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Abstract
We present a 100 MHz repetition rate Yb-fiber-laser-pumped synchronously pumped optical parametric oscillator (SPOPO) 
delivering tunable frequency combs covering almost the entire visible spectral range. By intracavity doubling both the signal 
and idler combs and using collinear residual pump light, nearly continuous tuning over the range of 420–700 nm is achieved 
with only small gaps near the OPO degeneracy condition. Output powers range from 10 to 200 mW, depending on wavelength, 
with pulse durations below 150 fs without external compression. Frequency locking of all three collinearly outcoupled combs 
(pump, doubled signal, and doubled idler) to a femtosecond enhancement cavity facilitates direct comparison of their opti-
cal phase noise and phase modulation transfer functions. In the singly resonant OPO, optical phase modulation of the pump 
comb is transferred nearly completely to the non-resonant idler comb. This results in a resonant signal comb with reduced 
optical phase noise and also enables high-bandwidth modulation on the idler comb via phase modulation of the pump.

1 Introduction

Frequency comb lasers have achieved tremendous success 
in many applications, at many different wavelengths [1–5]. 
In metrology applications where a frequency comb is used 
to measure the frequency of a continuous wave laser or cali-
brate a spectrograph, supercontinuum generation in highly 
nonlinear fibers (HNLF) usually provides sufficient power at 
the wavelength to be measured. For applications in which the 
frequency comb is used to interact with atoms and molecules 
directly, i.e., “Direct-frequency comb spectroscopy” (DFCS) 
[6–8], higher spectral brightness than is available from fiber 
supercontinua is desired. Thus, the generation of tunable or 
broadband high-power frequency combs has recently been 
a subject of intense study, particularly in the mid- and long-
wave infrared [3, 9–16].

In this article, we address the problem of tunable vis-
ible frequency comb generation, which has received some-
what less attention. Our target application is widely tunable 
cavity-enhanced ultrafast transient absorption spectroscopy 
(CE-TAS), recently demonstrated at one wavelength by our 
research group [17]. A tunable CE-TAS system operating in 
the visible can record the ultrafast dynamics of electronically 
excited jet-cooled molecules [18], clusters [19], and radicals 
[20] in the same way that conventional ultrafast spectrome-
ters routinely exploit this spectral region to study the dynam-
ics of condensed-phase samples [21]. This is a demanding 
application, requiring high powers (> 10 mW), short pulses, 
control over the comb’s carrier-envelope offset frequency 
( f0 ), low optical phase noise, and a wide-tuning range due to 
the broad spectral features inherent to molecules undergoing 
ultrafast dynamics. A robust fiber-based backbone, requiring 
minimal maintenance, is also desired due to the complexity 
of the downstream experiment.

Previous work has reported the achievement of subsets 
of this list. Doubling the tunable dispersive waves from an 
Er:fiber-laser-pumped HNLF in a periodically poled lithium 
niobate crystal (PPLN), Moutzouris et al. [22] demonstrated 
multi-milliwatt tunable comb generation at 108 MHz repeti-
tion rate. However, the pulse durations were long (300–1000 
fs) and the tuning range only extended down to 520 nm. 
In another example, using a series of HNLFs pumped with 
1020 nm laser pulses, Tu et al. [23] demonstrated dispersive 
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wave generation in the spectral range of 347–680 nm. This 
covered nearly the entire visible with average powers of 1–9 
mW, but to cover the whole tuning range, 7 different HNLFs 
were required, necessitating replacing the fiber and realign-
ing the system to change wavelength. Using fiber-laser-
pumped synchronously pumped optical parametric oscilla-
tors (SPOPO), widely tunable combs with larger average 
powers [24, 25] and shorter pulses [26] have been achieved. 
Some work has explored intracavity doubling and sum fre-
quency generation for tunable visible and UV comb genera-
tion [27–30]. However, these previous fiber-laser-pumped 
SPOPOs have only demonstrated coverage of small portions 
of the visible spectrum. SPOPOs pumped by the second har-
monic of Ti:Sapphire lasers have achieved impressive tun-
ing ranges [31] covering nearly the entire visible with the 
signal beam alone. Such combs can, in principle, be well 
stabilized [32], but still require managing the drawbacks of 
the Ti:Sapphire pump comb compared to fiber lasers, namely 
greater expense, higher maintenance, and faster f0 drifts 
when not actively stabilized.

In this article, we report the development of a Yb-fiber-
laser-pumped singly-resonant SPOPO delivering short 
pulses, high-power, and low optical phase noise throughout 
the visible spectral range. The OPO cavity is designed to 
intracavity double both the signal and idler beams using a 
single BBO crystal, and also utilize the collinear and co-
polarized pump comb. In this way, nearly continuous tuning 
over the range of 420–700 nm (> 9000 cm−1 ) is achieved 
with only small gaps near OPO degeneracy, where signal 
and idler wavelengths are equal. Frequency locking of all 
three collinearly outcoupled combs (pump, doubled signal, 
and doubled idler) to a ∼100 kHz linewidth femtosecond 
enhancement cavity [33] facilitates direct comparison of 

their optical phase noise and phase modulation transfer func-
tions. We find that the phase relations established for singly 
resonant OPOs [34, 35] cause phase modulation to be trans-
ferred nearly completely from the pump to the non-resonant 
idler. More precisely, the phase modulation of the pump acts 
on the resonant signal comb with a fixed point [36, 37] near 
the signal comb optical carrier frequency. This has important 
consequences for the noise and stabilization of the combs.

While our target application has been widely tunable CE-
TAS, this work can also be useful to researchers working on 
more conventional ultrafast spectroscopy, high-resolution 
multidimensional spectroscopy [38], visible dual-comb 
spectroscopy [39], ultrafast nonlinear microscopy [40, 41], 
and researchers working on the stabilization of OPOs in 
general [34].

2  Experimental setup

The optical layout of the OPO is shown in Fig. 1. In our 
laser, the pump comb is initially derived from an Er:fiber 
oscillator (Menlo Systems Ultra-Low-Noise variant), shifted 
to 1.07 μ m using a short highly nonlinear fiber in similar 
fashion as Maser et al. [42]. However, this detail is not criti-
cal to the results reported here. The pump can be derived 
from any low-noise comb operating around 1 μ m suitable 
for amplification in Yb:fiber; for example, the oscillators 
described in [43]. In the current setup, the shifted Er:fiber 
comb is amplified in the large-mode-area Yb-doped pho-
tonic crystal fiber amplifier previously described in [43]. 
After the compressor, the pulses are 120 fs long with a pulse 
energy of 115 nJ at a repetition rate of 100 MHz. This laser 
is frequency doubled in a 2 mm-thick LBO crystal cut for 
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Fig. 1  Schematic of the synchronously pumped optical parametric 
oscillator. A frequency comb laser centered at 1070 nm is frequency 
doubled in an LBO crystal to 535 nm, providing the pump for the 
OPO. The tunable visible light is generated by frequency doubling 

both the signal and idler. Mirror M5 collimates the visible light and 
M6 couples the light out of the cavity. L1, L2: focal length = 10 cm; 
HS: harmonic separator; HR: high reflector; HWP: half waveplate; 
L3: focal length = 15 cm; M: mirror. More details in the main text
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type I second-harmonic generation (SHG) at 1064 nm with 
a conversion efficiency of 40%. The resulting 4.5 W at 535 
nm is the pump of the OPO.

The OPO cavity contains two nonlinear crystals, a lith-
ium triborate (LBO) crystal for parametric gain and a beta 
barium borate (BBO) crystal for intracavity doubling the 
signal and idler. The LBO crystal is 3 mm long and cut for 
type I noncritical phase-matching. The crystal has angles of 
! = 90◦ and ! = 0◦ [44]. Both sides have anti-reflection coat-
ings at 535 nm and 850–1060 nm for the pump and signal, 
respectively. The crystal is housed in a compact home-built 
oven for controlling the crystal temperature between 25 ◦C 
and 200 ◦C [25]. The compact oven design allows small ( ∼ 
90 mrad angle of incidence) angles on the curved mirrors 
M1 and M2 for reducing astigmatism and the OPO’s spatial 
footprint. The pump beam 1∕e2 radius before L3 is 2.1 mm. 
Using the ABCD matrix formalism [45] for the OPO cavity, 
at ! = 900 nm, we estimate signal beam radii at the LBO and 
BBO crystals to be 30 μm and 70 μm , respectively.

Intracavity second-harmonic generation of both signal 
and idler is phase matched by rotating the BBO crystal 
about its horizontal axis ( ! ). We select BBO for the broad 
phase-matching tunability and moderately high nonlinear 
coefficient. Using SNLO [46], we calculate the phase-match-
ing angle for type I SHG of 850 nm is ! = 27.6◦ and SHG 
of 1400 nm is ! = 20.0◦ . The BBO crystal has a cut angle 
of ! = 19.8◦ for type I SHG of 1500 nm and is protective 
coated. BBO crystals of both 1 and 2 mm length were used, 
with some results for both shown in Sect. 3. The doubled 
output is optimized by tuning ! while adjusting the OPO 
cavity length to maintain resonance.

The OPO cavity is designed to be resonant for the signal 
from 850 nm to 1060 nm, focus both the signal and idler 
at the BBO crystal, and collimate and outcouple the dou-
bled idler (2i), doubled signal (2s), and residual pump in a 
collinear and co-polarized fashion. This is achieved using 
protected silver mirrors for M2–M5 and dichroic mirrors 
( R > 99.9 % at 850–1060 nm and R < 5 % reflectivity for 
450–700 nm). All four curved mirrors have a radius of cur-
vature of 20 cm. The two dichroic mirrors M1 and M6 are 
lossy for the idler, so that resonance is only attained for the 
signal. The round trip loss of the signal power caused by the 
optics is estimated to be 16%, resulting in a finesse of ≈ 35 . 
The pump is vertically (s) polarized, and thus, signal and 
idler are generated at the LBO crystal with horizontal (p) 
polarization. The doubled signal and doubled idler are then 
generated with vertical s-polarization in the BBO crystal, 
such that the pump, 2s, and 2i beams emerge collimated, 
collinear, and co-polarized from M6.

Four YAG plates at Brewster’s angle are placed in the 
cavity to attenuate the residual s-polarized pump light 
at the BBO crystal and the output coupler (M6) to  200 
mW. YAG was chosen for its high index of refraction and 

corresponding shallow Brewster’s angle. The YAG plates 
also provide intracavity dispersion enabling stable operation 
closer to degeneracy. One of the YAG plates is mounted on 
a rotation stage so it can be rotated from the Brewster condi-
tion by a known angle, allowing us to outcouple a fraction 
of the signal and idler to diagnostics, the fraction calculated 
from the Fresnel equations. The outcoupled light is analyzed 
using calibrated Germanium photodetectors and an optical 
spectrum analyzer.

We control the OPO cavity length by moving mirror M3 
with a micrometer and two piezoelectric transducers (PZT). 
The micrometer is used for coarsely finding the resonance 
condition of OPO free spectral range = pump f rep . A long-
travel ( ∼ 10 micron) PZT stage allows further coarse tuning 
of the OPO cavity length and long-term in-loop correction 
for drift. A faster “copper bullet” style PZT [47] is used for 
frequency stabilization of the OPO when using the doubled 
signal beam. The incident angle on M3 is set to be ∼ 1.5◦ , 
so that the cavity misalignment is negligible when changing 
the cavity length on the sub-mm scale.

3  Results

The threshold pump power required to see parametric 
oscillation was measured to be around 1.7 W, and was not 
strongly affected by the insertion of the doubling crystal. 
The spectrum and power of signal and idler with 4.5 W 
pump power are shown in the right side of Fig. 2. The signal 
and idler intracavity powers are reported with the diamond 
symbols using the right axis of the figure. By varying the 
LBO temperature from 122 to 145 ◦C and adjusting the OPO 
cavity length as in [25], the signal is tuned between 835 
and 990 nm and the corresponding idler ranges from 1490 
to 1160 nm. Tuning towards shorter signal wavelengths is 
limited by the coating of M1 and M6. As we get closer to 
degeneracy, where signal and idler wavelengths are equal, 
the signal and idler spectra become broader and unstable 
due to the low intracavity dispersion and the broad phase-
matching bandwidth in LBO. The signal and idler spectra 
displayed in Fig. 2 were taken when their respective second 
harmonics were optimized. Removing the BBO typically 
resulted in roughly a factor of 2 increase in intracavity power 
for both signal and idler.

The spectra and output power of the tunable visible 
combs provided by the combination of 2s, 2i, and pump are 
also shown in Fig. 2, along with outcoupled power using the 
right axis. The displayed spectra were taken with the 1 mm 
BBO in the cavity. With the 1 mm-thick BBO crystal, the 
outcoupled 2s power is 100–200 mW and the outcoupled 2i 
power is 5–10 mW across the tuning range. Figure 3 shows 
the spatial profiles of the outcoupled 2s and 2i beams using 
the 1 mm BBO crystal for doubling, measured 45 cm from 
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the output coupler M6. With the 2 mm-thick BBO crystal, 
higher doubled powers are attained, but the spatial profile 
of the 2s beam degrades significantly, while beam quality 
of the 2i beam was retained. Power with the longer crystal 
is also plotted for the doubled idler in Fig. 2, indicated by 
cross marks and using the right axis.

When doubling the idler, the idler wavelength found by 
optimizing the 2i power agrees with both calculations for 
the LBO phase matching for the given crystal temperature 
as well as the idler wavelength found by optimizing the 
intracavity idler power without the BBO crystal. However, 
the oscillating signal wavelength found by optimizing 2s 
power is shifted, as illustrated in Fig. 4. The LBO paramet-
ric gain is phase matched over a large bandwidth due to the 
low group-velocity walkoff in the LBO crystal [46], and the 
OPO can oscillate far away from optimum parametric gain. 

Doubling the resonant signal influences the OPO oscillation 
and causes the optimum 2s power to be found blueshifted 
from the wavelength expected from both the LBO phase-
matching calculation and the optimum idler/2i wavelengths 
found when not doubling the signal. Additional parasitic or 
cascaded nonlinear processes are not observed, and the idler 
wavelength shifts accordingly when the doubled signal was 
optimized.

We measured the visible pulse durations with a home-
built two-photon autocorrelator. The interferometric auto-
correlator uses an all-reflective design similar to the one 
reported in [48] and uses a SiC two-photon photodiode (IFW 
Optronics) for the detector. The data are low-pass filtered 
to show only the intensity autocorrelation signal. Autocor-
relations for the pump, 2s, and 2i wavelengths are shown in 

400 500 600 700 800 900 1000 1100 1200 1300 1400
Wavelength [nm]

In
te

ns
ity

 [a
.u

.]

10-3

10-2

10-1

100

101
2 Signal 2 Idler reldIlangiSPump

P
ow

er [W
]
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Fig. 3  Output spatial modes for a the doubled signal and b the dou-
bled idler. Gaussian fits to the vertical and horizontal profiles for each 
give 1∕e2 beam radii of wx = 0.62 mm and wy = 0.63 mm for the dou-
bled signal, and wx = 1.1 mm and wy = 0.96 mm for doubled idler
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Fig. 5 as well as Gaussian fits to the data. Assuming Gauss-
ian pulses, all pulse durations are less than 150 fs.

For our target application of cavity-enhanced ultrafast 
spectroscopy [17], both low optical phase noise and low 
amplitude noise (RIN) are critical. In Figs. 6 and 7, we 
report both. For the RIN plot, the signal is recorded with 
a home-built low-noise amplified Si detector. At high fre-
quencies, the RIN of the 2s and 2i beams is comparable to 
the low-RIN fiber laser used as the pump and competitive 
with high-performance fiber laser combs [49]. At frequen-
cies below 1 kHz, the greater susceptibility of the free-space 
OPO cavity to acoustic and mechanical perturbations is seen 
in both the 2s and 2i RIN spectra.

For phase noise, the situation is more interesting. In 
steady state, the three frequency combs must share the same 
repetition rate and the optical pulses must obey the phase 
relationship [34, 35, 50]:

where !s , !i , and !p correspond to the optical carrier phases 
(i.e., carrier-envelope offset phase) of the signal, idler, and 
pump pulses, respectively. This relationship was explicitly 
verified by Kobayashi and Torizuka [35] for a singly reso-
nant OPO by observing heterodyne beats between the dou-
bled signal and pump + idler. The beat notes were found to 
shift as the OPO cavity length was changed, determining the 
following relation:

The notation ()p is used to indicate that no actuation is done 
on the pump comb. The pump comb’s f0 is fixed and the 
relation shows direct phase transfer from signal to idler.

If, instead, the optical phase of the pump comb is per-
turbed, either via f rep or f0 , in principle, the signal and 
idler can share this phase change via Eq. (1) in a non-trivial 
way. To study how pump phase is shared between signal 
and idler, we measure the pump → 2i, 2s phase modulation 

(1)!p = !s + !i + "∕2,

(2)
(

!"i

!"s

)

p

= −1.

transfer function and phase noise using the setup shown in 
Fig. 7a. The combs are stabilized to a four-mirror femto-
second enhancement cavity (fsEC) with a finesse of ∼ 1000 
and net intracavity GDD < 100 fs2 using a two-point 
Pound–Drever–Hall (PDH) technique [33, 51]. For locking 
the pump and doubled idler, 8 MHz PDH sidebands and 
fast feedback are applied to the combs via an electro-optic 
modulator, EOM1, in the Er:fiber oscillator, as shown in 
Fig. 7a. For the doubled signal, since the phase modulation 
transferred from the pump to the doubled signal is near zero 
(shown below), PDH sidebands are applied using a second 
EOM2 placed between the SPOPO and the fsEC, and fast 
feedback is applied to the copper bullet PZT on M3 of the 
OPO cavity. More technical details of the two-point locking 
feedback loops, broadband comb/cavity coupling, and the 
attainable performance are being prepared for publication in 
a forthcoming paper [52]. In the present discussion, we use 
the cavity as an optical phase discriminator. At high frequen-
cies well above both the fsEC linewidth and the frequency-
lock servo bandwidth, the PDH error signal acts as a phase 
discriminator [53, 54] and is insensitive to the details of 
the fsEC linewidth or the servo loop. Essentially, the light 
reflected from the cavity is heterodyned with the intracavity 
light. A grating is used to disperse the spectrum reflected 
from the fsEC [33], so only a small fraction of the frequency 
comb bandwidth contributes to the PDH error signal used to 
record phase modulation.

To measure the pump → 2i, 2s phase modulation trans-
fer functions, we apply sinusoidal phase modulation to the 
pump via EOM1 and record the modulation strength trans-
ferred to the 2s and 2i combs via the modulation sideband 
strength observed in the PDH error signal, similarly to [55]. 
The doubled signal and idler data are then divided by the 
pump phase modulation strength measured the same way. 
The resulting pump → 2i, 2s transfer function is shown in 
Fig. 7b. The mean of the doubled idler transfer data (red) is 
1.96 and the standard deviation is 0.13. The signal transfer 
coefficient (blue) is more than 20 times smaller than pump 
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→ 2i at all modulation frequencies. Since !2i = 2!i , the data 
in Fig. 7b imply that:

The notation ()! is used to indicate that no actuation is done 
on the SPOPO cavity length. To our knowledge, this is the 
first explicit verification of relations (3) and (4) and direct 
measurement of the transfer functions in Fig. 7b for a singly 
resonant OPO. This un-equal sharing result is quite different 
than the degenerate case measured by Wan et al. [56], where 
phase modulation on the pump is shown to be shared equally 

(3)
(

!"i

!"p

)

!

=
1

2

(

!"2i

!"p

)

!

= 1,

(4)
(

!"s

!"p

)

!

≈ 0.

between the degenerate subharmonic signal and idler combs. 
The transfer function in Fig. 7b also shows that the OPO cavity 
linewidth is irrelevant for the transfer of optical phase from the 
pump to the non-resonant comb, since there is no observable 
roll-off at the SPOPO cavity half-linewidth of 1.35 MHz.

Since all three combs must share the same f rep (at least for 
modulation frequencies below the SPOPO cavity linewidth), 
Eq. (4) implies that, for fixed SPOPO cavity length, small rep-
etition rate changes of the pump comb !f rep are counterbal-
anced by f0 changes of the signal comb order 
!f0,s = −!f rep

"s

f rep
 , where !s is the signal’s optical carrier fre-

quency. In this way, the fixed point [36] of the signal comb 
under pump actuation is the signal’s optical carrier frequency. 
More precisely, the data of Fig. 7b constrain the location of 
this fixed point to be within 15 THz of the signal’s optical car-
rier frequency.

We also used the setup of Fig. 7a to measure the optical 
phase noise of the 2s, 2i, and pump combs. Figure 7c shows 
the measured optical phase noise power spectral densities 
for Fourier frequencies 1MHz < f < 7MHz in rad2∕Hz . 
The y-axis of the figure is calibrated by applying a known 
phase modulation to all three combs in identical fashion using 
EOM2. The pump and doubled signal are at similar levels, 
while the doubled idler is about four times (6 dB) higher. This 
can be understood using the phase transfer relations (2), (3), 
(4). Equations (3) and (4) imply that optical phase fluctuations 
of the pump are transferred with unit efficiency to the idler, and 
any intrinsic OPO noise on the signal comb is uncorrelated. 
This implies that the two noise sources contribute to the idler 
phase noise in quadrature, viz.:

or in terms of the 2i, 2i and pump combs

The sum on the right-hand side of Eq. (6) is also plotted 
in Fig. 7c as a dashed, black line, for comparison with the 
measured 2i phase noise power spectral density. Excellent 
agreement is found over the entire measured frequency 
range.

4  Conclusions

In this article, we have provided a detailed description of 
the design and performance of a fiber-laser-pumped OPO 
delivering high-power tunable frequency combs across the 
visible region. The high output power and broad tuning 
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range make the combs particularly suitable for perform-
ing ultrafast nonlinear spectroscopy with combs, where 
frequency comb methods have recently allowed large 
improvements in resolution [38, 57] and sensitivity [17]. 
The tunable combs can also be used in other comb appli-
cations such as high-resolution cavity-enhanced (linear) 
comb spectroscopy [6, 58], or in myriad less specialized 
applications where tunable high-repetition rate femtosec-
ond sources are needed [40, 41].

Using an external cavity as a phase discriminator, we 
directly compared the phase noise of all three combs and 
the pump → signal and pump → idler phase modulation 
transfer functions. We find that phase perturbations on 
the pump are transferred to the (non-resonant) idler comb 
via the optical phase relations (3) and (4). These rela-
tions have two important consequences for the use of the 
SPOPO’s signal and idler beams for comb applications. 
First is that the phase noise of the resonant signal is uncor-
related to that of the pump. This further helps to explain 
the extremely low-noise performance obtainable with 
(resonant) OPO combs, in addition to the technical rea-
sons discussed in [34]. The second is that actuation on the 
non-resonant SPOPO-generated comb via the phase of the 
pump does not suffer a low-pass filter due to the SPOPO 
cavity. This enables the use of high-bandwidth transduc-
ers, such as EOMs, in the pump comb’s mode-locked laser 
cavity [43, 59] to be used to control the phase of the non-
resonant comb (in our case the idler) of the OPO without 
needing to consider the SPOPO cavity linewidth in the 
design. For our SPOPO, with ∼ 2.7 MHz linewidth, the 
SPOPO cavity would not impose a significant low-pass 
filter in any event, but this point is important for SPOPOs 
that use higher cavity finesses to achieve low pump power 
thresholds for oscillation [60].
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