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Highly frequency-stable lasers are ubiquitous tools for optical-frequency metrology, precision interfer-
ometry, and quantum information science. While making a universally applicable laser is unrealistic, spectral
noise can be tailored for specific applications. Here we report a high-power 698-nm clock laser with a
maximum output of 4W and minimized frequency noise up to a few kHz Fourier frequency, together with
long-term instability of 3.5 × 10−17 at one to thousands of seconds. The laser-frequency noise is precisely
characterized with atom-based spectral analysis that employs a pulse sequence designed to suppress
sensitivity to intensity noise. This method provides universally applicable tunability of the spectral response
and analysis of quantum sensors over a wide frequency range. With the optimized laser system characterized
by this technique, we achieve an average single-qubit Clifford gate fidelity of up to F2

1 ¼ 0.99964ð3Þ when
simultaneously driving 3000 optical qubits with a homogeneous Rabi frequency ranging from 10 Hz to
1 kHz. This result represents the highest single optical-qubit-gate fidelity for a large number of atoms.
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I. INTRODUCTION

Preparing and manipulating large-scale quantum systems
with high fidelity is critical for many applications using cold
atoms and molecules. To cool, trap, and ultimately control
quantum states of these particles, lasers are employed.
Improving the spectral properties of lasers, thus advancing
the fidelity and robustness of control for these quantum
systems, will open the door for new physics studies [1].
Optical qubits based on high-quality-factor optical

transitions have emerged as excellent platforms for
both quantum metrology and information. Trapped-ion
platforms have achieved the highest single- and two-
qubit-gate fidelities; see, for example, Refs. [2–7]. Neutral-
atom-based qubit arrays, which are more easily scalable,
are approaching competitive fidelities [8–17]. Importantly,
these atomic systems feature excellent coherence times, for
example, exceeding 100 s for clock transition in Sr system
[18,19], thus allowing a deep circuit even with a relatively
“slow” Rabi frequency of a few kHz. The gate fidelities of
optical qubits are directly affected by the spectral properties
of an optical local oscillator that provides the driving field.

This has in part limited optical single-qubit fidelities to
< 0.999 [20,21]. Even for alkali atoms employing hyper-
fine qubit states with energy separation in the radio-
frequency domain, spectral filtering of the Rydberg lasers
used for entangling operations was important for achieving
two-qubit-gate fidelities > 0.95 [22]. Continuing to
improve the fidelity of gate operations will reduce the
number of physical qubits required and the operation time
to correct errors [23,24], paving the way for the imple-
mentation of useful quantum error correction [25,26].
Beyond quantum information, improved lasers expand

the scope of quantum metrology and many-body physics
studies. For optical clocks, improved laser coherence time
directly translates into enhanced clock precision, allowing
for more stringent bounds on fundamental physics tests
[27,28] and a finer resolution for studies of novel clock
systematics [29]. Using high-fidelity entangling operations
to introduce quantum correlations, clock stability can be
further enhanced beyond the standard quantum limit
[14,30,31]. Quantum gases of molecules also benefit from
improved lasers, where stimulated Raman adiabatic state
transfer to the rovibrational ground state is prone to the
limitation imposed by optical phase noise [32,33].
Improved laser-pulse fidelities will also unlock new
opportunities to probe rich light-matter interactions (such
as collective Lamb shift and superradiance or subradiance
phenomena [29,34]), a general XYZ spin model to be
used to produce spin squeezing [35–38], and a new
interface between general relativity and quantum dynamics
[39]. Extending the scope, macroscopic-ensemble-based
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fundamental physics experiments, such as optical-transition-
based atom interferometry [40–42], would directly benefit
from improved pulse fidelity. These examples illustrate the
broader scientific potential of precise and coherent optical
control enabled by improved laser systems.
Realizing high-fidelity quantum state engineering

requires precise control of field-matter interactions. For
the driving field, a sufficiently large amplitude for fast
quantum state rotations (gates) is typically desired to
outpace decoherence effects and reduce sensitivity to laser
noise. Of course, simply performing fast rotations is not
enough to ensure high fidelity; the amplitude and phase
noise of the driving field can significantly limit perfor-
mance [12,43–56]. For drive pulses resonant with qubits,
phase noise near the Rabi frequency is especially harmful
to fidelity. As the Rabi frequency increases, which is often
needed for versatile manipulations of quantum states such
as Floquet engineering [57], it becomes necessary to
suppress the drive-field noise at higher Fourier frequencies
relative to the carrier. Additionally, attention to low-
frequency phase noise is crucial, as it constrains the
long-term stability of the local oscillator and, ultimately,
the maximum coherence time between the drive field and
the qubits.
Achieving superior frequency stability over a large

Fourier spectral range typically requires stabilizing a laser
to a high-finesse reference cavity. Cryogenic silicon
cavities represent the state of the art in stable cavity
technology and a long phase-coherence time of tens of
seconds has been demonstrated [58]. However, even such
high-performance optical cavities can have limitations, for
example, arising from the limited use of optical power
to achieve long-term stability at the cost of relatively
higher shot-noise contributions [59]. Furthermore, a
high-performance cavity is usually optimized for a rela-
tively specific wavelength range. To transfer this stability to
lasers at other wavelengths, an optical-frequency comb is
necessary [60,61]. This transfer process involves phase
locking a tooth of the frequency comb to the cavity-
stabilized continuous-wave laser. The high-frequency
phase noise of the stabilized comb is generally constrained
by a white-phase-noise floor, primarily due to the shot
noise resulting from the limited optical power available for
the individual frequency comb tooth among many neigh-
boring lines [62].
To mitigate high-frequency noise in lasers, various

stabilization techniques have been developed. Typically,
lasers are directly locked to a reference cavity using a fast
feedback loop, which reduces noise within the loop’s
bandwidth. The bandwidth of the feedback loop is ulti-
mately limited by the overall time delay between sensing
and actuation, and an optimized bandwidth of a few MHz
can be achieved for high-performance feedback systems
[63–70]. In case the servo bandwidth is limited, reduction
of high-frequency noise can be achieved with two effective

approaches: using the transmission from a narrow-
linewidth cavity or using a feedforward technique to
cancel noise within a certain frequency band. The former
approach relies on the narrow-linewidth cavity to filter out
phase noise of the transmitted light beyond the cavity
bandwidth [71,72]. An improvement of gate fidelity using
this technique has been demonstrated [22]. However, the
power of light transmitted through such cavities is often
limited to avoid thermal instability and optical damage to
the coatings due to intense intracavity fields.
The feedforward technique offers an alternative

approach to reducing high-frequency noise by acting
directly on detected frequency noise without going through
a feedback loop which may introduce instability at high
bandwidth [73–79]. When electronic delay is limiting the
speed of a servo loop, feedforward control, supplemented
by an optical delay line that matches the electronic delay,
can effectively extend the noise suppression bandwidth.
However, feedforward systems are often more susceptible
to unforeseen disturbances than traditional feedback sys-
tems. The decision on laser-noise reduction should be made
based on the practical requirements of the quantum system
one wishes to control.
In this article, we report the development of an ultra-

stable, high-power laser of multiple watts that achieves the
stability of our state-of-the-art clock laser [80]. This allows
us to demonstrate a high-fidelity quantum state preparation
equivalent to an average single-qubit-gate fidelity of up
to 0.999 64(3) at a Rabi frequency of 0.74 kHz for 3000
atoms. Two stable optical reference cavities, a cryogenic
silicon cavity at 1.5 μm and a room-temperature ultralow-
expansion (ULE) cavity at 0.7 μm, work in tandem to
achieve superior performance in reducing laser noise at
low and high Fourier frequency, respectively. A phase-
stabilized optical-frequency comb provides a low-noise
stability transfer to bridge the spectral gap between the two
cavities. An additional phase-locked loop then transfers the
stability of this spectrally tailored laser to a high-power
local oscillator for fast quantum state manipulations of
atoms. We precisely characterize the laser-frequency noise
using atom-based spectral analysis to report outstanding
fidelity for randomized benchmarking Clifford gates oper-
ating at Rabi frequencies ranging from 10s of Hz to
approximately 1 kHz. Notably, we achieve this high fidelity
nearly uniformly for 3000 atoms confined in the 3D lattice,
confirmed with imaging spectroscopy [81,82].
We proceed in Sec. II with a description of the exper-

imental platform for the quantum system of interest. In
Sec. III, we present a detailed scheme for laser-frequency-
noise stabilization and the corresponding noise model of
the spectrally tailored laser. In Sec. IV, we develop a pulse
sequence with reduced sensitivity to laser-intensity noise
but a localized sensitivity to a narrow frequency-noise band
such that atoms can be turned into a quantum-optical-
spectrum analyzer to perform on-site laser-frequency-noise
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measurements. We experimentally verify its performance
and use it to validate the laser-noise model introduced in
Sec. III. The reduced high-frequency noise of our clock
laser system enables high-fidelity single-qubit operations,
which we quantitatively characterize via randomized
benchmarking in Sec. V.

II. LASER-ATOM EXPERIMENTAL PLATFORM

State-prepared atoms confined in an optical lattice
represent a well-controlled quantum system that can be
used to characterize laser-frequency noise over a broad
spectral range and demonstrate high-fidelity quantum
state engineering. Figure 1(a) presents a schematic of
our experimental setup featuring a three-dimensional opti-
cal lattice clock [83]. A spin-polarized, deeply degenerate
Fermi gas of 87Sr atoms [84] is loaded into the ground
band of a retroreflected 813-nm magic-wavelength optical
lattice [85], which quantizes the motional states of atoms
along all three orthogonal directions. In this work, we
operate at a lattice depth of ðVx; Vy; VzÞ ≈ ð45; 44; 41ÞEr,
where Er ≈ h × 3.5 kHz denotes the recoil energy for
813-nm photons and h the Planck constant. At this depth,
atoms are confined within separate lattice sites, effectively
isolated as two-level systems with negligible tunneling
and superexchange interactions [36]. Under this operating
condition, the atomic coherence time is 7s, limited pri-
marily by Raman scattering of lattice photons [86].
The clock states of the atoms are manipulated by an

intensity- and phase-controlled 698-nm laser, which prop-
agates horizontally to drive the “clock” transition between
the ground state j5s2 1S0 mF ¼ −9=2i (jgi) and the meta-
stable excited state j5s5p 3P0mF ¼ −9=2i (jei) globally.
To achieve a uniform Rabi frequency across the entire
atomic ensemble of approximately 3000 atoms within a
spatial region of approximately 10 × 10 × 10 μm3, we use
a sufficiently large beam 1=e2 radius of 770 μm. With this
beam size, to scale up the clock Rabi frequency to about a
few kHz, we need to increase the optical power incident on
the atoms to > 100 mW. To compensate for beam propa-
gation losses, it is desirable to reach an optical power
>1 W for the stabilized clock laser. We note this power
level is also sufficient to globally address thousands of
atoms in a two-dimensional lattice or tweezer array if using
a top-hat beam rather than a Gaussian beam. However, we
emphasize that for applications requiring large-scale trans-
verse phase coherence, such as one-dimensional optical
lattice clocks and atom interferometers, the wave-front
quality of the top-hat beam should be corrected and
verified. High-intensity in situ absorption imaging imple-
mented along the vertical axis through an objective lens
allows a spatial readout of atomic density distributions with
a resolution of 1.3 μm [81,82]. With the setup described in
this article, we demonstrate driving Rabi oscillations with

FIG. 1. 3D optical lattice clock platform for high-fidelity
quantum state engineering. (a) Illustration of the experimental
setup: A 698-nm clock laser (red beam) drives the clock transition
jg ¼ 1S0i ↔ je ¼ 3P0i in 87Sr atoms (blue spheres) that are
confined in the ground band of a 3D 813-nm magic-wavelength
optical lattice (gray lines). Vertical absorption imaging provides
access to spatial information at a resolution of 1.3 μm. During
clock pulses, the trajectory (purple line) of the atomic state (blue
arrow) on the Bloch sphere is controlled by the laser phase φ
and Rabi frequency Ω, both modulated by an acousto-optic
modulator (AOM). Intensity fluctuations induce variations δΩ in
the Rabi frequency, affecting the pulse area, while laser phase
noise δφ causes errors in the orientation of the rotation axis.
(b) Rabi flopping at Ω ¼ 2π × 10.031ð6Þ Hz (top) and Ω ¼
2π × 741.0ð6Þ Hz (bottom) illustrate the range of Rabi frequen-
cies achievable on the clock transition in our setup. Blue points
are measurements of the excitation fraction pe extracted from
single experiments, and the gray line is a sinusoidal fit including
an exponential decay.
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frequencies ranging from a few hertz to approximately
1 kHz, illustrated in Fig. 1(b) at Rabi frequencies
Ω ¼ 2π × 10.031ð6Þ Hz and Ω ¼ 2π × 741.0ð6Þ Hz.

III. LASER-FREQUENCY-NOISE REDUCTION

For this 3D lattice-based quantum platform, the achiev-
able Rabi frequencies are within the range of a few kHz.
A feedback loop of approximately 1-MHz bandwidth is
sufficiently fast to reduce laser noise to the cavity’s noise
floor within the spectral region of interest. We thus utilize
the Pound-Drever-Hall (PDH) locking technique [87] to
stabilize a 698-nm external-cavity diode laser (ECDL) to a
narrow-linewidth ULE cavity as a reference with low high-
frequency noise. For this laser to benefit from the long-term
stability of a cryogenic silicon cavity, we employ a
specifically designed stability transfer loop that utilizes a
frequency comb to steer the 698-nm laser to the silicon
cavity at 1.5 μm. The resulting laser sent to the atoms is
spectrally tailored such that it inherits the cryogenic silicon
cavity’s long-term stability and the ULE cavity’s low noise
at high frequency, making it suitable for high-fidelity
quantum state engineering.
Figure 2(a) shows the block diagram of the stabilization

scheme, and Fig. 2(b) plots the fractional-frequency-noise
power spectral density (PSD) Sy relative to the carrier. Sy is
related to the frequency-noise power spectral density Sν
by Sy ¼ Sν=ν20, where ν0 is the optical carrier frequency.
A 1542-nm laser is locked to a 21-cm cryogenic silicon
cavity (“Si3 cavity”) operating at 124 K [58]. The stability
of the Si3 cavity has reached its thermal noise floor with
an instability of 3.5 × 10−17 for 1- to over 1000-s inter-
rogation time [80]. This cavity is the origin of the long-
term stability for the clock laser, and its stability is
transferred to 698 nm via a self-referenced femtosecond
Er-fiber frequency comb [orange shaded region in
Fig. 2(a)]. The noise model for the Si3-cavity-stabilized
comb, based on a cross-correlation evaluation against two
other independent lasers (see Appendix A 1), is plotted as
the orange solid line in Fig. 2(b).
To reduce the high-frequency noise of the final spectrally

tailored laser, the 698-nm ECDL is PDH locked to a 40-cm
ULE cavity with a thermal noise floor of 1 × 10−16 [88,89],
stabilized via a high-bandwidth feedback loop [blue shaded
region in Fig. 2(a)]. The 1-MHz bandwidth PDH lock is
capable of reducing the laser’s in-loop frequency noise
down to the detection-noise floor within 50 kHz, as detailed
in Appendix A 2. The model of ULE-cavity-stabilized laser
is plotted as the blue line in Fig. 2(b).
To combine the long-term stability of the Si3 cavity and

short-term stability of the ULE cavity, the ULE-cavity-
stabilized laser is phased locked to the Si3-cavity-stabilized
frequency comb at low frequencies by actuating on an
AOM [shown in the purple-shaded region in Fig. 2(a)]. The
fractional-frequency-noise PSD of the resulting spectrally

tailored laser SSTy is a combination of the ULE-cavity-
stabilized laser noise SULEy and the Si3-cavity-stabilized
comb SSi3þcomb

y as follows:

SSTy ¼
���� 1

1þG

����
2

SULEy þ
���� G
1þ G

����
2

SSi3þcomb
y ; ð1Þ

where G is the complex transfer function for this phase-
locked loop, encompassing the effect of the loop filter and
actuator (see Appendix A 3). Qualitatively, at frequencies
much lower than the unity gain frequency of G, i.e.,
jGj ≫ 1, SSTy mostly follows SSi3þcomb

y . On the other hand,
at frequencies much higher than the unity gain frequency,
i.e., jGj ≪ 1, SSTy will follow SULEy . While the crossover of
the frequency noise of the ULE-cavity-stabilized laser and
silicon-cavity-stabilized comb occurs at approximately
100 Hz, we chose the bandwidth of phase locking the
ULE-cavity-stabilized laser to the silicon-cavity-stabilized
comb to be around 500 Hz. This is due to a trade-off
between laser-noise performance and daily operational
robustness of the system. Our ULE cavity is more suscep-
tible to human-activity-related perturbations. Thus, a higher
lock bandwidth maintains the robustness of the system.
This spectrally tailored laser features optimized spectral

characteristics, but its available power is only about 10 mW.
To increase the available power, a high-power 698-nm fiber
laser based on sum-frequency generation from 1064 nm
and 2030 nm with a maximum output of 4W
(PRECILASER FL-SF-698-4-CW) is phase locked to
the low-power spectrally tailored laser. This high-power
fiber laser has a free-running linewidth of 5.4 kHz deter-
mined from its measured frequency-noise PSD, and thus a
400-kHz bandwidth for the phase-locked loop is suffi-
ciently high to tightly transfer the optical phase from the
ECDL to the fiber laser. Note that we typically operate this
fiber laser at an output power of 1 W, limited by the power-
handling capacity of our fiber tips. Based on measurements
of the in-loop noise of the relevant phase-locked loops, we
expect identical noise performance when the laser is
operated at the full 4-W output power.
Throughout the whole laser stabilization process, light

needs to be delivered to different locations via 15- and
20-meter-long fiber links, and a fiber-noise-cancellation
technique is employed to stabilize the path-length noise
introduced by these fiber links [90]. The fiber-noise-
cancellation loops involved here are based on feedback,
and the sum of their in-loop noise contributions is the “FNC
noise” in Fig. 2(b).
The final fractional-frequency-noise PSD of the high-

power spectrally tailored laser delivered to the atoms is
presented in the green dashed line in Fig. 2. It follows the
noise performance of the Si3-cavity-stabilized comb within
500 Hz. From 500 Hz to 10 kHz, it gradually follows the
noise of the ULE-cavity-stabilized laser. At frequencies
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(a)

-
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(b)

FIG. 2. Clock laser frequency-noise stabilization. (a) A simplified schematic of the stabilization chain from the reference
cavities to the atoms. Servo feedback is indicated by blue arrows, and laser light is depicted as red arrows. A 1542-nm laser is
PDH locked to the Si3 cavity with a bandwidth of 100 kHz, which provides the low-frequency stability (f ≲ 100 Hz) of the
entire system. A self-referenced frequency comb is phase locked to the Si3-cavity-stabilized 1542-nm laser with a bandwidth of
600 kHz. High-frequency noise (f ≳ 1 kHz) is reduced by PDH locking a 698-nm ECDL to a ULE cavity with 1-MHz
bandwidth (blue-shaded region). The stability transfer at low Fourier frequency is achieved by phase locking the ULE-cavity-
stabilized light to the Si3-cavity-stabilized comb via actuating on an AOM with a bandwidth of 500 Hz (purple-shaded region).
This setup represents a low-power (approximately 10 mW) spectrally tailored laser with optimal noise performance. Finally, the
light delivered to the atoms is provided by a high-power (≳1 W) laser phase locked to the stabilized 698-nm light with a
bandwidth of 400 kHz (green-shaded region). (b) A budget of fractional laser-frequency-noise PSD (Sy) for different
components of the laser system. For the spectrally tailored laser model shown here (green), the stability transfer bandwidth is
chosen to be 500 Hz, such that the low-frequency stability is inherited from the Si3-cavity-stabilized comb (orange) and the
high-frequency stability from the ULE-cavity-stabilized laser (blue). At frequencies above approximately 10 kHz, the in-loop
noise from fiber-noise-cancellation (FNC) loops (gray) introduces additional noise.
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above 10 kHz, the FNC noise becomes the dominant
noise source.

IV. ATOM-BASED ON-SITE LASER-FREQUENCY-
NOISE MEASUREMENT

Despite all the detailed design considerations for laser-
noise reduction in the previous section, any uncanceled
variation of the optical path length delivering light to atoms
will add phase noise, reducing the rotation fidelity of the
atomic state. Therefore, performing laser-frequency-noise
measurements at the site of the atoms is highly desirable.
This can be achieved by utilizing the atomic transition itself
as a spectrum analyzer [91] in which the frequency-noise
sensitivity is manipulated via a carefully designed pulse
sequence [28], while simultaneously suppressing effects
related to laser-intensity noise. This follows the general
idea of using dynamical decoupling pulses to either
eliminate or analyze frequency or phase noise in quantum
sensors similar to a lock-in measurement [92–95].
For any pulse sequence rotating the final state close to

the equator of the Bloch sphere, the single-sided laser-
frequency-noise PSD Sν gives rise to a variance of the final
excitation probability

σ2PE ¼ π2
Z

∞

0

df SνðfÞjRðfÞj2: ð2Þ

Here, f is the Fourier frequency and RðfÞ is the Fourier
transform of the time-domain phase sensitivity function
rðtÞ of the final observable [96]:

rðtÞ ¼ 2
∂pe

∂δϕ
: ð3Þ

This function measures how much an infinitesimal phase
step δϕ at time t during the pulse sequence affects the final
excitation fraction pe.
In reality, both laser-frequency and -intensity noise cause

fluctuations of the excitation fraction, and this convolution
therefore biases the frequency-noise measurement. To
mitigate this complication, we design a pulse sequence
with suppressed sensitivity to intensity noise while main-
taining sensitivity to frequency noise [see Fig. 3(a)]. The
goal of the pulse sequence is to achieve a maximum
sensitivity at a specific Fourier frequency, while allowing
this target frequency to be tunable to probe noise over a
frequency range of interest. Meanwhile, intensity noise is
canceled by the action of neighboring pulses.
The main temporal structure of the pulse sequence

resembles Ramsey spectroscopy: First, the phase sensitivity
of the Bloch vector is maximized by rotating it to the
equator and mapping the final azimuthal direction to the z
axis by adding a rotation around the other transverse axis.
In the frame corotating with the laser frequency, optical
phase noise during the Ramsey “dark” time will lead to
fluctuations of the azimuthal Bloch vector orientation.

These fluctuations may be modeled as a collection of
instantaneous phase jumps δφ, which become measurable
as δpe after the final readout pulse. To reach the goal of
obtaining a singly peaked sensitivity function jRðfÞj2, we
require rðtÞ to be oscillating at a constant frequency [see
Figs. 3(b) and 3(c)]. This would ordinarily correspond to a
continuous Rabi oscillation, and thus a smoothly modulated
phase sensitivity in time, during the Ramsey dark time.
To reject variations of Rabi frequency (Ω) due to

intensity noise, we modify the constant Rabi drive
sequence to one that contains a periodic switching of the
rotation direction. This improved sequence prevents an
accumulation of pulse area errors over time, making this
scheme robust against laser-intensity noise. Here, it is
important to perform the switch between rotation directions
when the state vector reaches the equator of the Bloch
sphere, where the phase sensitivity is in one of its extrema.
Changing the rotation direction at this point does not
change rðtÞ compared to a continuous Rabi drive without
flipping the rotation axis. In the pulse sequence, this is
achieved by using a series of repeated ðxπ; x−πÞ rotations,
where xπ denotes a π rotation around the x axis of the Bloch
sphere, and x−π denotes a −π rotation around the x axis.
Finally, we also insert an additional x−π pulse in the
initialization section in order to suppress the sensitivity
at f ¼ 0, rejecting detrimental effects from small detunings
of the laser frequency from atomic resonance. The sensi-
tivity function rðtÞ of this full sequence is a windowed sine
wave, resulting in a frequency-domain sensitivity jRðfÞj2
with a singly peaked maximum at Ω=ð2πÞ.
In order to experimentally verify the designed sensitivity

function, we inject a controlled amount of laser noise and
measure the resulting variance σ2PE. The laser frequency is
phase modulated at a fixed amplitude βPM and frequency
fPM. To obtain a good signal-to-noise ratio at frequencies
far from the sensitivity peak, a sufficiently large value of
βPM ¼ π=18 rad is selected. The experimental cycle is
chosen to be asynchronous with this modulation, and the
relative jitter between the phase modulation and the pulse
sequence effectively randomizes the phase modulation. The
measurement sequence applied here contains n ¼ 3 blocks
of ðxπ; x−πÞ pulses and omits the x−π pulse in the
initialization.
The contribution to the single-sided laser-frequency PSD

originating from the coherent modulation tone is

Sinjν ðfÞ ¼ β2PM
2

δðf − fPMÞf2; ð4Þ

where δðfÞ denotes the Dirac delta function. The tunability
of the phase modulation allows probing the atomic sensi-
tivity function without having to change other parameters,
e.g., Ω. Therefore, assuming the intrinsic laser noise Sintrν is
stationary throughout the experiment, the sensitivity func-
tion can be characterized without knowing the structure of
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the laser noise. The laser contribution can be separately
quantified from a measurement at a fixed value of Ω
without modulation applied [horizontal gray line in
Fig. 3(d)]. These two independent contributions add to
the full laser-frequency PSD as Stotν ¼ Sintrν þ Sinjν . We
compare the resulting signal expected from the predicted
sensitivity to the experimental results [green line and red
points in Fig. 3(d)]. Here, we use Eqs. (2) and (4) to convert
PSD into σ2PE, and we also take into account the saturation

effect in σ2PE above approximately 0.03 due to the curvature
of the Bloch sphere (see Appendix B).
After certifying the sensitivity function shown in

Figs. 3(b) and 3(c), we now apply this tunable atomic
spectrum analyzer to probe and verify the laser-noise
spectrum. For this, we repeatedly apply the pulse sequence
shown in Fig. 3(a) with different Rabi frequencies and
numbers n of ðxπ; x−πÞ segments to tune the center
frequency and bandwidth of the sensitivity function to

(a)

(b)

x
y

(xπ,x-π)×nInitialization Phase error Readout

π
2

π π π

-π -π -π -π

π
2

...

...

...

...

(c)

(e)

(d)

~1/ttot

~ttot
2

xx
y

FIG. 3. Phase-noise measurement utilizing the atoms. (a) Pulse sequence used to measure the laser phase noise and simultaneously
reject pulse area errors. This is achieved by utilizing a maximally phase-sensitive Ramsey sequence which contains continuous back-
and-forth rotation of the state vector during the dark time. Atoms prepared in jei (“north” pole) are initialized to the equator by pulses
around x. Then, the atoms are flipped from one side of the equator to the other an integer number n times, canceling pulse area errors by
reversing the direction of rotation. A final π=2 pulse around the y axis maps phase errors δφ accumulated during the sequence to
measurable changes in excitation probability δpe. (b) The time-domain phase sensitivity rðtÞ of the excitation probability is minimal
when the state vector points to a pole of the Bloch sphere and maximal at the equator. By reversing the rotation direction exactly on the
equator, the oscillation of rðtÞ at Rabi frequency Ω is not affected. (c) The frequency-domain sensitivity jRðfÞj2 (plotted in linear scale
here) is peaked around Ω=ð2πÞ, and its full width at half maximum is approximately 1=ttot, where ttot is the duration of the full pulse
sequence. The sensitivity peak amplitude at Ω=ð2πÞ grows with t2tot. In order to reject 1=f laser noise at low frequencies, a −π pulse is
inserted in the initialization; this cancels the integral of rðtÞ and pulls jRðfÞj2 to zero at f ¼ 0. (d) Experimental confirmation of the
pulse sensitivity function. The clock laser is phase modulated at fixed amplitude βPM for different modulation frequencies fPM. Because
of the frequency dependence of the modulation spectrum Sν, the symmetry of the atomic variance σ2PE is reversed with respect to the
sensitivity shown in (c). The measured variance values σ2PE (red points; error bars represent the 1σ error obtained from jackknife
resampling) fit well to the noise expected from the injected incoherent modulation (green line; χ2 ¼ 1.540) when adding the
unmodulated laser noise (gray line) in quadrature. In this experiment, the −π pulse in the initialization was omitted. (e) Applying this
measurement sequence at different Rabi frequencies Ω allows the extraction of laser phase noise around Ω=ð2πÞ. Horizontal bars show
the �1=ð2ttotÞ bandwidth of each measurement, and vertical bars represent the 1σ error estimated from the measured variances via
jackknife resampling. By assuming approximately constant laser noise Sy within this bandwidth aroundΩ=ð2πÞ and integrating over the
sensitivity jRðfÞj2, we convert the measured variance to fractional frequency noise. The results under different laser-locking conditions
are compared against the correspondingly expected laser noise. The blue data points are to be compared with the blue curve, which is
identical to the green dashed line in Fig. 2(b). Red data points are to be compared with the red curve representing the expected laser noise
when a 100-Hz bandwidth is applied in the phase lock between the ULE-cavity-stabilized laser and the silicon-cavity-stabilized comb.
For the measurement with 100-Hz bandwidth, care was taken to minimize human activity around the ULE cavity for the duration of the
experiment. Vertical error bars denote the 1σ statistical measurement uncertainty.
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probe the laser noise. Here, the center frequency is roughly
given by Ω=ð2πÞ and the bandwidth by the inverse of the
total pulse duration ttot ¼ 2ðnþ 1ÞTπ , where Tπ is the π-
pulse duration. The peak of the sensitivity function jRðfÞj2
scales as approximately t2tot, which results in a ttot scaling
for the variance of the final excited fraction. By integrating
the laser PSD within the sensitivity bandwidth and using it
to represent an average value over the probe window, we
can move it out of the integral in Eq. (2) and therefore
extract a value for SνðfÞ from the measured variance σ2PE.
We perform this atom-based frequency-noise measurement
for the experimentally achievable Rabi frequencies to
confirm our laser-noise model. Figure 3(e) compares these
values (horizontal bars indicating the 1=ttot bandwidth)
with the laser-noise model under different conditions,
finding excellent agreement.
We note another complementary atom-based technique

to measure laser-frequency noise demonstrated in Ref. [97],
which involves off-resonantly driving a two-level system
and analyzing its response in the incoherent regime. In this
approach, the lowest detectable Fourier frequency is limited
to approximately half the Rabi frequency, while the highest
detectable frequency is, in principle, unbounded—as long
as the signal remains above the noise floor. In contrast, our
method is limited on the high end by the maximum
achievable Rabi frequency but can access much lower
Fourier frequencies. Therefore, the two techniques are
complementary in terms of the spectral ranges they probe.

V. RANDOMIZED BENCHMARKING

With this spectrally tailored laser, how well can we
control the optical qubit? To quantify the fidelity of
quantum state engineering, we perform randomized bench-
marking based on single-qubit Clifford gates to measure
the average gate fidelity [98–100]. Figure 4(a) shows a
schematic of the pulse sequence for the randomized
benchmarking. We initialize atoms in the excited state
jei and apply a sequence of L randomly selected elements
Ri of the single-qubit Clifford group C1 with uniform
probability. These Clifford gates are realized by a combi-
nation of π and π=2 rotations around the�x and�y axes as
tabulated in Table I, with an average pulse area of 9=8π per
Clifford gate. A recovery pulse Urec ∈C1 is applied after
the random Clifford gate sequence. For a given Clifford
gate sequence, Urec is randomly chosen from a set of four
Clifford gates that will restore the Bloch vector to jei under
ideal operation. By applying the clock laser to all atoms
simultaneously and measuring the populations in jgi and
jei, we obtain a value for pe in each realization of the
experiment.
The gate fidelity averaged over all single-qubit Clifford

gates can be extracted by measuring how the probability of
reaching the correct output state, i.e., pe, decays when L
increases. This probability is captured by the fidelity

(a)

(b)

(c)

(d)

FIG. 4. Randomized benchmarking performance. (a) Random-
ized benchmarking is performed by applying a string of L
randomly selected single-qubit Clifford gates Rc to atoms
initialized to state jei. Finally, a recovery gate Urec rotates
the state vector back to its starting position on the Bloch
sphere. (b) Decay of pe versus L with pulse Rabi frequency
Ω ¼ 2π × 741.9ð5Þ Hz for approximately 3000 atoms within a
10.3 × 10.3 μm2 (25 pixels × 25 pixels) region of interest. For
each L, the measurement of pe is repeated 50 times (average
shown as black points, and vertical error bars represent the
standard error of the average excitation fraction). The blue line
shows a fit of Eq. (6) for all atoms in the region of interest, and a
single Clifford gate fidelity of F2

1 ¼ 0.99964ð3Þ is derived from
the fit result. (c) By subdividing the region of interest into
superpixels of the same size, we evaluate the inhomogeneity of
the gate fidelity. The histogram shows the distribution of the
measured fidelities with respect to the average atom number N̄
in the corresponding sets of superpixels. The inset shows the
averaged absorption image of the atomic column density distri-
bution n̄ along with the subdivision of the region of interest.
(d) Averaged single-qubit infidelities 1 − F2

1 extracted from fits
(black points; error bars represent the 1σ statistical error) analogous
to (b) are compared to a simulation of the randomized bench-
marking for different Rabi frequencies. The simulation accounts
for the frequency-noise spectrum shown in Fig. 3(e). The blue
dashed line includes further a Raman-scattering-limited excited-
state decay rate of 0.077ð5Þ s−1 and a measured decoherence rate
of 0.143ð4Þ s−1, and the orange dashed line does not.
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F2ðρ0; ρÞ between the pure initial state specified by the
density matrix ρ0 ¼ jeihej and the final state ρ,

F2ðρ; ρ0Þ ¼
�
Tr

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ

p
ρ0

ffiffiffi
ρ

pq ��
2

: ð5Þ

Applying a purely depolarizing model that assumes
the only effect of gate errors to be an increase of the
mixing of ρ, the fidelity of the full benchmarking sequence
is given by [100]

F2
L ¼ pe ¼

1

2
þ 1

2
ð1 − dSPAMÞð1 − dÞL; ð6Þ

where d is the depolarization probability for a single
pulse, and dSPAM is the state preparation and measurement
error. The average fidelity of a single Clifford gate is
F2
1 ¼ 1 − d=2.
Figure 4(b) shows randomized benchmarking results

for gates at Rabi frequency Ω ¼ 2π × 741.9ð5Þ Hz for
3000 atoms. We measure a single-qubit-gate fidelity F2

1 ¼
0.999 64ð3Þ averaged over the entire cloud and all 24
single-qubit Clifford gates. The distribution of fidelities
across the atomic cloud is narrowly peaked around this
value, as shown in the histogram in Fig. 4(c), which is
obtained by subdividing the images into a grid (cf. inset).
This indicates an excellent uniformity of high-fidelity
state manipulation across the entire sample of lattice-
confined atoms.
To study how laser-frequency noise impacts the fidelity

of pulses, randomized benchmarking measurements at
different Rabi frequencies are performed. The experiment
results are plotted with black dots in Fig. 4(d) and
compared to a numerical simulation (blue dashed line)
based primarily on the laser-frequency-noise PSD, showing
good agreement between the two. Contributions from
atomic decay and decoherence are small and only relevant
at timescales beyond 1s [86]. Small deviations in certain
Rabi frequency ranges arise from peaks in the PSD from
the vibration of the cavity that may drift over time within
limited ranges. Toward higher Rabi frequencies, we
observe an increasing fidelity consistent with the under-
standing that shorter pulses should lead to less sensitivity to
fluctuations.

VI. OUTLOOK

Development of highly stable lasers provides critically
important capabilities for the continued advance of quan-
tum science and technology. The realization of a spectrally
tailored high-power laser for driving optical transitions
highlights an example where systematic considerations of
laser spectral noise are integrated closely with an atom-
based quantum system for performance characterization
and verification. We hope this case study serves a useful
technical purpose for other researchers interested in

developing highly stabilized lasers for their specific
applications. Particularly, the reported system has already
demonstrated a highly desired property of achieving a
record fidelity for manipulating a large and scalable number
of optical qubits.
To further improve the fidelity and robustness of optical

manipulations based on a sequence of laser pulses, we can
consider two approaches. The first is to engineer pulses that
are less sensitive to uncontrolled experiment parameters,
e.g., employment of composite pulses [101], pulse shaping
in amplitude and phase [102,103], or utilization of
an optimal control algorithm to design pulses [104]. The
other is to further reduce the relevant high-frequency
noise by developing even faster frequency transducers to
advance servo bandwidth to increasingly higher values.
Feedforward techniques [77,105] can also be employed to
complement servo loops to mitigate frequency noise
beyond the bandwidth of available feedback techniques.
Loading more atoms with low entropy, together with
improved beam shaping, such as using a top-hat beam
for the clock laser, can improve the number of qubits that
can be homogeneously addressed simultaneously.
The vastly improved fidelity for driving optical transi-

tions in scalable and highly coherent atomic or molecular
systems will improve atom-based quantum computing.
Reduction of quantum state preparation error is also in
strong demand for realizing metrologically useful spin
squeezing. With the capability of applying hundreds of
pulses to drive an optical transition without significantly
losing contrast, we can Floquet engineer an effective
Hamiltonian of a many-body system to decouple unwanted
interactions or to study novel emergent phenomena using
specially designed pulses [57]. This method has already
found widespread use in the rf domain due to the relative
ease for high-fidelity rf pulses [37,106,107]. However,
because of the limited laser stability, this approach has not
achieved similar popularity in the optical domain. We hope
to change this landscape with the development reported
here. Particularly for our 3D optical lattice clock platform,
existing interactions such as collective dipolar couplings
[29] and superexchange interactions [36] can be engineered
to realize longer atomic coherence and metrologically
useful entangled states [35].

ACKNOWLEDGMENTS

We are grateful to A. Aeppli, Z. Hu, J. Hur, D. Kedar, Y.
Lee, M. Miklos, J. M. Robinson, Y. M. Tso, W. Warfield,
Z. Yao, and J. L. Hall for technical discussions and
assistance. We thank N. D. Oppong, E. Bohr, J. P. Covey,
B. Bloom, and J. Home for careful reading of the manu-
script and for providing insightful comments. Funding for
this work is provided primarily by the DOE Center of
Quantum System Accelerator, and also by a V. Bush
Fellowship, Grants No. NSF QLCI OMA-2016244 and
No. NSF JILA-PFC PHY-2317149, and NIST. S. L.

HIGH-POWER CLOCK LASER SPECTRALLY TAILORED FOR … PHYS. REV. X 15, 031055 (2025)

031055-9



acknowledges funding from the Alexander von Humboldt
Foundation and B. L. from the Lindemann Trust.

All authors contributed to the stable laser development.
The atom-based measurement was carried out by L. Y.,
S. L., W. R. M., M. N. F., and J. Y. on the JILA Sr2
quantum gas 3D lattice clock platform. All authors con-
tributed to data analysis and writing of the paper.

The authors declare no competing interests.

DATA AVAILABILITY

The data that support the findings of this article are
not publicly available upon publication because it is not
technically feasible and/or the cost of preparing, depositing,
and hosting the data would be prohibitive within the terms
of this research project. The data are available from the
authors upon reasonable request.

APPENDIX A: DETAILS OF LASER-NOISE
MODELING

In this section, we provide further technical details about
the characterization and modeling of laser-noise compo-
nents when designing the spectrally tailored high-power
laser described in Sec. III.

1. Si3-cavity-noise characterization

The noise of the 1542-nm laser frequency stabilized to
the Si3 cavity is evaluated with a cross-correlation meas-
urement [108] against two other independent frequency-
stabilized lasers: a cryogenic 6-cm silicon cavity operating
at 17 K and a room-temperature 40-cm ULE cavity. The
cross-correlation measurement is based on the recorded
heterodyne beat frequencies among these three cavities,
and a frequency comb is needed to bridge the spectral
gap between 698 nm of ULE and 1542 nm of silicon.
Specifically, the cross-correlation of the optical beats
between Si3 and the other two cavities provides the
frequency-noise power spectral density of the Si3-cavity-
stabilized laser. We perform the cross-correlation measure-
ment using two different approaches. First, we use a
frequency counter to simultaneously record the frequency
of the two optical beats. The counter has a minimum gate
time of 1 ms, which limits the sampling frequency to about
500 Hz. Therefore, we discard information above 500 Hz
from the counter-based measurement. This counter-based
cross-spectral-density evaluation is represented by the blue
trace in Fig. 5. In order to retrieve high-frequency noise of
the Si3-cavity-stabilized laser, we use two phase-locked
tracking filters to record the phase information of the two
relevant optical beats. The tracking filters have 10-kHz
bandwidth, and they are limited by their intrinsic noise
below 200 Hz. Therefore, the tracking-filter-based cross-
correlation measurement provides information of the

Si3-cavity-stabilized laser from 200 Hz to 10 kHz (shown
as the orange trace in Fig. 5). The measurements based
on these two different methods are consistent with each
other in their frequency-overlapped region. The additive
noise of the frequency comb is inferred from our previous
work [80] and grants a negligible contribution relative to
the Si3 noise.
We proceed by constructing a model of the Si3-cavity-

stabilized comb from these two separate noise measure-
ments. At Fourier frequencies above 200 Hz, we use a
tracking-filter-based cross-spectral-density measurement.
Below 200 Hz we use the counter-based cross-spectral-
density measurement and fit the measured noise spectrum
with the following analytical form:

SSi3þcomb
y ðfÞ ¼ h−1

f
þ h0 þ h2f2 þ

X19
i¼1

aSi3þcomb
i f2

1þ
�
f−fSi3þcomb

i

ΓSi3þcomb
i =2

	
2
:

ðA1Þ

Here we include a thermal flicker-frequency-noise term
(h−1 ¼ 1.5 × 10−33), a white-frequency-noise term (h0 ¼
4.0 × 10−34 Hz−1), a white-phase-noise term (h2 ¼
4.3 × 10−37 Hz−3), and a series of mechanical resonant
features. Reference [80] provides similar information for
f < 100 Hz. The 60- and 120-Hz peaks visible in the
counter measurement arise from electronic pickup, as
confirmed by the fact that they do not appear in the direct
atomic spectral analysis and are therefore not represented in
the noise model.
As for the noise at f > 200 Hz, we directly interpolate

the tracking-filter-based cross-spectral-density measure-
ment result to describe the noise of Si3-cavity-stabilized
comb. The model is plotted as the black dashed line in
Fig. 5 to compare against the cross-correlation measure-
ment results.

FIG. 5. Evaluation of Si3-cavity-stabilized laser noise. The blue
and orange traces show the cross-spectral measurements using a
counter (with a Nyquist frequency of 500 Hz) and a tracking filter
(with a 10-kHz bandwidth; above this frequency, the measured
noise represents only a lower bound). The black dashed line
represents the fractional-frequency-noise power spectral density
model of the Si3 cavity below 200 Hz.
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2. High-bandwidth PDH lock to a ULE cavity

Instead of directly locking the 698-nm ECDL to the ULE
cavity, our setup features an additional prestabilization
stage with an electro-optic modulator (EOM) as a fast
actuator [see Fig. 6(a) for a schematic]. The ECDL is
prestabilized to a medium finesse cavity (finesse of 50 000,
linewidth of 100 kHz) with an auxiliary PDH loop (not
shown in the schematic). The transmission light of this
prestabilization cavity is the starting point for the rest of the
high-bandwidth PDH lock to the narrow-linewidth (2 kHz)
ULE cavity. A resonant EOM (EOM2) is driven with a
9.2-MHz rf signal to generate sidebands on the incident
light to the ULE cavity for the PDH lock. A photodiode

(PD1) collects the reflected light from the cavity, and its
photocurrent is demodulated to generate the PDH error
signal. This error signal is passed to a series of propor-
tional-integral-derivative (PID) loop filters and actuators,
whose design is inspired by Refs. [63,64]. PID1 directly
takes the PDH error signal as its input, and a low-delay-
time amplification stage drives a broadband EOM (EOM1),
which can realize approximately 1-MHz bandwidth but
with a limited dynamic range for correcting phase errors.
To increase the servo range, the output of PID1 serves as
the input to PID2, which controls the rf drive frequency to
an acousto-optic modulator (AOM1) with a bandwidth of
approximately 100 kHz. Finally, the output of PID2 serves
as the input error signal for PID3, which controls the length
of the prestabilization cavity with a piezoelectric actuator.
This final loop has a few-kHz bandwidth but with the
largest servo correction dynamics range. The three PID
loops are connected in series to prevent partial cancellation
of their outputs and still reach an overall bandwidth of
1 MHz. Choosing this bandwidth ensures laser-noise
suppression to the detection-noise floor up to Fourier
frequencies well above the range of Rabi frequency
relevant in our system.
The frequency noise of a cavity-stabilized laser is

determined by the noise of the cavity itself, the in-loop
error of the servo loop, and the residual photodetection
noise. For our system, the in-loop error is below the
detection-noise floor up to 50 kHz. This means that
the actual in-loop noise within 50 kHz is dominated by
the white shot noise of PDH photodetection. A cavity
serves as a frequency-noise discriminator for laser fre-
quency and phase fluctuations at timescales slower than
the cavity lifetime, and it turns into a phase-noise
discriminator for fluctuation faster than the cavity life-
time [87]. Thus, the slope of the PDH frequency dis-
criminator kðfÞ has the following frequency-dependent
form [109,110]:

kðfÞ ¼ k0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðf=ΔfHWHMÞ2

p ; ðA2Þ

where k0 is the slope of the dc PDH error signal, f is the
Fourier frequency of laser noise, and ΔfHWHM is the
HWHM of the cavity. For the ULE cavity utilized in our
setup, ΔfHWHM ¼ 1 kHz [88]. In the frequency domain
where the in-loop error signal is below the detection-
noise floor, the photon shot noise of the PDH detector is
turned to white frequency noise for f < ΔfHWHM and
then white phase noise for f > ΔfHWHM.
The frequency noise of the ULE cavity up to f of 100 Hz

was previously characterized using atoms, revealing
its thermal-noise floor and vibration-induced resonance
peaks [91]. With the additional characterization between
100 Hz and 100 kHz, we can sum all the contributions and
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FIG. 6. Details of the ULE-cavity-referenced laser. (a) Sche-
matic of the high-bandwidth PDH lock to the ULE cavity.
(b) PDH-lock in-loop error-signal PSD (blue) and detector noise
floor PSD (orange). (c) Fractional-frequency-noise level corre-
sponding to the data shown in (b). Additionally, the ULE-cavity-
noise model is shown as green dashed line.
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reach the following model for the frequency noise of the
ULE cavity-stabilized laser:

SULEy ðfÞ ¼ hthermal

f
þ hwhite þ hULE2 f2 þ

X3
i¼1

aULEi

1þ
�
f−fULEi
ΓULE
i =2

	
2
:

ðA3Þ

Here, a thermal-flicker-noise term (hthermal ¼ 8.2 × 10−33),
a white-frequency-noise term (hwhite ¼ 7.1 × 10−33 Hz−1),
a white-phase-noise term [hULE2 ¼ hwhite=ðΔfHWHMÞ2], and
a series of three resonant features are included. The
thermal-flicker-noise term and resonant features are
adopted from Ref. [91], while the white-frequency-noise
term and the white-phase-noise term are updated.
Figure 6(b) displays the PDH in-loop error signal when

the laser is locked to the ULE cavity (blue) versus the PDH
photodetection-noise floor (orange). The photon shot noise
is measured when the laser frequency is tuned far away
from the cavity resonance, and the same amount of optical
power is incident on the PDH photodetector as compared to
when the laser is locked to the cavity. The in-loop servo
error noise is below the photodetection-noise floor for
f < 50 kHz. The corresponding laser-frequency-noise
contributions are plotted in Fig. 6(c) against the model
of the ULE-cavity-stabilized laser.

3. Si-cavity to ULE-cavity stability transfer loop

The schematic of the stability transfer loop, which was
initially set up for the Sr clock operation, can be found in
Ref. [111]. For this work, we use a simplified version
shown in Fig. 7(a) to illustrate the concepts. The ULE-
cavity-stabilized laser passes through an AOM, and the
first-order diffracted light is used to beat against the Si3-
cavity-stabilized comb light. The phase noise of the beat
signal is detected against a stable rf reference via a phase
detector, and the derived error signal goes through a loop
filter to drive a voltage-controlled oscillator (VCO), which
provides the rf drive of the AOM. Figure 7(b) illustrates the
basic model of this phase-locked loop in the frequency
domain. Here, ϕULE and ϕSi3þcomb represent the optical
phase of the ULE- and Si3-cavity-stabilized lasers, respec-
tively. These are used to derive the spectrally tailored laser
phase as

ϕST ¼ ϕULE − ϕctrl; ðA4Þ

where ϕctrl is the phase correction signal of the AOM
derived by the loop. The phase detector converts the phase
error ϕerr to a voltage Verr, which is the input signal of the
feedback loop. For the frequency range relevant to our
system, the transfer function

DðfÞ ¼ 1=kp ðA5Þ

of the phase detector is essentially a constant, where
kp ¼ 11.63 rad=V is the conversion factor. Figure 7(c)
shows a measured Bode plot of the loop-filter transfer
functionHðfÞ. Its output serves as the control signal for the
VCO driving the AOM, which has a frequency-tuning
sensitivity to the control voltage of kv ¼ 2π × 5.84 kHz=V.
The transfer function of this frequency actuator contains an
intrinsic 1=f for phase actuation,

AðfÞ ¼ B=f; ðA6Þ

(a)

(b)

(c)

(d)

FIG. 7. Si-cavity to ULE-cavity stability transfer loop. (a) Sim-
plified schematic of the stability transfer loop. (b) Block diagram
of the stability transfer loop. (c) Bode plot of the loop-filter
transfer function HðfÞ. (d) Bode plot of the open-loop gain GðfÞ
of the full stability transfer loop.
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where B ¼ kv=ði2πÞ and i is the imaginary unit. Thus,

Vout ¼ HVerr ¼
H
kp

ϕerr ¼
H
kp

ðϕST − ϕSi3þcombÞ ðA7Þ

and

ϕctrl ¼ AVout: ðA8Þ

By combining Eqs. (A4), (A7), and (A8), we obtain

Vout ¼
H

kp þ BH=f
ðϕULE − ϕSi3þcombÞ: ðA9Þ

Substituting Eqs. (A8) and (A9) into Eq. (A4), we arrive at

ϕST ¼ 1

1þ G
ϕULE þ

G
1þ G

ϕSi3þcomb ðA10Þ

with the open-loop gain of the stability transfer loop

GðfÞ ¼ B
kpf

HðfÞ: ðA11Þ

The Bode plot of GðfÞ is shown in Fig. 7(d). Because the
ULE and Si3 noise sources are independent, one obtains the
noise power of Eq. (1) by simply squaring the summands
in Eq. (A10).

4. Fiber-noise-cancellation loops

The stabilized laser is distributed to multiple experimen-
tal locations via fiber links, with FNC loops applied to
suppress the path-length noise introduced by the fibers
[90]. In Fig. 8, we present a measurement of the fractional-
frequency-noise power spectral density Sy of the FNC loop

for one of the 20-m-long fibers in our system, compared to
that of the spectrally tailored laser (green trace). The orange
trace shows the Sy of the FNC beat when the FNC feedback
is disabled, representing twice the amount of path-length
noise introduced by the fiber. Without active cancellation,
this fiber-induced noise would severely degrade the per-
formance of the spectrally tailored laser below 1 kHz. At
high frequencies, the uncanceled fiber noise grows as f2,
consistent with white phase noise. This white-phase-noise
floor within the measurement bandwidth arises from
photon shot noise in the optical heterodyne phase detection
process. When the FNC loop is activated, the FNC beat
(blue trace) is stabilized to the local oscillator of the FNC
loop (red trace), and a servo bump appears around 30 kHz.
We note that the overlap between the orange and green

traces in the 2- to 10-kHz range is coincidental; in this
frequency region, the laser noise is dominated by white
phase noise from the ULE-cavity PDH lock.

APPENDIX B: ACCOUNTING FOR SATURATION
EFFECTS IN THE FLUCTUATION OF THE

EXCITATION PROBABILITY

Equation (2) is derived in the limit that the fluctuations of
the final excitation probability due to laser noise are small.
This is the limit where the curvature of the Bloch sphere is
negligible. In case of large excursions of the excitation
probability away from the equator, σ2PE will not grow
linearly with the laser noise, but instead becomes saturated.
The saturation arises from the fact that the maximum
deviation of pe can be only 1=2, i.e., when reaching either
pole of the Bloch sphere. Thus, to deal with the saturation
effect, instead of analyzing pe, we should use the polar
angle θ of the final state on the Bloch sphere as a quantity in
the laser-noise model.
For the treatment of laser noise, we have initially

performed a linearization of the laser phase fluctuations
[cf. Eq. (3)], which also constrains all derived quantities
to the linear limit. Equation (2) is hence applicable to the
variance σ2θ of θ, and this equivalence holds even beyond
the point where σ2PE starts showing saturation effects.
Therefore, instead of σ2PE, we now utilize σ2θ to derive a
prediction of the variance of the excitation probability pe,
which is valid even when σ2PE saturates.
For this, we introduce a parametrization of the excitation

probability pe in terms of the polar deviation θ̃ ¼ θ − π=2
from the equator,

pe ¼
1

2
−
sin θ̃
2

: ðB1Þ

In line with our noise models, we assume θ̃ to be a Gaussian
random variable; i.e., its probability distribution is given by

FIG. 8. FNC loop characterization. Fractional-frequency-noise
power spectral density Sy of the FNC beat. The orange trace
shows the FNC beat when feedback is off, corresponding to twice
the fiber-induced path-length noise. The blue trace shows Sy of
the FNC beat when the FNC loop is active. For reference, we also
show the Sy of the FNC loop’s local oscillator (red trace) and the
spectrally tailored laser (green trace).
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pðθ̃Þ ¼ 1ffiffiffiffiffiffi
2π

p
σθ

exp

�
−

θ̃

2σ2θ

�
ðB2Þ

with variance σ2
θ̃
¼ σ2θ given by Eq. (2). By applying

Eqs. (B1) and (B2), we obtain expressions for the first
and second moment of pe dependent on θ̃ or rather σ2θ:

hpei ¼
Z

∞

−∞
dθ̃

�
1

2
−
sin θ̃
2

�
pðθ̃Þ ¼ 1

2
;

hp2
ei ¼

Z
∞

−∞
dθ̃

�
1

2
−
sin θ̃
2

�
2

pðθ̃Þ

¼ 1

4
þ expð−σ2θÞ

4
sinhðσ2θÞ: ðB3Þ

This allows us to express the variance σ2PE of the excitation
probability pe as

σ2PE ¼ 1

4
expð−σ2θÞ sinhðσ2θÞ; ðB4Þ

where σ2θ is given by Eq. (2). Note that this expression is
valid so long as the error δpe of the final excitation
probability stays linear with the phase error δϕ,
which remains true for fluctuations much larger than those
leading to a saturation of σ2PE due to the curvature of the
Bloch sphere.

APPENDIX C: NUMERICAL SIMULATION
OF GATE FIDELITY

Our experimental realization of each element of the
single-qubit Clifford group is tabulated in Table I. To
numerically study the averaged single-qubit Clifford gate
fidelity, we use the following master equation to simulate
the randomized benchmarking experiment:

dρ
dt

¼ −
i
ℏ
½H; ρ� þ LðρÞ: ðC1Þ

Here, ρ is the atomic density matrix,

TABLE I. Experimental realization of the elements of the single-qubit Clifford group adapted from Ref. [100].
The notation Rr⃗ðθÞ stands for the rotation operator for rotation along axis r⃗ with rotation area θ, and a negative
rotation area is realized by a rotation along the −r⃗ axis. The laser implementation is the operator product R3R2R1,
reading right to left. U is the unitary operator corresponding to each element of the single-qubit Clifford group.

Index U R3 R2 R1 θtotal

1
�
1 0

0 1

�
… … … 0

2
e−iπ=4

�
1 0

0 i

�
Rxðπ=2Þ Ryðπ=2Þ Rxð−π=2Þ 3π=2

3
−i
�
1 0

0 −1
�

… RxðπÞ RyðπÞ 2π

4
eiπ=4

�
1 0

0 −i
�

Rxðπ=2Þ Ryð−π=2Þ Rxð−π=2Þ 3π=2

5
−1

�
0 1

−1 0

�
… … RyðπÞ π

6
−eiπ=4

�
0 1

i 0

�
Rxðπ=2Þ Ryðπ=2Þ Rxðπ=2Þ 3π=2

7
−i
�
0 1

1 0

�
… … RxðπÞ π

8
e−iπ=4

�
0 1

−i 0

�
Rxðπ=2Þ Ryð−π=2Þ Rxðπ=2Þ 3π=2

9 ½ð−iÞ= ffiffiffi
2

p �
�
1 1

1 −1
�

… RxðπÞ Ryðπ=2Þ 3π=2

10 ð1= ffiffiffi
2

p Þ
�

1 1

−1 1

�
… … Ryð−π=2Þ π=2

11 ðe−iπ=4= ffiffiffi
2

p Þ
�

1 1

−i i

�
… Ryð−π=2Þ Rxðπ=2Þ π

(Table continued)
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LðρÞ ¼ Γ
�
σ−ρσþ −

1

2
fσþσ−; ρg

�

þ γc
2

�
σzρσ

†
z −

1

2
fσ†zσz; ρg

�
ðC2Þ

is the Lindblad dissipator that captures the atom-atom
decoherence effect, and

H¼ℏδ
2
σzþ

ℏΩ
2
½cosðϕ0þδϕÞσxþsinðϕ0þδϕÞσy� ðC3Þ

is the Hamiltonian (with rotating-wave approximation
applied) that captures the dynamics of the driven two-level
system in the presence of laser noise. Here, Γ is the excited-
state decay rate, γc the additional decoherence rate, δ the
laser detuning, Ω the Rabi frequency, ϕ0 the laser phase
defining the rotational axis, and δϕ captures the laser noise.
In the limit ofΩ ¼ 0 and δ ¼ 0, Eq. (C1) will be reduced

to the following form:

∂tρee ¼ −Γρee;

∂tρgg ¼ þΓρee;

∂tρge ¼ −γ⊥ρge;
∂tρeg ¼ −γ⊥ρeg; ðC4Þ

where one can easily find that Γ is the excited-state
population decay rate, and γ⊥ ¼ ðΓ=2Þ þ γc is the total
decoherence rate. For this work, the operational lattice
depth is ðVx; Vy; VzÞ ¼ ð45; 44; 41ÞEr. This is a regime
where Γ is limited by Raman scattering of 813-nm lattice
photons [86]. Based on the operational lattice depth, we use
Γ ¼ 0.077ð5Þ s−1 for the numerical modeling. We exper-
imentally measure the atomic coherence time of 7.0(2)s
via extracting the decay time constant of Ramsey contrast
using imaging spectroscopy [81], i.e., γ⊥ ¼ 0.143ð4Þ s−1.
Therefore, the parameter γc in Eq. (C2) is γc ¼ γ⊥ − Γ=2 ¼
0.105ð5Þ s−1.
ϕ0 is a deterministic phase that defines the rotation axis.

ϕ0 ¼ −ðπ=2Þ; 0; ðπ=2Þ; π corresponds to the rotation

TABLE I. (Continued)

Index U R3 R2 R1 θtotal

12
−ðeiπ=4= ffiffiffi

2
p Þ

�
1 1

i −i
�

Ryð−π=2Þ Rxðπ=2Þ RxðπÞ 2π

13 ði= ffiffiffi
2

p Þ
�

1 −1
−1 −1

�
… RxðπÞ Ryð−π=2Þ 3π=2

14 ðe−iπ=4= ffiffiffi
2

p Þ
�
1 −1
i i

�
… Ryðπ=2Þ Rxð−π=2Þ π

15 ð1= ffiffiffi
2

p Þ
�
1 −1
1 1

�
… … Ryðπ=2Þ π=2

16 ðeiπ=4= ffiffiffi
2

p Þ
�

1 −1
−i −i

�
… Ryðπ=2Þ Rxðπ=2Þ π

17 ðe−iπ=4= ffiffiffi
2

p Þ
�

1 i
−1 i

�
… Rxð−π=2Þ Ryð−π=2Þ π

18 ðeiπ=4= ffiffiffi
2

p Þ
�
1 i
1 −i

�
… Rxð−π=2Þ Ryðπ=2Þ π

19 ði= ffiffiffi
2

p Þ
�

1 i
−i −1

�
… Rxð−π=2Þ RyðπÞ 3π=2

20 ð1= ffiffiffi
2

p Þ
�
1 i
i 1

�
… … Rxð−π=2Þ π=2

21 ðeiπ=4= ffiffiffi
2

p Þ
�

1 −i
−1 −i

�
… Rxðπ=2Þ Ryð−π=2Þ π

22 ð1= ffiffiffi
2

p Þ
�

1 −i
−i 1

�
… … Rxðπ=2Þ π=2

23 ½ð−iÞ= ffiffiffi
2

p �
�
1 −i
i −1

�
… Rxðπ=2Þ RyðπÞ 3π=2

24 ðe−iπ=4= ffiffiffi
2

p Þ
�
1 −i
1 i

�
… Rxðπ=2Þ Ryðπ=2Þ π
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along the −y, x, y, and −x axes, and δϕ in Eq. (C3) is the
stochastic phase fluctuation due to laser phase noise. For
each run of the simulation, a time trace of δϕ is generated
based on the single-sided phase-noise power spectral
density Sϕ of the laser [56,77]:

δϕðtÞ ¼
X
f

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2SϕðfÞΔf

q
cos ð2πftþ ϕfÞ; ðC5Þ

where ϕf is the random phase offset of Fourier frequency f,
and Δf is the frequency resolution of SϕðfÞ. SϕðfÞ is
related to the fractional frequency noise of laser SyðfÞ
discussed in Sec. III by SϕðfÞ ¼ SyðfÞν20=f2, where
ν0 ¼ 429 THz is the carrier frequency of the 698-nm clock
laser.
We simulate the randomized benchmarking experiment

by selecting 30 randomly chosen gate strings for each
L ¼ 1;…; 200 and utilize Eq. (6) to fit the final pe of the
numerical simulation results to extract the prediction of F2

1

shown in Fig. 4. For each gate string, we integrate the
evolution of the density matrix for 50 different phase traces
and average the final pe to obtain an estimate for the fidelity
of the corresponding gate sequence. Because generating the
phase traces for durations of multiple seconds becomes
computationally expensive, we reuse the same phase traces
for each Clifford gate string. The randomization in select-
ing the gate strings should provide a sufficient phase
randomization such that the averages extracted by the
simulations provide a faithful comparison to our exper-
imental data.
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