idler modes, which
become phase-locked to those of the pump, and relation
(3) becomes

b, =2, + 2. (7)

Here the index m refers to the common signal-plus-idler
set of OPO modes. Since ¢, is a constant, ¢,, is also a con-
stant and SPOPO modes become phase-coherent with
those of the pump laser. In particular, when ¢,=0, ¢,,=
—m/4, or ¢, =—m/4+7=37/4.

3. THEORETICAL MODEL FOR THE
FREQUENCY LOCKING RANGE

In a doubly resonant OPO, both the signal and the idler
frequencies must coincide with the longitudinal modes
(resonances) of the OPO cavity, which is achieved by fine
tuning of the cavity length on a subwavelength scale. Be-
cause of external perturbations, the OPO resonances fluc-
tuate in frequency by some value Af, with respect to the
grid of OPO frequencies (5) and (6) determined by the fre-
quency grid of the pump laser (Fig. 4). This mismatch
causes an additional round trip phase ¢=27XAf/f,, (for
both the signal and the idler).

For zero wave-vector mismatch, plane-wave approxi-
mation, and absence of pump depletion, the propagation
of the normalized signal and idler E-fields, A,
=(ny/ wy)?E, and A;=(n;/w;)V?E;, through the nonlinear
crystal can be written in the matrix form [43],

A z=1) cosh(gl) i sinh(gl)||Ayz=0)
Al(z=1)|  |-isinh(gl) cosh(gl) ||Ai(z=0)|"

(8)

The asterisk denotes complex conjugate, n,; and w,; are

the signal and idler refractive indices and angular fre-
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Fig. 4. SPOPO cavity resonances and SPOPO frequencies in the
degenerate phase-locked regime.

quencies correspondingly, [ is the nonlinear crystal
length, and g is the gain coefficient, which is proportional
to the nonlinear optical coefficient d.4 and to the pump
field E,.

Taking into account the intracavity loss, which is ex-
pressed through the roundtrip E-field transmission ¢
(such that the fractional power loss per round trip is
loss=1-¢2), and a round trip extra phase shift ¢, due to
the cavity-length mismatch, we can write the cavity
round trip transfer matrix as

M t 0l|e* 0 cosh(gl) i sinh(gl)
“10 ¢t|]| 0 e?||-isinh(gl) cosh(gl)
te'* cosh(gl)

9)

ite’® sinh(gl)
—ite™** sinh(gl) te™*¢ cosh(gl)|"

From self-consistency, the following condition should be
met:

A=MA, (10)
and for a nontrivial solution, we get
detM-1|=0, (11)

where I is the unit matrix. From this we derive the fol-
lowing relation:

2 - 2¢ cosh(gl)cos ¢+ 1=0. (12)

For the small loss in the cavity and for the small ¢, we
can approximate cosh(gl)=1+(gl)?/2 and cos(p)=1
- ¢%/2. Taking into account that loss=1-¢2, we obtain

(g])? = (loss/2)? + ¢2. (13)

Since the condition of the doubly resonant OPO threshold
is (gl)02=(loss/ 2)2 [43], we obtain the main result for the
maximum allowed extra phase,

— loss

QD=(gl)O\s’N—1=7VW—1. (14)

Here we took into account that (gl)? is proportional to the
pump power and N=(gl)%/ @l)oz—the number of times
above the oscillation threshold for the pump power. Fi-
nally we get
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Af ¢ loss _
—=—=—N-1. (15)
frep 27 4w

We note here that the self-phase-locked stability range Af
increases with the pump power, and decreases with the
cavity @, at a fixed number of times above threshold.

4. EXPERIMENTAL CHARACTERIZATION
OF THE DEGENERATE SPOPO

The SPOPO consisted of a near-symmetrically folded lin-
ear confocal cavity [40] as shown in Fig. 5. A Ti:Sapphire
mode-locked laser (180 fs pulses at 80 MHz) with the cen-
ter wavelength of 775 nm was used as a pump. The non-
linear gain element was an antireflection-coated (at 775
and 1550 nm) 1 mm long periodically poled magnesium
oxide-doped lithium niobate (PPMgO:LN) crystal (HC
Photonics, Inc.) with the poling period of 18.92 um, kept
at t=140°C, and designed for type 0 (e-ee) phase-matched
1550 nm subharmonic generation. A 6 mm thick fused
silica plate was placed inside the cavity to compensate the
second-order dispersion of lithium niobate. The transition
between degenerate and non-degenerate SPOPO opera-
tions was performed by changing the cavity length—the
amount of detuning required to switch between these two
states was about 5 um. Figure 6 compares the two
spectra—for degenerate and non-degenerate SPOPO
operations—obtained with an optical spectrum analyzer.
The 3 dB spectral bandwidth of the combined signal and
idler at degenerate operation around 1550 nm was 50 nm
(210 em™1). Taking into account that the pump laser
bandwidth was 75 cm™!, the degenerate SPOPO exhibited
an output comb broadening by a factor of 2.6. The fringes
in the degenerate SPOPO spectrum are related to the eta-
lon effects from a glass slide used to outcouple some opti-
cal power to measure the spectrum. These ripples consis-
tently appear across all the measured spectra in this
particular setup and they can be regarded as an experi-
mental artifact.

Figure 7 compares autocorrelation traces for degener-
ate and non-degenerate SPOPOs. The full width at half-
maximum pulse duration in the degenerate case was 70
fs, which is close to transform-limited for the measured
spectral width and a Gaussian profile. In contrast, the
pulse shape for the non-degenerate SPOPO was broader
and distorted. In fact, when the OPO is not degenerate,
there can be arbitrary (and fluctuating) phase relations
between the signal and the idler. Since the output pulse is
formed by both signal and idler waves, that may cause
the observed time-domain distortions.

775 PPMgO:LN
Ti:sapphire A 4 M Y,&»

— i m, [ M, <>
M3“>< =

M,
1550 nm
Fused Silica
M

5
oC

Fig. 5. (Color online) Schematic diagram of the degenerate type
0 SPOPO. Mirrors M;—M, are highly reflective at 1550 nm, and
Mj is an OC mirror.
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Fig. 6. (Color online) Spectra of the non-degenerate (dotted line)
and degenerate (solid line) SPOPOs.
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To measure the phase coherence between the pump and
the OPO modes, the second harmonic (SH) of the SPOPO
output (produced in a separate PPMgO:LN crystal) was
compared with the pump, through small-angle interfer-
ence patterns and through a radio frequency (RF) beat
signal. If the SPOPO is phase-locked, interference be-
tween the pump and the frequency-doubled OPO output
should yield a stable fringe pattern [note that both solu-
tions (5) and (6) will produce the same SH field]. In addi-
tion, when the SPOPO is phase locked, Egs. (5) and (6) re-
quire that the RF spectrum should exhibit only harmonics
of frep With no satellite beat notes. Because the SH crystal
also produces, due to intermodal cross mixing, sum fre-
quency generation (SFG) that fully reconstructs the
pump, we examined narrow portions of the OPO SH spec-
trum to avoid most of the SFG background. Various nar-
rowband (typically 3—10 nm wide) filters were placed: (i)
after the SH crystal (thus filtering out the OPO SH spec-
trum) or (ii) before the SH crystal (thus filtering out the
fundamental OPO spectrum), and delivered identical re-
sults for both fringe pattern and RF spectrum (Figs. 8 and
9). When the SPOPO was degenerate, a stable fringe pat-
tern persisted with high contrast and no satellite RF beat
notes were observed. In contrast, when the SPOPO was
non-degenerate, stable fringes disappeared, while RF sat-
ellite beat notes emerged.

As another technique to confirm phase locking, we used
an independent laser source—a single-mode 1550 nm CW
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Fig. 7. (Color online) Background-free autocorrelation traces
obtained using SH generation. Degenerate phase-locked SPOPO
pulses (solid line) are transformed-limited with pulse duration of
70 fs. The pulse profile is distorted for non-degenerate (unlocked)
SPOPO output (dashed line).
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Fig. 8. (Color online) Results from interference measurements
between the pump and the OPO SH transmitted through a nar-
rowband 750 nm filter. (a) Degenerate (phase-locked) SPOPO.
Presence of strongly visible fringes and absence of satellite RF
beat frequencies can be seen; (b) non-degenerate (unlocked)
SPOPO. There is an absence of fringe pattern and a presence of
RF satellite beat notes.

laser and its SH—as an external phase reference to sepa-
rately generate beat notes with the pump mode-locked la-
ser and the SPOPO. The CEO frequency of the pump la-
ser fcro (4) was allowed to fluctuate to observe how the
SPOPO would react to an evolving frequency offset of the
pump frequency comb. If the SPOPO is degenerate and
phase-locked to the pump, the change in the beat note be-
tween the SPOPO and the CW laser should be half of the
change in the beat note between the pump and the
frequency-doubled CW laser. In fact, the frequency of the
CW laser can be represented as v +kfycp, where & is some
large integer, and the beat note between its SH and the
pump laser is 2vy—fcgo. On the other hand, according to
Egs. (5) and (6) the beat note between the CW laser and
the OPO is either vy~fcro/2 or vy—fcro/2+frep/2 (plus an
integer number of f;). Figure 10 shows the scatter plot of
the SPOPO beat frequency (within the 80 MHz window)
versus the pump beat frequency drift. The SPOPO beat
notes may jump randomly by 40 MHz (f,.,/2), after block-
ing and unblocking the pump beam, which corresponds to
the two sets of SPOPO modes, both giving the slope of 1/2
as expected. This proves that the degenerate SPOPO au-
tomatically tracked fggo of the drifting pump laser. Thus,
for a CEO-stabilized pump, the SPOPO output will also
be CEO-stabilized and phase-locked to the pump.

We measured the effect of cavity-length detuning for
the SPOPO in the phase-locked state by dithering a
highly reflective end mirror with a piezoelectric trans-
ducer (Fig. 5) while detecting the SPOPO output using a
photodetector. The maximum length detuning AL, before
the oscillation ceases, is related to the frequency locking
range Af via the relation Af/f,,=AL/(N/2), where \
=1550 nm is the central SPOPO wavelength. Figure 11

Degenerate (phase-locked) SPOPO Non-degenerate (unlocked) SPOPO
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Fig. 9. (Color online) Results from interference between the
pump and the OPO SH using a 1600 nm filter before the SH crys-
tal for (a) degenerate (phase-locked) and (b) non-degenerate (un-
locked) SPOPOs. The data are consistent with those in Fig. 8.
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Fig. 10. (Color online) Scatter plot of beat notes between the
phase-locked SPOPO and a CW laser at 1550 nm versus beat
notes between the pump and frequency-doubled CW laser (at 775
nm). The slopes for the two sets of beat notes are both one half.

represents the locking range Af measured as a function of
times above threshold for two different outcoupler (OC)
mirrors of 50% and 25%, where one can see that the lock-
ing range monotonically increases with the pump power.
The lines represent predictions of our theoretical model
(15). Clearly, there is a very good match between experi-
ment and theory. For the same number of times above
threshold, the 50% output coupling yielded a broader de-
tuning range compared to the 25% output coupler, again
in agreement with theory.

The average output power of the degenerate SPOPO
with the 50% OC mirror was 250 mW at 900 mW of the
average pump power. The pump threshold was 140 mW,
the slope efficiency was 32%, and the pump depletion ex-
ceeded 60%. For the 25% OC, the pump threshold was 35
mW.

The mode-locked pump laser was free-running (no CEO
stabilization applied) and no feedback servo loop was
needed for the SPOPO to maintain oscillation (the only
measures we used against environmental noise were a
floated optical table and an enclosure built around the
SPOPO). Despite the lack of active stabilization, the
phase-locked operation of the SPOPO persisted even in
the presence of intentional perturbations (e.g., tapping on
the enclosure). Our understanding of the physical mecha-
nism for the phase-locked operation is that it is more ad-
vantageous for the signal and the idler modes to follow ex-
actly the same frequency grid, because in this case a
larger parametric gain is achieved. Since the signal and

20 T &
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.......... 50% OC - Model [
# 25% OC - Data

----- 25% OC - Model

4 5 6 7
Times above threshold

Fig. 11. (Color online) Measured data and calculated curves of

Locking range [MHZz]

the frequency locking range Af as a function of number of times

above pump threshold for the 50% and 25% output coupling.
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the idler become indistinguishable, deterministic phase
relation between the pump and the OPO modes is estab-
lished through Eq. (7).

5. CONCLUSION

In the past, types I and 0 degenerate mode-locked OPOs
have been avoided due to the common misperception that
such systems are inherently unstable and impractical,
thus requiring exceptional control to operate. We show
that the SPOPO is inherently stable when it runs in the
degenerate self-phase-locked regime. Future directions
for this work include exploring new spectral ranges and
broadening the bandwidth of the frequency comb to at
least an octave. The latter can be achieved by extending
the phase-matching gain bandwidth by using shorter non-
linear crystals and also by precise cavity dispersion con-
trol using chirped dielectric mirrors.
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