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Many precision laser applications require active frequency stabilization. However, such stabilization
loops operate by pushing noise to frequencies outside their bandwidth, leading to large “servo bumps”
that can have deleterious effects for certain applications. The prevailing approach to filtering this noise
is to pass the laser through a high-finesse optical cavity, which places constraints on the system design.
Here, we propose and demonstrate a different approach where a frequency error signal is derived from a
beat note between the laser and the light that passes through the reference cavity. The phase noise derived
from this beat note is fed forward to an electro-optic modulator after the laser, carefully accounting for
relative delay, for real-time frequency correction. With a hertz-line-width laser, we show 2> 20 dB noise
suppression at the peak of the servo bump (approximately 250 kHz) and a noise-suppression bandwidth
of approximately 5 MHz—well beyond the servo bump. By simulating the Rabi dynamics of a two-
level atom with our measured data, we demonstrate substantial improvements to the pulse fidelity over a
wide range of Rabi frequencies. Our approach offers a simple and versatile method for obtaining a clean
spectrum of a narrow-line-width laser, as required in many emerging applications of cold atoms, and is

readily compatible with commercial systems that may even include wavelength conversion.
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I. INTRODUCTION

The use of cold-atom systems in burgeoning quan-
tum science applications is pushing the limits of laser
engineering. Many applications now require long-term fre-
quency stability (subhertz) but are also sensitive to the fast
frequency noise (approximately megahertz). Nowhere is
this more apparent than in the use of long-lived optical
metastable states, which, in addition to their rich history in
optical atomic clocks [1], are gaining prominence in quan-
tum computing [2—12], quantum simulation [13—15], and
quantum networking [16—20]. Additionally, programmable
entanglement in atomic clocks [4,21,22] for quantum-
enhanced precision [23—27] merges the requirements of
optical metrology with quantum computing and network-
ing. Atom-laser coherence at the second scale is required
to fully leverage such metastable states, yet short-term
stability is crucial for, e.g., gate operations and short-
term stability of optical atomic clocks limited by Dick
noise [28]. Moreover, the recent progress with the use of
Rydberg states [29] for programmable entanglement of
neutral atoms [3,4,30-33] enables protocols with similar
requirements, albeit with shorter time scales.

In recent years, it has become clear that laser noise at the
qubit drive frequency is particularly deleterious [30,34,35].
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For stabilized lasers, broad noise peaks that normally range
from approximately +0.1 to 1 MHz, referred to as “servo
bumps,” are inevitable due to the finite loop bandwidth.
Therefore, the need for stabilized lasers with spectral filters
to remove this high-frequency noise has become ubiq-
uitous, with the pervasive approach based on using an
optical cavity as a spectral filter [30,36]—typically the
same cavity to which the laser is stabilized. However, addi-
tional gain stages such as injection-locked diode lasers
and tapered amplifiers are required when using the light
transmitted through the cavity, since the transmitted power
Py~ 10 uW is limited in practice by the power build-up
F/2m x Py, where F is the cavity finesse. This limita-
tion is particularly problematic in the “ultrahigh”-finesse
(F 2 100000) range that is required for “clock” lasers
with fractional stability of < 107! at 1 s [1], where the
transmitted power may not even be high enough to injec-
tion lock a diode laser. Moreover, the cavity-transmission
technique is challenging for laser systems—particularly
commercial systems—that involve frequency conversion
such as second-harmonic generation, which is common for
neutral ytterbium, mercury, and cadmium; ionic aluminum,
beryllium, and magnesium; and Rydberg transitions of
essentially every species.

Here, we demonstrate an alternative approach to spectral
filtering of servo bumps based on active noise cancella-
tion via a feedforward technique. By using the cavity-
transmitted light to generate a beat note with the laser
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FIG. 1. An overview of the scheme and the main results. (a)

An external-cavity diode laser (ECDL) is locked to a high-finesse
optical cavity, which produces “servo bumps” on its spectrum.
The light transmitted through the cavity serves as a spectral filter
to remove these bumps and the real-time frequency and/or phase
deviation of the laser with respect to the cavity-transmitted ref-
erence is obtained via a beat note between the two. This signal is
then fed forward to an electro-optic modulator (EOM), possibly
with an optical-fiber delay line added onto the light, to cancel the
frequency deviations. For an ideal cavity with infinitesimal line
width, the frequency noise of the laser can be denoted as Av and
the single-frequency laser after the cavity is denoted as vy. (b)
Laser spectra with (red and blue) and without (yellow) the feed-
forward (FF) applied to the laser. The blue (red) data show the
case where a 30-m fiber delay line is used (not used) prior to the
EOM. The black data show the background noise level, where
a fictitious data point at 200 MHz and approximately 35 dBuV
due to rf leakage is removed. The inset shows the same data over
a wider frequency range. The resolution bandwidth is 100 Hz for
all the measurements in this plot. (¢) Simulations of driven two-
level atoms under the three laser noise cases from (b) using a
Rabi frequency of Q@ = 27 x 200 kHz, which is near the peak of
the servo bump.

[37,38], the frequency deviation of the laser from the
cavity-filtered reference can be corrected in real time with
an active optical device such as an electro-optic modulator
(EOM) [39,40] [see Fig. 1(a)]. With optimal signal-delay
compensation using an optical fiber, we demonstrate that
this technique can suppress noise up to f,c &~ 5 MHz (nc
means noise canceling) by at least 3 dB below that of the
original laser and that the peak of the servo bump (f, ~
250 kHz) is suppressed by approximately 22 dB. Noise
above f;. is not adversely affected and remains at the level
of the original laser and f; is limited only by the electronic
circuitry. Without including an optical fiber, f,c ~ 1 MHz
and the servo-bump peak is suppressed by approximately
15 dB [see Fig. 1(b)]. Moreover, we demonstrate that this
technique does not come at the expense of long-term sta-
bility, even in the case with a fiber delay line, by showing a
Fourier-limited width of < 20 mHz for the coherent peak
of the beat note. Finally, we simulate the dynamics of a

two-level system under a time-dependent drive based on
our data, showing an enormous improvement [Fig. 1(c)
shows Rabi frequency 2 ~ f, ]. Our approach is simple and
versatile, provides noise suppression out to high enough
bandwidths to be relevant for Rydberg excitation, and can
readily be applied to complex and commercial laser sys-
tems that involve both high-finesse cavities and frequency
conversion.

II. OVERVIEW OF THE TECHNIQUE

Feedforward techniques have been employed to remove
laser phase noise for decades, beginning with low-speed
fiber-noise cancellation [41], which is still widely used
today. More recently, phase-noise feedforward has been
extended to higher bandwidth via a self-heterodyne laser
phase-noise measurement [40,42,43]. However, this tech-
nique suffers from the thermal fluctuation of the fiber
delay line, limiting the long-term stability. Meanwhile,
researchers working in the microwave-frequency domain
have developed a feedforward method by comparing the
real-time phase of a noisy oscillator with a clean reference
[44]. Similarly, cavity transmission can be used as a phase-
noise reference [38] for real-time feedforward to a noisy
external-cavity diode laser (ECDL). Our work combines
aspects of both the optical and rf approaches to phase-noise
cancellation.

We provide a more detailed description of the technique
and the circuitry in Fig. 2; additional information can be
found in Appendix A We send the light from the ECDL
through an acousto-optic modulator (AOM) and interfere
half of it with half of the light collected after the cav-
ity on a 50:50 beam splitter (BS), generating a beat note
at 200 MHz that is measured with a photodiode (PD1 in
Fig. 2). Note that the amplitude of this beat note scales as
the product of the electric field of both sources, so even
a small cavity-transmitted power provides sufficient signal
(we use approximately 4 uW for beating with an approx-
imately 40 uW laser from the ECDL in the experiment).
The cavity-transmitted power can be further reduced by
scaling up the ECDL laser power by the same factor.

The other half of each source is used to perform the feed-
forward for noise cancellation and to measure the result.
The laser light after the AOM is sent through an optical-
fiber delay line and then into an EOM. We use a free-space
EOM rather than a waveguide EOM because it can han-
dle substantially higher optical power and it has lower
residual-amplitude modulation (see below). The output is
interfered with the cavity-transmitted light on a BS and
both ports are monitored with a PD (PD2 and PD3 in
Fig. 2).

The signal from PD1 is converted to a time-dependent
phase deviation, which is amplified and sent to the EOM
with proper polarity. The phase-locked-loop- (PLL) based
phase-detection circuit has a working frequency range
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FIG. 2. A detailed schematic. The clock ECDL is locked
to a high-finesse cavity via the standard Pound-Drever-Hall
(PDH) technique (not shown). The ECDL light and the cavity-
transmitted light are used in two places for our measurements,
so each is split with a 50:50 beam splitter (BS). An acousto-optic
modulator (AOM) is used to create a 200-MHz beat note between
the ECDL and the cavity-transmitted light on photodiode PD1 by
interfering them on a BS. This signal is used to cancel frequency
deviations from the cavity-transmitted reference through the use
of the feedforward phase-correction circuit shown in the teal box.
After the AOM, the laser light is sent through an optical-fiber
delay line before going to an electro-optic modulator (EOM).
The phase signal from the circuit in the teal box is applied to the
EOM. Then, this light is interfered with the cavity-transmitted
light on a BS and monitored on two PDs. PD2 is used for mea-
surements and represents what would be sent to the atoms. PD3
is used to measure slow fiber-induced frequency drifts, which
are then corrected with the fiber-noise-cancellation circuit (green
box). This feedback system corrects the frequency applied to the
AOM to compensate these slow drifts. The feedback and feedfor-
ward work together to maintain the highly coherent peak of the
cavity-stabilized laser while simultaneously removing fast noise
from the servo bumps.

from approximately 200 Hz to 4.8 MHz (see Appendix A).
The wide-band amplifier that drives the EOM has a band-
width exceeding 15 MHz. The circuitry, from PD1 to the
EOM, introduces a delay of 7, & 140 ns (see Appendix A),
so we add an optical delay 7, using an optical fiber. As dis-
cussed below, we identify L = 30 m as the optimal fiber
length such that 7, &~ t,. Besides the delay, the gain of
the wide-band amplifier is also critical. The coarse adjust-
ment of the gain of the amplifier is achieved by estimating
the sensitivity of the phase discriminator and 7, of the
EOM. For fine adjustment, we tune the gain of the ampli-
fier by examining the amplitude of the coherent peak (see
Appendix B).

The addition of the fiber delay helps to optimally can-
cel high-frequency noise but it is well known that thermal
and acoustic fluctuations introduce low-frequency noise to
optical signals passing through fibers, which can be can-
celed with active feedback [41]. We use PD3 to monitor

this slow noise by mixing the 200-MHz signal with a
radio-frequency (rf) source of the same frequency, thereby
creating a dc signal that is used in a proportional-integral-
differential (PID) servo loop with the frequency-tunable rf
source that drives the AOM. Therefore, the frequency of
the laser is actively adjusted to compensate for the slow
fiber-induced drifts. Due to this fiber-noise cancellation,
the rf frequency of the AOM varies slowly with time.
Accordingly, the beat signal on PD1 will not only have
the high-frequency servo bumps from the ECDL but also
the slowly varying phase noise from the AOM. Since the
feedforward circuit will only respond to phase noise higher
than 200 Hz (for a detailed description, see Appendix A),
the slow fiber-noise cancellation does not adversely affect
the function of the feedforward circuit. In this way, we can
preserve the long-term stability of the laser obtained by
locking it (via feedback) to the high-finesse cavity while
simultaneously removing high-frequency servo-induced
noise via feedforward.

Our specific implementation of the fiber-noise cancella-
tion can only be applied when the fiber is spooled such that
the output is proximal to the input and other optical paths.
In the case where a fiber is used to span some distance,
more standard implementations of fiber-noise cancellation
can be employed using the reflection from the fiber output
to generate an interferometer [41].

Finally, we emphasize that this feedforward technique,
by construction, cannot filter noise better than the cav-
ity does—although it comes close over a wide bandwidth
that covers most of the laser phase noise. Specifically,
the cavity used in this work has a modest finesse (see
Appendix E), so the results discussed below for the feed-
forward data with the L = 30 m delay length probably
exceed the quality of the cavity-transmitted spectrum. That
is, we assume that the cavity-transmitted signal has no
noise. However, our approach is intended for ultrahigh-
finesse cavity systems for which the cavity-transmitted
noise becomes negligible.

II1. RESULTS

To quantify our results, we compare at each frequency
the spectral density of the feedforward signal Z,,(f') to
the case without engaging the feedforward Z,,,(f) (a
detailed calculation can be found in Appendix C). That
is, Z(f') = Z,,)(f ) — Zwo(f ). Hence, Z < 0 in the spec-
tral region where the feedforward reduces the noise and
7 > 0 in regimes where the feedforward increases the
noise. The bandwidth in which the feedforward reduces the
noise depends on the relative delay between the optical and
electrical signals. Figure 3(a) shows Z(f) for the case of
L =0, 15, and 30 m, corresponding to 7, &~ 0, 70, and 140
ns, respectively. While all three cases show Z < 0 below
approximately 1 MHz, the L = 0 and L = 15 m cases have
7Z > 0 beyond this frequency before approaching zero. In
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The results. (a) Noise-difference spectra Z(f') between the case without feedforward engaged and cases with it engaged

versus the frequency for several optical-fiber delay lengths L: red, 0 m; purple, 15 m; blue, 30 m. Negative values show reduced noise
and positive values show increased noise. The points are measured data while the lines are simulations based on the circuit transfer
function (see Appendix A). (b) The integrated noise difference 7 (/') between f = 0 and /'’ for several values of /' € {1,...,9} MHz
versus the optical-fiber delay length L, showing a clear minimum at L = 30 m. (c) The noise spectrum over a narrow range with
L = 30 m, with and without feedforward engaged. The main figure shows the case with a slow feedback loop to the AOM to cancel
fiber noise, giving a Fourier-limited coherent peak. This indicates that our technique maintains the intrinsic laser line width. The
inset shows the case without canceling fiber noise. (d) The laser-intensity noise with and without applying the feedforward, and the
background. We see that the feedforward makes the intensity noise higher due to residual-amplitude modulation from the EOM. We

show below that this effect is negligible.

the case of L = 0, our numerical model based on the cir-
cuit transfer function (see Appendix B) predicts that there
will be a dip below zero near 6 MHz where the relative
phase delay is roughly 27, such that the feedforward can
successfully cancel noise. Our data does not corroborate
this dip, which we believe is because there is limited noise
to cancel at 6 MHz due to the profile of the servo bump
being primarily below 1 MHz. For L = 30 m, our data are
in agreement with our numerical modeling to suggest that
the relative delay is small, offering optimal performance of
the feedforward method. The region where 7 < 0 is max-
imized under this condition and the signal asymptotes to
zero rather than first going positive.

To identify the optimal fiber delay length L, we define
a figure of merit 7 (/) as the integrated noise under Z(f")
from f = 0 up to a chosen bandwidth /' = /. Figure 3(b)
shows 7 (f') for several values of /' € {1,...,9} MHz,
where there are minima at L = 30 m for all values of /.
This is in good agreement with our understanding based
on the transfer function of our system (see Appendix B),

suggesting that there is t, & 140 ns of electronic delay.
For L =30 m, t, = nL/c = 140 ns for optical fiber with
a refractive index of n = 1.44.

As noted above, the fiber delay line can introduce noise
due to acoustic and thermal path-length fluctuations. Thus,
the use of a fiber to compensate electronic delay introduces
low-frequency noise that must be removed with active
feedback. Figure 3(c) shows beat-note spectra similar to
those in Fig. 1(b), except over a much narrower fre-
quency range. We consider the optimal case of L = 30 m.
Figure 3(c, inset) shows the situation without removing the
fiber-induced noise for two cases: where the feedforward
that removes the high-frequency noise (servo bumps) is
and is not engaged. There is no apparent difference on this
scale. Figure 3(c, main figure) shows the same two cases,
where now the fiber-induced noise is removed by feeding
back to the AOM as described above. Here, the spectra are
Fourier limited and there is no apparent broadening due to
the fiber. We see that the peak corresponding to the case
where the feedforward is engaged has a higher amplitude
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than the peak where feedforward is not engaged. This is
due to the noise-cancellation process that actively transfers
the spectral weight of the laser noise back into the coherent
peak. Indeed, the increased amplitude shown here is com-
parable with the spectral weight under the servo bumps.
The laser power is unchanged during the measurement.

Note that this spectrum is not a true measure of the laser
line width since the coherence length is much longer than
the path-length difference in the interferometer arms. We
believe from other data that our laser has 2> 1 Hz line width
(for details about the laser system, see Appendix E).

We also consider the intensity noise of the laser with
and without applying the feedforward. Figure 3(d) shows
the intensity noise of the background as well as the laser
light in both cases. We see that the case with the feed-
forward applied has increased noise within approximately
4 MHz compared to the case without the feedforward
applied. We attribute this to residual-amplitude modulation
(RAM) on the EOM, in which frequency modulation is
partially mapped onto amplitude modulation, typically due
to an imperfect input polarization. This problem is more
prevalent with waveguide EOMs and our findings under-
line our decision to use a free-space EOM. We believe
that improvements to our setup would further reduce the
measured RAM. To quantify the significance of this added
intensity noise, we turn to numerical modeling.

We simulate a driven two-level atomic system under
the present of the measured noise to gauge the effect of
our noise-cancellation system on atomic dynamics (for
details, see Appendix D). First, we consider only fre-
quency noise. We specifically focus on the cases of the
feedforward engaged with L = 0 and L = 30 m and the
feedforward not engaged. Figure 4 shows the 97 pulse
fidelity, which is the fifth maximum of the population-
transfer fraction of the Rabi evolution, versus the Rabi
frequency used in the simulation. We observe that Rabi
frequencies in regions of high noise give particularly poor
fidelity and thus these results are qualitatively similar to the
inverse of the noise spectra shown in Fig. 1(b). Figure 1(c)
shows time traces of these Rabi evolutions for a Rabi fre-
quency of Q = 27 x 200 kHz. Correspondingly, we see in
Fig. 4 that the case without feedforward has poor fidelity
between 0.2 MHz and approximately 1 MHz, which then
asymptotically approaches unity well beyond the servo-
bump bandwidth. The case of feedforward with L = O m is
significantly improved at low frequency but this improve-
ment is lost beyond approximately 1.3 MHz, where the
relative delay time causes the feedforward to degrade the
fidelity. The case of feedforward with L = 30 m has excel-
lent fidelity over the entire frequency range, since noise is
efficiently canceled within the servo-bump bandwidth and
noise is not added outside this bandwidth.

Figure 4 also includes simulations with the measured
intensity noise from Fig. 3(d) (see Appendix D for details)
and we consider both frequency noise and intensity noise

o
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FIG. 4. The simulation of a driven two-level atom. The fidelity
after a 9w -pulse (the fifth maximum of the population-transfer
fraction) of Rabi dynamics with time-dependent drives based
on measured noise spectra (see Appendix D) is shown for the
cases without feedforward (solid yellow) and with feedforward
for L =0 and L = 30 m (solid red and blue). We see that the
L = 30 m case (blue) has excellent fidelity over the entire band-
width. The L =0 m case (red) is improved compared to the
no-feedforward case below approximately 1 MHz but degrades
substantially at higher frequency. The case without feedforward
(solid yellow) returns to high fidelity for frequencies well above
the servo-bump regime. We also consider the case where inten-
sity noise is included (dashed lines). We see that the intensity
noise is negligible compared to the frequency noise.

for the two cases with feedforward applied. In practice,
we believe that the frequency noise may be synchronized
with the intensity noise but the two are uncorrelated in our
simulations. We find that the intensity noise is irrelevant
compared to the frequency noise over the entire range of
Q2 considered. This can be understood by considering the
similarity between the amplitude and the phase modula-
tion for small index. We can express a phase-modulated
signal with the phase variation defined by A¢ — 0 as
sin(wt + A¢) ~ sin(wt) + A¢p x cos(wt), where w is the
carrier frequency and the second term is amplitude modu-
lated by the phase variation A¢. By converting the curves
in Fig. 1(b) into phase noise (see Appendix D), we find that
the phase noise is always higher than -90 dBc/Hz even for
the best configuration (with feedforward and a 30-m fiber
delay). This phase-noise level is still much higher than the
intensity noise in Fig. 3(d).

IV. DISCUSSION AND CONCLUSIONS

We present a simple and versatile alternative to
the cavity-filtration-based approach to removing servo-
induced noise on stabilized lasers. Our technique is based
on measuring the real-time frequency deviation from the
cavity resonance via a beat note between the cavity-
transmitted light and the laser, which is then fed forward
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to an active device. We find that an EOM after a L = 30 m
optical-fiber delay line to compensate the 7, =~ 140 ns
electronic delay provides noise suppression of approxi-
mately 22 dB within the servo bump and can suppress
noise with a bandwidth as high as approximately 5 MHz.
We also show that this technique can be applied with-
out compromising the long-term stability of the laser by
demonstrating a Fourier-limited < 20 mHz line-width beat
note for the coherent peak. This is accomplished by adding
a fiber-noise-cancellation feedback loop and our technique
seamlessly combines the feedforward for high-frequency
noise removal with the feedback for low-frequency noise
removal.

In cases where the laser system includes frequency
doubling or quadrupling from the wavelength referenced
to the optical cavity, the only required change to our
approach—if it is to be applied at the final output—is to
apply a commensurate factor to the frequency modula-
tion applied to the EOM downstream. More generally, any
other transfer function can be added to the electrical cir-
cuit to match a transfer function in the laser system such
as, for instance, sum- or difference-frequency generation
that could be combined with second-harmonic genera-
tion (SHG). Given the large bandwidths of single-pass
nonlinear optics and resonant SHG cavities, we do not
anticipate significant effects on the feedforward bandwidth
even in such complex laser systems. Finally, for UV sys-
tems where it may be impractical to have an optical fiber,
we point out that the fiber delay line could come before
a frequency-doubling stage, for instance. In particular, the
fiber and EOM could be before the doubling stage(s) and
even before an amplification stage with saturable gain,
obviating the already negligible added intensity noise due
to the EOM RAM.

Additionally, we suggest a nonoptical variant of our
feedforward technique specifically for the case of driving
transitions between a ground state and a Rydberg state.
Instead of using the real-time frequency deviation to apply
a correction to the light via the EOM, one could instead
apply the correction to the atomic transition frequency.
In particular, a microwave field detuned from a nearby
opposite-parity Rydberg state could be used to Stark shift
the target Rydberg state [45]. Amplitude modulation of
this microwave field would thereby modulate the optical
frequency of the ground-Rydberg transition. This tech-
nique could, in principle, have higher bandwidth than the
EOM.

In conclusion, we believe that our fast feedforward tech-
nique offers opportunities for state-of-the-art laser engi-
neering and may find application in intensity noise mit-
igation as well. Our approach provides increased access
to ultranarrow lasers with a clean spectrum free of servo
bumps, approaching the true delta-function limit without
the complexity associated with the cavity-filtration tech-
nique—especially for ultrahigh-finesse cavity systems.

Therefore, we believe that our techniques will find appli-
cation in myriad emerging quantum science directions
that rely on optically metastable states and Rydberg
states.
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APPENDIX A: DRIVE CIRCUITRY AND
SIMULATION

The drive circuitry is divided into two parts, the phase-
measurement circuit and the driver for the free-space
EOM.

As described in the main text, the beat signal on PD1
includes both the high-frequency phase noise from the
servo bump and the slowly varying phase noise from the
AOM. The working principle of the phase-measurement
circuit is based on using a low-bandwidth PLL that tracks
the slowly varying phase noise but ignores the high-
frequency phase noise. Since the voltage-controlled oscil-
lator tracks the slowly varying phase noise from the AOM,
only the servo-bump phase noise will appear after the
phase detector.

The real-time phase-measurement circuit is shown in
Fig. 5(a). The phase comparator U2 compares the phase
difference between the input beat signal J1 and the out-
put of the voltage controlled crystal oscillator X1. The
oscillator X1 has very low phase noise and serves as the
reference oscillator for the phase comparison. Thus the
output of U2 is mainly dependent on the phase noise of
the input beat signal. Since the phase comparator only
works for a phase difference ranging from —n to m, the
output of the phase comparator is fed back to X1 via a
slow loop filter formed by U1B. Consequently, the slow
fiber-noise-cancellation servo, the long-term phase drifts,
and the unwanted phase wraps will not affect the mea-
surement of the phase noise. Finally, the wide-band dc
amplifier ULA converts the differential output of U2 to a
single-ended phase-noise voltage signal, which is sent to
the EOM driver circuit.
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setup. (a) The PLL-based phase-detection circuit, which converts

the real-time phase deviation of the input beat signal into voltage. (b) The high-bandwidth and high-voltage wide-band amplifier, which

amplifies the phase-deviation signal to high voltage that matches the

The free-space EOM is preferred in this setup because
of its ability to handle high power and maintain good
polarization stability. However, this type of EOM needs
a relatively high driving voltage compared with a waveg-
uide EOM. A high-speed and high-voltage EOM driver is
required to decrease the electronics delay and increase the
modulation bandwidth. Figure 5(b) shows the schematic
of our homemade EOM driver that meets these require-
ments. The key component is a cathode-ray-tube (CRT)
driver (Philips Semiconductors, TDA6120Q) that, in past
decades, has been used to drive the cathodes of a CRT
in High Definition televisions or monitors. The ampli-
fier is tested up to a peak-to-peak voltage output of 160
V with a slew rate around 10000 V/us. A typical low-
capacitance free-space EOM (Thorlabs, EO-AM-NR-C4)
with smaller than 20 pF can be used since it is compa-
rable to the capacitance of a CRT cathode. However, any

Vz of the free-space EOM.

long-distance coax cable should be avoided due to the high
parasitic capacitance.

The simulation of the phase-calculation circuit is based
on the TINA-TI software [46] and the voltage-controlled
crystal oscillator and the phase detector are replaced
with an integrator that gives the same overall trans-
fer function. The simulation indicates a lower-frequency
response of around 200 Hz and a high-frequency response
up to 4.8 MHz. For the step response, the simulation
gives a bandwidth-limited delay of around 130 ns; this
delay together with the 10 ns propagation delay in the
high-voltage amplifier contributes the overall electronics
delay 7, ~ 140 ns. The circuit simulation matches the
measurement of the noise-canceling factor calculated in
Figure 3(a).

The physical concept underlying our phase-noise can-
cellation is the fact that all the noise that we want to remove
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comes from the feedback system, being the intrinsic laser
phase noise multiplied by the noise gain [1 + A(s)]~! of
the feedback loop, where A(s) is the open-loop gain of
the system. The function [1 + A(s)]~! is also known as the
noise-shaping function, which moves the laser phase noise
at low frequency up to higher frequency [47]. We note that
this noise-shaping picture is valid only for broadband noise
or when the loop bandwidth is significantly smaller than
the bandwidth of the noise. The information of the phase
noise can either be derived from the error signal that mod-
ulates the laser frequency or by interfering the laser output
with the cavity transmission [38].

APPENDIX B: FEEDFORWARD NOISE
CANCELLATION AND THE MODELING

With the knowledge of the phase noise, we use the
feedforward system following a high-finesse cavity-locked
laser to remove the servo bump. Compared with a
feedback-based approach, a feedforward system gives us
more flexibility and advantages for removing the phase
noise. First, in a feedforward system, the control vari-
able is not error based and thus there is no stability issue
that is pervasive for a closed-loop system. Second, the
delay 7, of the phase-noise measurement and frequency-
modulation device can be compensated by introducing the
same amount of delay in the optical path. In a closed-loop
system, the loop bandwidth of a feedback system is always
limited by 1/47, [48].

Considering the finite bandwidth and the delay in
the system, the transfer function of the feedforward
phase-noise canceling system can be written as [49]

e_(fe_fo)s

1+ 5=

27/3 4B

H(s)=1-— , (B1)

where f; 4g 1s the bandwidth of the feedforward system.
The factor e~ (%~ ™) describes the phase delay introduced
by the fixed optical and electronics time delay. When t, =
7., the transfer function H(s) gives a noise attenuation
factor £,45/ (32 +/ ), which is 0.5 when f = f; g5 and
gradually approaches 0 for higher frequency. For a system
with infinite bandwidth, the feedforward can be understood
as a self-heterodyne measurement with the fiber delay
7, replaced by the overall delay of t, — 7, [50,51]. For
more general cases, the noise attenuation is determined
by the Bode magnitude |H(s)| of the transfer function
and the frequency response is given by 20 Log,,[|H (s)|]
(in decibels) [49], where s is the complex frequency. The
frequency response of the transfer function H (s) under dif-
ferent t, — 7, is shown in Fig. 3(a) and the dip in the red
curve can be understood as the laser phase noise around
6 MHz being canceled by the measurement of the same
phase noise around one period (approximately 140 ns)
before.

(a) 200
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FIG. 6. The circuit simulation of the phase-detection circuit.
(a) The Bode plot of the output of the phase-detection circuit
versus the phase-variation signal input. (b) The step response of
the output of the phase-detection circuit.

The transfer function B1 is based on the ideal match
between the phase disturbance and the amplitude of the
feedforward, which is not exactly true for our experiment.
However, for noise suppression up to 20 dB (1% in power),
this only requires that an amplitude error is less than 10%,
which can readily be achieved. In fact, the performance of
the feedforward system is mostly limited by the bandwidth
of the phase-noise measurement and correction, which is
fully described by the transfer function. Thus, this trans-
fer function is a good approximation for our system and
adjustment of the feedforward gain is straightforward and
robust.

Finally, we note that a similar feedforward method is
also employed in phase-noise removal for a microwave-
band oscillator. A subsampling phase detector (SSPD) is
used for measuring the phase noise and feeding it forward
to a variable delay line for canceling the phase noise [44].

APPENDIX C: PHASE-NOISE CALCULATION

For the spectral density of the feedforward signal Z,,/ (f")
and Z,,/,(f ), we normalize the noise spectra by the signal
power at dc, which is the laser power in the coherent peak.
For both Z,,,(f ) and Z,,/,(f"), the dc part of the spectra is
removed after the normalization. As shown in Fig. 3(c),
the feedforward actively transfers the laser noise into the
coherent peak and thus the normalization will introduce
an error to the calculated noise suppression. However, this
difference in power is less than 14% and has no significant
effect on the results shown in Figs. 3(a) and 3(b).
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The phase noise is calculated by the beat signal in
Fig. 1(b), following the standard procedure [52]. From the
normalized spectra Zy,(f ) and Z,,(f ) (in dBc/Hz), we can
also calculate the phase noise:

»Cw/,w/o(f) = z-w/,w/o(f +ﬁ)) - IOLOgIO(R):

where L(f") is the single-sideband (SSB) phase noise, f; is
the frequency of the coherent peak, and f/ > 0. R is the
resolution bandwidth used in the spectra measurement.

For the phase-noise simulation, we need convert this
phase noise from dBc/Hz to rad?/Hz. This relation is as
follows:

(ChH

Sy(f) = [arcsin(10%V)/20)]2, (C2)

where Sy (f') is the single-sided phase noise in rad’/Hz.

APPENDIX D: MODELING A DRIVEN
TWO-LEVEL ATOM

In order to quantitatively evaluate the influence of the
laser phase noise on the atomic state dynamics, we numeri-
cally solve the Schrédinger equation of a two-level system
driven by the time-dependent phase factor ¢ (#) and cou-
pling fluctuation factor €(#). For zero laser detuning, the
Hamiltonian of the system is given by

[+ i,

H(r) = >

y{gl+H.c., (D1)
where Q is the Rabi frequency and ¢(¢) and €(¢) are
the time traces of the laser phase and the field-amplitude
variation, respectively.

From measured noise spectra, we calculate the phase
noise in Appendix C. Using the measured single-sided
phase noise S;(f') (in rad’/Hz) [38], we can calculate
sets of the time trace ¢'(#) for the given laser phase noise
[53,54]:

$'(0) =Y V25, Af cosQnfi + ¢}),
s

(D2)

where ¢>/f- is the random phase offset of frequency f and
phase-noise trace i and Af is the frequency resolution
of S4(f). The phase offset is sampled uniformly, qﬁ; €
[0,27).

By the same method, we can calculate the laser-intensity
noise trace Al'(¢) with the intensity noise spectrum S;(f)
shown in Fig. 3(d). Since the Rabi frequency € ~ /1, €(¢)
is determined by +/[Io + AI/())]/Ip — 1, where I is the
average laser intensity. Considering that the noise is wide
band and small (Al < [), we can use the approximation
Vil + AT0]/Iy — 1 = LA @)/1.

With the calculated time traces ¢'(r) and €'(f), we
numerically simulate the time-dependent Hamiltonians

using the Runge-Kutta method [55]. We average the time
evolution of the state vector over a series of N = 50 tri-
als of the phase-noise trace. The Rabi dynamics and the
corresponding fidelity under different Rabi frequencies are
shown in Figs. 1(c) and 4. We note that the intensity noise
and phase noise are uncorrelated in our simulation, which
is not correct for the experiment. However, we believe that
this discrepancy introduces only a minor effect, since the
intensity noise is significantly smaller than the phase noise.

APPENDIX E: DETAILS OF THE LASER SYSTEM

The laser we use in this experiment is an ECDL from
Toptica Photonics, working at 674 nm for Sr™ ions. The
laser is locked to a high-finesse (F =~ 35000) cavity pro-
vided by Stable Laser Systems using the Pound-Drever-
Hall (PDH) technique and the cavity line width is around
45 kHz. For a state-of-the-art high-finesse cavity with 7 2>
100 000, the laser line width of the cavity is usually smaller
than 10 kHz. For the frequency stability of our system,
the measured Allan deviation is 8 x 10~ for 7 =1 s,
according to the documentation provided by Stable Laser
Systems.

Finally, we note that some PDH locking systems may
involve the sideband locking technique, which gives a
frequency difference between the laser and the cavity-
transmitted light of up to half of the free spectral range of
the cavity. Our method is also suitable for this tunable side-
band technique by frequency down-converting (i.e., using
an rf down converter or frequency divider) the beat signal
to a lower rf frequency. In fact, the ability to easily han-
dle this offset is another advantage of our approach: if the
cavity-transmitted light is used to interrogate atoms, the
frequency offset must be addressed with modulators.
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