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We perform low phase noise, efficient serrodyne modu-
lation for optical frequency control and spectral purity
transfer between two ultrastable lasers. After charac-
terizing serrodyne modulation efficiency and its band-
width, we estimate the phase noise induced by the mod-
ulation setup by developing a novel composite self-
heterodyne interferometer. Exploiting serrodyne mod-
ulation, we phase locked a 698 nm ultrastable laser to a
superior ultrastable laser source at 1156 nm by means of
a frequency comb as a transfer oscillator. We show that
this technique is a reliable tool for ultrastable optical
frequency standards.

Introduction. Serrodyne modulation of optical laser beams is
a powerful tool in the design of optical systems to implement
carrier frequency shifts [1]. Its implementation by electro-optical
modulators (EOMs) offers critical advantages over acousto-optic
modulation, enabling wide tuning range (up to several GHz [2])
and fast modulation bandwidth (multi-MHz [3]). It is now
employed in optical phase locked loops for atom interferom-
etry [2, 4, 5], frequency stabilization [3], frequency steering [6],
optical spectrum engineering [7], and for frequency shifting lines
of an optical frequency comb [8]. The possibility of integrating
waveguide EOMs in silicon photonic circuits makes serrodyne
modulation the ideal tool for frequency tuning and stabilization
in chip-scaled optical devices, like fiber-optic gyros [9] or even
future optical clocks [10].

In this letter we report on the implementation of serrodyne
modulation in an optical frequency standard, and its exploita-
tion to perform spectral purity transfer between two ultrastable
optical frequencies. Relying on an optical frequency comb (OFC)
as a transfer oscillator [11, 12], we phase lock a 698 nm ultra-
stable laser [13] to a superior ultrastable laser source at 1156 nm
employed in a 171Yb optical lattice clock [14].

Serrodyne Modulation. The experimental setup of the 698
nm clock laser (SrCL) employing serrodyne modulation is
schematically shown in Fig. 1(a). It consists of a commercial ex-
tended cavity diode laser (ECDL) frequency stabilized to a multi-
wavelength reference cavity designed for the cooling and trap-

ping lasers of a Sr optical clock [13] by means of Pound-Drever-
Hall (PDH) technique acting on the ECDL injection current and
PZT actuator. A fiber-coupled, integrated optical waveguide
Lithium niobate (LiNbO3z) EOM (Jenoptik, PM705) is used both
for generating the 23 MHz PDH sidebands for cavity lock, and
for applying a tunable frequency shift via serrodyne modula-
tion which allows a further degree of stabilization. This fiber
coupled, travelling wave EOM offers high modulation band-
width exceeding the GHz range with a low half-wave voltage
Vi = 5V. The serrodyne shift is achieved by sending a radio
frequency (RF) sawtooth signal at frequency fser to the EOM
[1]. The cavity-stabilized frequency of the laser vy, thus results
shifted by =+ fser, where the sign is opposite to the slope of the
RF sawtooth.

The RF sawtooth signal is passively generated from a low
phase noise signal generator, amplified by a 25 dB amplifier with
800 MHz bandwidth, and sent to a nonlinear transmission line
(NLTL) (Picosecond Pulse Labs, 7100-110). Here electric signals
experience an amplitude-dependent propagation speed, trans-
forming sinusoidal inputs in nearly sawtooth waveforms at the
drive frequency [15]. This approach has already demonstrated
an optical frequency shift larger than 1 GHz with efficiency lev-
els above the 80 % [2, 4]. Our NLTL produces an RF spectrum
with harmonics up to 20 GHz at 24 dBm of input power. The
generated RF spectrum is sent to the input port of the EOM
while the termination port is connected to a —6 dB power com-
biner. One combiner port receives the PDH phase modulation
signal, while the remaining port is terminated with a 50 () re-
sistor. This electrical configuration allows us both impedance
matching and sawtooth signal generation without adding an
expensive GHz-bandwidth RF postamplifier [2].

We first characterize the serrodyne modulation as a frequency
shifter in our optical frequency standard apparatus. The optical
spectrum generated by the serrodyne modulation is measured
from a low finesse Fabry-Perot cavity transmission as a function
of the ramp imparted on the laser PZT actuator, as depicted
in Fig.2(a). The red trace reports the transmission signal with
active serrodyne modulation at fser = 235 MHz while the blue
trace shows cavity transmission signal without modulation. For
each modulation frequency fser we measure the efficiency 7,
defined as the ratio between transmission peak at serrodyne fre-
quency divided by the transmission peak of the carrier without
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Fig. 1. Overall experimental apparatus for the spectral purity
transfer.(a) StCL, OFC room and YbCL (b) RN heterodyne
interferometer used to measure the serrodyne induced phase
noise. PC: power combiner.

modulation, and the spurious fraction 7, defined as the ratio
between the main peak of the unwanted components generated
from the modulation divided by the carrier without modulation.
The complete characterization of 7 and vy as a function of the
modulation frequency are reported in Fig.2(b). We observe a
jagged efficiency spectrum resembling those obtained with other
NLTLs [2, 4], with maximum values around 7 ~ 70 % while
v ~ —15dB. Each peak in the efficiency spectrum shows a
FWHM of the order of 40 MHz. For each modulation frequency,
1 is slightly optimized by tuning the sawthoot RF input power
around the NLTL working value of 24dBm. We achieved a
tunability of 700 MHz, limited by the RF amplifier bandwidth
employed before the NLTL input. Comparing this result with
other serrodyne modulation setups, efficiencies 17 > 96 % and
¥ ~ —41dB were recently demonstrated [16], but employing
an arbitrary waveform generator for the high fidelity sawtooth
generation. An alternative all photonic setup performing single
sideband modulation reported in [17, 18] shows a promising
lower value of v ~ —30dB , but with 7 still lower than 20 %.
Large and tunable frequency shift can be also generated by side-
band offset PDH technique [19], although both optical efficiency
and the spurious fraction are bounded by the first kind Bessel
function to 34 %.

We also experimentally evaluated the phase noise contribu-
tion of the serrodyne modulation to the overall optical system.
Previous works estimated waveguide EOM phase noise and its
dependence on the pyroelectric and photorefractive effects [20],
which may vary for each individual waveguide. For this pur-
pose, we designed a composite self-heterodyne interferometer
based on an AOM operating in the Raman-Nath (RN) regime,
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Fig. 2. Optical characterization of the serrodyne modulation.
(a) Optical spectrum from the transmission signal of the Sr
cavity with (red line) and without (blue line) the serrodyne
modulation. (b) Shifting efficiency (red circles) and spurious
harmonic fraction (blue squares) as a function of the serrodyne
modulation frequency. (c) Phase noise measured with RN
heterodyne scheme.

as reported in Fig. 1(b). It consists of two Mach-Zehnder inter-
ferometers (MZIs) generated by a beam impinging on the AOM,
where the common reference arm is the unshifted AOM’s Oth
diffraction order, while the 1 and -1 diffraction orders yield two
separate MZIs’ beatnote frequencies. The '—1" MZI comprises
the fiber EOM with serrodyne modulation, hence generates two
beatnote frequencies corresponding to the shifted optical car-
rier (f») and the remaining unshifted fraction (f). The latter is
affected by optical path length fluctuations without containing
the serrodyne shifted sideband, thus is employed to actively
stabilize common-path external phase perturbations. In this way
the phase noise measured on the f, signal should be due the
serrodyne shifter. The "4-1” MZI beatnote signal (fp) is then per-
turbed by the phase noise compensation of the "—1" arm and by
the AOM phase noise. However, mixing fy and f, beatnotes, it is
possible to obtain an RF signal f;, that cancels the anticorrelated
AOM phase noise contribution.

The phase noise spectra of the beatnote signals generated
within the RN heterodyne interferometer are measured by a
phasemeter (Microsemi, 5125A) and reported in Fig. 2(c). The
measured phase noise on the f, signal (red trace) for Fourier
frequencies lower than the servo-bump at about 2 kHz is limited
by the residual noise of the 235 MHz serrodyne oscillator. It
sets an upper limit on the possible serrodyne phase noise which
is below the one set in Ref. [20] for frequencies higher than 10
Hz. For Fourier frequencies higher than 2 kHz we can use the
fm phase noise spectrum (dashed red) as an upper limit. As
shown in figure, the noise between 2 and 40 kHz is limited by
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Fig. 3. Time domain analysis of the spectral purity transfer
(SPT) (a) Beatnote traces before and after SPT activation at t =
2500s. (b) VB Overlapped Allan deviation (OADEV) with
(red) and without (blue) serrodyne shift. (¢) OADEV of the VB
with phase lock activated.

the residual environmental phase noise (see the unlocked f;
spectrum, blue trace), while above 40 kHz the mixed beatnote
fm shows lower phase noise than the beatnotes fy and f, which
coincides with the uncompensated noise of the 80 MHz AOM
driver. This common noise cancellation is a demonstration of
the common-noise rejection effectiveness of the RN heterodyne
interferometer. An estimate of the phase jitter due to serrodyne
modulation can be done by integrating the spectral densities of
f2 and fy, in their respective range of interest

fa .S 1/2
s | [Lspar+ [Tspar]

where 7 is the integration time and f, = 2 kHz. For typical inter-
rogation times in optical clocks, i.e. T = 1s, the r.m.s. phase jitter
is lower than 3 x 1073 rad, more than an order of magnitude
lower than the reported integrated phase noise in silicon optical
cavities [21].

Spectral purity transfer. Acting on the serrodyne frequency
fser it is possible to further correct the laser frequency v once
it is locked to the cavity. In fact, any modulation of fse is de-
tected by the PDH loop as a disturbance and fed back to the
laser frequency control, in analogy to similar clock laser employ-
ing an AOM in front of the reference cavity [12]. Hence, we
exploit our serrodyne modulated EOM as an actuator for spec-
tral purity transfer between our SrCL laser and an ultrastable
clock laser (YbCL) at 1156 nm. Figure 1(a) shows the schematic
setup to perform the spectral purity transfer between the two
lasers. The two ultrastable radiations are delivered to an Er:fiber
multi branch OFC (Menlo, FC1500-250-WG) by means of phase-
noise compensated fiber links [22]. The OFC repetition rate
and the carrier-envelope offset frequency are stabilized to the
10 MHz provided by the H-maser having a fractional instability
of Uf ~ 1 x 10713 at 1s. The reference optical oscillator has

a short-term flicker instability of U;{b ~1x10715 at0.1s, and
is steered via an AOM either to the clock transition frequency

3 —— VB w/o Ser.
10 —— VB w. Ser.

—— in-loop VB

YbCL (est.)
10t —=- SPT noise

107!

1073

1075

Phase Noise Sy(f) (rad?/Hz)

1077

101! 100 10! 102 103 104
Frequency (Hz)

Fig. 4. VB phase noise measurements. Free-running SrCL
with (red) and without (blue) serrodyne shift are compared to
the expected noise of YbCL (dashed orange) and by transfer
oscillator and VB electronics (purple) [23]. The green curve is
the in-loop noise spectrum once SrCL is phase locked to YbCL.

of Yb atoms, during clock operation, or to the H-maser, using
the OFC. Figure 3(a) reports the time sequence of the optical
beatnotes between the OFC with and the SrCL (purple trace)
and YbCL (orange trance) as recorded by a frequency counter.

A virtual beatnote (VB) between the SrCL laser and the ref-
erence laser is electronically generated from the two optical
beatnotes with the OFC. The VB signal generation scheme fol-
lows a previous set-up that cancels the OFC noise, here used as
a transfer oscillator [23], as clearly shown in Fig. 3(a) (red trace).
Provided that all the involved beatnotes in the generation of VB
have at least a signal-to-noise ratio (SNR) > 30 dB on a 100 kHz
resolution bandwidth, the probability of cycle slips is less than 1
every hour [24]. Because of the expected lower YbCL frequency
instability, the VB signal can thus be used to monitor the insta-
bility of SrCL laser. Figure 3(b) reports the Allan deviation of
the SrCL laser measured by frequency counting the VB. The
blue points represent the SrCL frequency instability without the
serrodyne modulation, while the red points are recorded with
the serrodyne modulation activated at fser = 235 MHz. Con-
sistently with the RN heterodyne phase noise measurements,
the serrodyne modulation did not degrade the instability of the
SrCL. Both curves shows a flicker instability LTELr =24(1)Hz at
1s, or 5.6(2) x 10712 in relative units.

Spectral purity transfer to the SrCL laser is performed by
feeding back the phase deviations as measured by the VB signal
to the serrodyne shifter. In particular, the VB signal is converted
from the RF domain to baseband by mixing to a low-noise RF
oscillator. The resulting error signal is then fed to the frequency
modulation input of the serrodyne signal generator through a
10 MHz low pass filter and an homemade analog Proportional-
Integral (PI) controller. Once the SrCL is locked to the YbCL,
the VB fluctuations are suppressed, as shown in the green trace
of Fig.3(a). Figure 3(c) reports the VB Allan deviation once
the SrCL is locked to YbCL. The data is fitted with a function
o(t) = opt™, giving 09 = 1.75(3) mHz and m = —0.98(2),
meaning that the in-loop instability is consistent with a white
noise-limited behaviour, typical of phase-locked loops.

The spectral properties of the VB signal with and without
the spectral purity transfer lock, as well as the effect of serro-
dyne modulation, are measured by a phasemeter. The resulting



phase noise spectral densities are reported in Fig. 4. Phase noise
measurement with and without serrodyne modulation show no
significant increase of phase noise in the bandwidth of inter-
est. The VB in-loop signal provides a lower limit to the phase
noise added by the spectral purity transfer. It reaches a white
phase noise level of —80 dBrad? /Hz in a frequency bandwidth
of 10Hz - 1MHz and crosses the YbCL phase noise curve at
about 1kHz, adding noise in a frequency range that is not rele-
vant to Rabi-Ramsey optical clock interrogation protocols [25].
The noise induced by the transfer oscillator and the RF chain
yielding the VB signal setup was previously estimated as white
frequency noise with 5 x 10717 instability at 1s in a multibranch
comb configuration [23] (purple dashed line). It lays below
the YbCL phase noise, thus not affecting the resulting SrCL
phase noise spectrum. Preliminary tests of clock spectroscopy
on 8Sr OLC [26] show an improvement of coherence time and
interleaved stability of about a factor 2 with respect to previous
results [13].

Conclusions. In conclusion, we have described an efficient,
broadband optical frequency shifter based on serrodyne mod-
ulation of a waveguide EOM in a cavity-stabilized ultrastable
optical frequency standard. We have imparted optical shifts
between 50 and 750 MHz with peak efficiencies exceeding 60%
and low spurious harmonic generation thanks to a previously
untested NLTL model. We assessed the phase jitter added by
the serrodyne modulation setup to be lower than 3 x 103 rad
after 1s integration time by composite RN heterodyne interfer-
ometry, which is more than one order of magnitude lower than
state-of-the-art optical oscillators. Because of its implementation
in a fiber coupled EOM, serrodyne frequency shifting is also
robust against optical misalignment and can be operated in the
same setup to address isotopic clock transitions such as in Sr [27]
or Yb [28, 29] by simply tuning the modulation frequency fser.
Moreover, we envisage the application of this simple setup in
silicon photonic platforms [18, 30], where EOM is at the basis
for optical beam modulation.

Such implementation of serrodyne modulation is perfectly
suitable for spectral purity transfer between two optical fre-
quencies. We have shown its feasibility by achieving low-noise
optical phase lock of a 698 nm laser to a 1156 nm laser through
a OFC transfer oscillator. Finally, this work demonstrates that
the spectral purity transfer joined with the serrodyne modula-
tion offers a compact and robust solution for the generation of
highly tunable and low noise optical frequency providing a new
powerful tool for the atomic-molecular-optical community.
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