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Abstract
In this work we describe the spectral purity transfer between a 1156 nm ultrastable laser and a
1542 nm diode laser by means of an Er:fiber multibranch comb. By using both the master laser
light at 1156 nm and its second-harmonic at 578 nm, together with the 1542 nm slave laser,
we investigate the residual noise between the main comb output, the octave-spanning output,
and a wavelength conversion module including non-linear fibers, second-harmonic generation
crystal and amplifiers. With an ultimate stability of the system at the level of 5 x 1077 at 1 s
and accuracy of 3 x 107!%, this configuration can sustain spectral transfer at the level required

by the contemporary optical clocks with a simple and robust setup.

Keywords: optical frequency comb, multibranch Er:fiber comb, spectral purity transfer,

ultrastable laser

(Some figures may appear in colour only in the online journal)

1. Introduction

In the last two decades, optical combs became a funda-
mental tool in experimental physics, finding applications
beyond optical [1, 2] and microwave [3] frequency metrology.
Featuring an equidistant series of narrow-linewidth optical
modes that covers a broad wavelength range, the comb struc-
ture has been exploited in a number of ways to perform pre-
cision spectroscopy [4]. The comb can be used as a bridge
to transfer traceability to the international system of units
(SI) second through different spectral domains, ranging from
the UV to the mid-IR. This makes it a key tool in the abso-
lute spectroscopy of atoms and molecules [5, 6]. Atomic
and molecular samples can also be directly interrogated over
a broad spectral range at a single time through direct comb
spectroscopy [7] and dual-comb spectroscopy [8]. Moreover,
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optical combs allow low-noise frequency synthesis [9] when
used as optical frequency dividers. More recently, they found
application in astronomy to provide high-resolution calibra-
tion for spectrographs [10].

The possibility of transferring the spectral purity of an
ultrastable laser across different regions of the optical domain
[11-16] is beneficial to the increasing requirement of high
frequency stability lasers for optical atomic clocks and high-
resolution spectroscopy. Ultrastable lasers are realized using
high-finesse optical cavities as frequency reference. In the
infrared domain the best cavities achieve the 1077 level of
frequency instability exploiting cryogenic environments,
long cavity lengths and special mirror coatings [17-19].
The optical comb enables such performances to be copied to
any laser in the optical domain, with a simplification of the
experimental setup. This is especially relevant when several
ultrastable lasers at different wavelengths are needed, where
a single ultrastable cavity has to be realized. In this way, not
only optical combs improve clock lasers, but also allow high-
resolution inter-species optical clocks comparisons [1, 20].

© 2019 BIPM & IOP Publishing Ltd  Printed in the UK
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Benefits range from the search for new physics, to more pon-
derate considerations on the redefinition of the second in the
SI, and future computations of the international atomic time
based on optical clocks [21, 22].

In recent years, solid-state optical combs have been almost
ubiquitously replaced by erbium-doped fiber (Er:fiber)
devices. This is due to their higher reliability and robustness,
which allow several days of continuous operation. However,
their natural emission is in the 1-2 pm region. In order to
cover the optical domain, dedicated wavelength conversion
modules are exploited. In this way, it is possible to broaden
the comb spectrum, preserving the phase-coherence with the
fundamental comb and still provide adequate optical power
per mode, at the cost of introducing additional noise to the
system.

In this paper we present the spectral purity transfer between
a 1156nm ultrastable diode laser and a 1542nm diode laser
performed with an Er:fiber comb. The 1156 nm laser is used,
after frequency doubling, as a clock laser in our Yb lattice
clock at the Italian Metrology Institute (INRIM) [23]. Spectral
transfer to a telecom wavelength will enable us to dissemi-
nate the frequency of the Yb standard to a number of research
facilities, using the phase-stabilized ~2000 km optical fiber
backbone we developed in Italy [24]. In addition, this setup
will be used to generate the clock laser for the Sr optical clock
under development in our laboratories [25].

We use the transfer oscillator technique proposed by Telle
et al [26]. The beatnote between the 1542 nm slave laser and
the comb is performed on the main comb output, which spans
the 1.5-1.6 um region. The 1156 nm master laser is detected
on the broadband branch that spans the 1-2 um range. The
frequency-doubled master laser at 578 nm is detected on a few
nm-wide dedicated branch. By using both the fundamental and
frequency-doubled master laser we characterized the spectral
transfer and the contribution of the separate comb branches
without the need of a second, independent system. This meas-
urement approach, which uses a single comb to study the spec-
tral purity transfer, is different from that presented in previous
works. Usually, two independent optical combs are used, one
to perform the locking between the master and the slave lasers,
the other to detect the out-of-loop beatnote [11-14].

In our work we separately considered all noise contrib-
utions to the spectral purity transfer, and we characterized
both the electronics and the environmental noise on interfer-
ometers independently. We show that an Er:fiber optical comb
used in the multibranch configuration achieves a residual fre-
quency instability of 5 x 10~17(7/s)™"/? with accuracy of
3x 1071,

Even if single-branch combs achieve better performances
[15, 16], a multibranch configuration offers higher power-
per-mode in different spectral regions, which simplifies the
measurement setup. Very recently, a method for rejecting the
inter-branch comb noise has been demonstrated [27], which
is promising when ultra high-accuracy has to be guaranteed.
However, multibranch configuration still offers adequate per-
formances with a simple and robust system.

2. Experimental setup

2.1. The optical frequency comb

The optical comb used for the spectral purity transfer is a
commercial femtosecond Er:fiber comb. It is based on pas-
sive mode-locking through non-linear polarization rotation.
The main output is centered at 1560 nm and spans 100 nm, the
repetition rate frep, is 250 MHz.

The main comb output is split in three independent branches
(seefigure 1). The first branch is a fraction of the 1560 nm output
of the femtosecond mode-locked laser. The second branch
consists in an erbium-doped fiber amplifier (EDFA) followed
by a highly non-linear fiber (HNLF) that generates an octave-
spanning spectrum between 1 pm and 2 pm. This branch is
used to detect the carrier-envelope offset frequency fj through
the f — 2f interferometer, with 2.5 mW power output available
for other measurements. The third branch is a wavelength con-
version module operating at 578 nm. It consists in a second
EDFA and a wavelength-shifting fiber that produces 1156nm
radiation. Then, the 1156 nm light is frequency-doubled with
a bulk periodically poled lithium niobate (PPLN) crystal. In
this way a 1.1 nm-wide output at 578 nm is obtained, with an
average power of 5 mW and a power per tooth of 1 uW. The
spectrum of the f — 2f and the 578 nm branches can be tailored
by adjusting the current of the 980 nm pump diode lasers that
act on the EDFAs (four pump lasers for each EDFA).

The repetition rate and the offset frequency are stabilized
to a hydrogen maser by means of two phase-locked-loops
(PLLs). The former acts on the cavity length by moving one
of the cavity mirrors using a piezo, on a bandwidth of 3.5kHz.
The second acts on the power of the femtosecond Er:fiber
oscillator pump laser to modify intracavity dispersion. In
principle, the spectral transfer does not require a tight stabili-
zation of the comb repetition rate and offset frequency, since
their noise is canceled out [26]. In practice, however, they are
locked to prevent long-term drifts that might bring beatnotes
outside the filters” bandwidth.

The comb and all the optical interferometers developed
for the beatnotes’ detection are placed in a foam enclosure to
reduce the effect of air currents and temperature variations on
the fiber.

2.2. Laser sources and beatnote detection

The master laser used in our experiment is a 1156nm diode
laser, frequency-doubled in a waveguide-PPLN crystal to
578 nm. This is used to probe the 1Sy — 3Py clock transition
at 578 nm of the '7'Yb optical lattice clock [23]. The doubling
stage produces up to 9 mW of 578 nm radiation, while 4 mW
of 1156 nm are still available after the crystal waveguide. Part
of the 578 nm radiation is used to stabilize the laser to a 10cm
cavity made of ultra-low expansion glass through the Pound—
Drever—Hall technique [28]. The residual laser frequency
instability is 2 x 1013 at 1 s averaging time, with a drift of
0.15 Hz s~'. 1 mW of the 1156nm laser is detected on the
f — 2f-branch of the comb. The beatnote reaches up to 37 dB
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of signal-to-noise ratio (SNR) in a 100kHz resolution band-
width (RBW). 600 pW of 578 nm light are beaten with the
578 nm comb branch, producing a beatnote signal with 35 dB
SNR in a 100kHz RBW. The 1156 nm and 578 nm radiations
are sent to the optical comb through polarization-maintaining
(PM) Doppler-stabilized optical fibers [29]. Both beatnotes
are detected through free-space interferometers. An external
cavity diode laser at 1542nm with output power of 9 mW
[30] and linewidth <10kHz is phase-locked to the master
laser at 1156 nm using the transfer oscillator scheme. 100 p
W of its output power are beaten to the main comb output at
1560nm through an all-fiber-coupled optical interferometer.
The detected beatnote has a SNR of 40 dB in a 100kHz RBW.

We use a transfer oscillator scheme to obtain a beatnote
between the 1542nm laser and the 1156 nm laser [26]. This
is stabilized by a PLL that acts on an acousto-optic modulator
with a bandwidth of 60kHz, and on the diode laser current.
The slave laser is used without any pre-stabilization. Thanks
to the high SNR on all beatnotes, we can achieve cycles-slips
free operation for several hours with minimal adjustment of
the comb amplifiers pump power, and do not need tracking
oscillators.

2.3. Transfer oscillator setup

Figure 2 shows the electronic setup we developed for gener-
ating the virtual beatnote between the 1156 nm master laser
and the 1542nm slave laser (in-loop beatnote fi,), which is
used for the PLL.

Being v1156 and vys4 the absolute frequencies of the CW
lasers, fi.1156 and fp 1542 the beatnotes between the CW lasers
and the comb, m5¢ and ms4, the indexes of the comb teeth
to which the lasers are beaten, then the in-loop beatnote can
be written as:

fin = TSR 11se — Loasa

miis6
nys542 (l)
miise

= %(V1542 - V1156)s

where f, 1156 and fi, 1542 indicate the fy-free signals f, 1156 =
Jo.1156 +fo and fb,1542 = fo.1542 + fo, which are obtained using
frequency mixers.

The scaling factor 1/4 X m1542/m1156 is applied to ]_Cb,1156
by using a direct digital synthesizer (DDS). The factor of 1/4
is used as with the original teeth ratio mjss/my1s6 =~ 0.75
the DDS output frequency would be above the DDS Nyquist
frequency. A second DDS (DDS?2 in figure 2) or a prescaler
is used to scale fb,1542 accordingly. We use Analog Devices
AD9912 DDSs, which have a 14-bit digital-to-analog con-
verter and 4 pHz resolution. We verified that the DDSs do not
introduce cycles slips as long as the SNR on the beatnotes and
on fpis >33 dB in a I00kHz RBW.

The electronic scheme has been designed to be easily
adapted to any value of the beatnotes with minor changes.
Several local oscillators (LOs) are used to match the band-
pass filters and have been omitted in equation (1) for the sake
of clarity. The red elements in figure 2 indicate the only comp-
onents that need to be adjusted when using different lasers,

i.e. the frequency of the LOs and the band-pass filters at the
output of the DDSs.

3. Characterization

To fully characterize the spectral transfer and the inter-branch
noise, we performed the following measurements: first, we
characterized the noise between the 1.56 pm-branch, the

f — 2f-branch and the 578 nm-branch. Then, we compared the

1542 nm slave laser, phase-locked to the 1156 nm master laser,
to the second harmonic of the latter at 578 nm. Measurements
were conducted using a digital phasemeter with 1 MHz band-
width and an eight-channel, dead-time free synchronous fre-
quency counter in the averaging configuration with 1 s gate
time. The two measurement approaches are complementary:
the former allowed computation of phase noise spectra, suited
to inspect fundamental noise processes at high Fourier fre-
quencies. The latter has been used to calculate the frequency
instability in terms of Allan deviation, that better quantifies
the long-term behavior of the system. Thanks to the leverage
between RF and optical domain, the counter resolution did not
limit the measurement at the 2 x 10720 level.

3.1 f — 2f and 1.56um branches noise

We detected the beatnotes between the same laser at 1542nm
and the comb in the f — 2f and 1.56 pm branches and analyzed
the frequency noise of their difference. Figure 3 (green curve)
shows the corresponding power spectral density, that quanti-
fies the residual frequency noise between the two branches.
The residual instability is shown in terms of overlapping Allan
deviation by the green curve in figure 4, which is in agreement
with the observed spectrum, considering that the equivalent
measurement bandwidth of the counter is 0.5 Hz.

We note that the f — 2f branch includes an EDFA and a
HNLF to achieve the octave-spanning broadening, while the
1.56 um branch does not include additional components.
Therefore, the reported curves represent the noise of EDFA,
HNFL and other uncommon fibers.

3.2. f — 2f and 578 nm branches noise

We measured the frequency ratio between the 1156 nm master
laser beaten to the f — 2f-branch and its 578 nm second har-
monic beaten to the 578 nm-branch (f; 573). We calculated the
virtual beatnote between the two lasers by post-processing the
simultaneous counting of fo, fo.1156 and f s7s.

For a better inspection of high-frequency noise we also
generate this beatnote physically by implementing the transfer
oscillator scheme shown in figure 5. Note that if the comb
branch used for the beatnote detection is generated from a fre-
quency-doubling process, as in the case of the 578 nm-branch,
the second harmonic of f is used to produce the fj-free beat-
note instead of the fundamental tone. This is achieved by
adding a multiplier after fy (‘2% box in figure 5). Therefore,
the fo-free beatnote in this case is fb‘57g = fo578 + 2/f0-
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O

;
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ULE
- o cavity
PD
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Figure 1. Optical comb and laser beatnote detection setup. The comb main output at 1.56 pwm is split into three branches. EDFA: erbium-
doped fiber amplifier, HNLF: highly non-linear fiber, PPLN: periodically poled lithium niobate crystal, PD: photodiode. f; 1542, fo.1156.
fo,573: beatnotes between the 1542nm, 1156 nm, 578 nm radiations and the comb. Blue lines: uncompensated fibers, green lines: phase-

stabilized fibers, red and yellow lines: free-space paths.

LO1
/310MIIZ \ .:‘ ’:‘

X Y4
X mi1s42/m1156

/ 59MHz \

Master laser -
1156 nm -
Yb clock laser I
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120MHz fb,1542 120MHz [}

300kHz\

AHJMIIZ\

%

LO
/328MHz\ / 82MHz \
=10
A
/24OMHZ \
in-loop
> /101MHZ\ beatnote
fin

Figure 2. Experimental setup developed for phase-locking the 1542 nm slave laser to the 1156 nm master laser using the transfer oscillator
technique. Red: adjustable components of the system. DDS: direct digital synthesizer; ®: mixer; LO: local oscillator, PID: proportional-

integral-derivative controller.

Figures 3 and 4 show the corresponding frequency noise
and instability (yellow curves). In these measurements, both
comb outputs are directly combined with the laser light
through free-space paths. This configuration leads to a long-
term instability dominated by a white frequency noise pro-
cess for 7 > 10 s in agreement with the observed spectrum,

and achieves an ultimate level of 3 x 10~ at 10000 s. No
offset was observed at this level. This puts an upper limit to
the frequency instability of conversion between fundamental
and second harmonic radiation at 578 nm in our crystal and
phase-stabilized fiber links that bring the 1156nm and the
578 nm light to the comb. We also note that a flicker frequency
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Figure 3. Frequency noise spectrum of the comparison between the f — 2f and 578 nm branches via spectral purity transfer at 1542nm
laser (blue), of the in-loop beatnote fi, between the 1542 nm laser and the 1156 nm laser (red), of the 578 nm-branch with respect to the
to the f — 2f-branch (yellow), of the 1.56 pm branch with respect to the f — 2f-branch (green). All the spectra are reported in the 1542 nm

spectral window.
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Figure 4. Fractional stability measurements in terms of Allan deviation (Adev). Green: f — 2f and 1.56 pm branches noise measured
by beating the same 1542 nm laser on the two branches. Blue: f — 2f and 578 nm branches noise via spectral purity transfer at 1542 nm.

Yellow: frequency ratio measurement vs7g /v 56.
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Figure 5. Experimental setup developed for the measurement of the virtual beatnote between the 1156 nm master laser and its 578 nm
second harmonic. Red: adjustable components of the system. DDS: direct digital synthesizer; @: mixer; LO: local oscillator. The brackets
indicate the characterization of the spectral puirty transfer by analyzing the virtual beatnote between the 1542 nm slave laser and the 578 nm

second harmonic of the master laser.

instability at the level of 5 x 107!8 was observed when the
f — 2f comb output traveled over a 1 m uncompensated PM
fiber. For that reason, we replaced uncompensated fiber paths
with free-space paths in our comb wherever possible.

3.3. f — 2f and 578 nm branches via spectral purity transfer
at 1542 nm

We measured the virtual beatnote between the 578 nm and the
1542 nm lasers when the latter was phase-locked to the 1156 nm
laser. The implementation scheme is shown in figure 5 (see
labels in brackets). Figures 3 and 4 show the corresponding
frequency noise and instability (blue curves). The Allan devia-
tion achieves the 5 x 10~!7 level at 1 s, in agreement with the
observed spectrum, and decreases to the ultimate 3 x 10!
level after 10000 s. Noise sources that affect this beatnote
include the residual noise between the f — 2f and the 578 nm
comb branches, the noise of the PLL between the 1542nm
and the 1156 nm laser, the noise of the phase-stabilized fibers
which bring the 1156nm and the 578 nm light to the comb,
and possibly the noise of the second harmonic generation at
578 nm. The noise of the 1.56 wm-branch is rejected as it is
common between the two transfer schemes.

3.4. Comments

From the measurements described in sections 3.1-3.3, we
can quantify the noise of the three branches and the spectral
transfer between our 1156nm and 1542nm lasers. From a
comparison of the spectra in figure 3, it is evident that the
measurements involving the 578 nm-branch have a higher
noise at Fourier frequencies between 10! Hz and 100 Hz.
This behavior can be seen as well from the comparison of
the short term frequency instability of the three measure-
ments. This is attributed to the phase-stabilization circuits
that independently stabilize the fibers paths of the 1156nm

and 578nm lasers to the comb [29]. The performances of
the spectral transfer between the 1156nm and the 1542nm
laser are represented by a combination of the results of the
tests described in sections 3.1 and 3.3. The inter-branch noise
between the 1.56 pm and f — 2f branches, shown by the green
curve in figure 3, quantifies the noise of EDFA, HNLF and
other uncompensated fibers. The noise excess corresponding
to the slope deviation from white frequency noise below 1 Hz
Fourier frequencies is attributed to thermal effects in the labo-
ratory. The blue curve in the figure includes the inter-branch
noise between the 578 nm and f — 2f branches and the noise of
the PLL as well. As it is dominant over the inter-branch comb
throughout the full Fourier spectrum, we can consider it as the
upper limit to the spectral transfer noise. At Fourier frequen-
cies >100 Hz, the noise is limited by the in-band rejection
of the PLL, hence by the locking bandwidth, as can be noted
by comparing the blue curve with respect to the in-loop beat-
note fi, noise (red curve). Further reduction in the high-fre-
quency noise could be gained with higher bandwidth or with
low-noise diode lasers. At lower frequencies, the inter-branch
noise emerges. The measurement sensitivity is here limited
by the fiber-stabilization loops; the lower limit to the noise
is represented by the green curve, i.e. the inter-branch noise
between the 1.56 um and the f — 2f branches. The corre-
sponding fractional frequency instability is 5 x 1077 at 1 s.
We note that a residual sensitivity to the external environment
is still observed around 400 s, which is due to the air condi-
tioning in our laboratory. Even in the worst case, however,
the ultimate stability achieves the level of 3 x 10~ and no
frequency offset has been observed at this level.

4. Discussion and conclusions

We performed the spectral purity transfer between the
1156 nm ultrastable laser used to probe the clock transition
of the '7'Yb optical lattice clock and a 1542 nm diode laser,
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without any pre-stabilization for the latter. We implemented
the transfer oscillator technique using an Er:fiber multibranch
frequency comb. Having available both the master laser light
at 1156 nm and its 578 nm second harmonic, we characterized
the spectral transfer without using a second reference comb.
In this way, we put an upper limit to the transfer instability
at the 5 x 10~17(7/s) ™'/ level with an ultimate uncertainty
of 3 x 107!, limited by the uncorrelated noise between the
comb branches. Our multibranch optical comb is adequate
for the spectral purity transfer of our ultrastable laser sources,
allowing the possibility of Dick-effect-free comparison of our
optical clocks [1, 20]. We highlight that the availability of a
laser which can be measured on independent comb outputs,
directly or by means of a frequency-doubling crystal, allows a
direct measurement of the inter-branch noise. Specifically, it
can be used to characterize the f — 2f branch with respect to
wavelength dedicated modules. In our case, the measurement
of a 1542nm laser on the f — 2f and 1.56 pm branches, and
the frequency doubling of a 1156 nm laser, allowed character-
ization of the uncorrelated noise between the f — 2f, 578 nm
and the 1.56 pm branches. In addition, the possibility of
doubling the master laser’s frequency enabled us to put an
upper limit to the electronics noise included in the spectral
transfer between the 1156nm and 1542nm lasers. Still, we
stress that such a measurement does not directly characterize
the coherence between the comb in the master and slave lasers
spectral regions. An indirect evaluation of the upper limit to
de-coherence of the full comb comes however from the com-
parison between the fundamental and doubled master laser’s
frequency. When non-linear frequency conversion between
the various domains is not available, one should rely on abso-
lute frequency measurements on different combs.

Albeit the performances of single-branch frequency combs
are superior, with a short-term frequency instability at the
3 x 10~ '8]evel [16], our setup presents some practical advan-
tages. It is easier to implement and more immune to cycles-
slips, as the use of dedicated branches ensures higher power
per mode and higher SNR at detection in the relevant spec-
tral regions, and independent paths can be used for beatnote
detection. In addition, as separate amplifiers are used for each
branch, it is easier to tailor the spectrum of the various outputs
in order to optimize each beatnote independently. The real-
ized apparatus will be used to disseminate the frequency of
our Yb optical clock along the Italian optical fiber link, and to
realize the clock laser at 698 nm for our Sr lattice clock under
development.

We believe our characterization is general, since the
f — 2f interferometer allows measurement of a broad range
of frequencies in the 1-2 pm domain. A general scheme for
frequency transfer can thus exploit the f — 2f-branch for detec-
tion of a near-infrared master laser, and a dedicated wave-
length conversion module for reaching the spectral region of
interest for the experiment. Here, we characterized a module
at 578 nm, however the physical components are the same as
for other wavelength-dedicated modules.
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