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Supplementary Note 1: Introduction

In this Supplementary Information, we discuss further details with respect to the laser noise
characterization and resonator design and characterization, laser packaging, and calculations for
atomic and quantum systems.

Supplementary Note 2: Laser noise measurements

We characterize the laser frequency noise and relative intensity noise as shown in Supplementary
Fig. S1. The full frequency noise from 1 Hz to 20 MHz is determined by stitching the data from
two independent measurement techniques: the optical fiber MZI optical frequency discriminator
(OFD) and comb beat note. The schematic of this measurement is shown in Figure 2a of the main
text. We measured our OFD measurement noise floor, which has contributions from the balanced
photodetector (BPD) noise and the digital oscilloscope digitization noise. The oscilloscope noise
is minimized by decreasing the voltage sampling window to improve the digital resolution. We
use the Thorlabs PDB415A detector and the noise is estimated by measuring the power spectral
density (PSD) of the detector voltage signal measured with no optical power and converted to an
equivalent frequency noise spectrum (in Hz? Hz™!') using the equation'-2:

SPD,equiv(f) = Spp (f) ( / ) €Y)

sin(mf1p)Vpp,0rp

where 7, is the MZI optical delay and V), opp is the peak-to-peak voltage of the measured MZI
fringes during the OFD measurement of the SIL laser. The other noise sources in the frequency
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noise measurement relate to the integrated resonator cavity. The photothermal noise (PTN) and
thermo-refractive noise (TRN) contributed to the thermally driven frequency instability within the
resonator’. The TRN is due to the fundamental thermodynamic fluctuations of solids and the PTN
arises from the thermal fluctuations driven by power absorbed from a fluctuating optical field *°.
Our SIL laser frequency noise follows the estimated TRN limit at frequency offsets between 3 kHz
and 3 MHz. Below 3 kHz, the high intra-cavity optical power contributes optical fluctuations and
therefore the PTN. The inputs to our PTN model include the estimated on-chip optical power
coupled to the resonator, the fraction of optical power absorbed in the cavity, the photothermal
absorption resonance redshift, and the SIL output relative intensity noise (RIN) measured with a
photodetector (Fig. S1b).

a § —— OFD b ‘ ' ‘
. 1 Comb o0 b Output power |]
oo Stitched FN 0.82 mW
N NG 1 1 % 11 I YR A A AN A S PD noise .
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2 107 --- TRN & -110 f
2 )
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S o
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Supplementary Fig. S1. Laser noise and noise floors. a) SIL laser frequency noise measured with the fiber MZI
optical frequency discriminator (OFD) and a beat-note with cavity-stability, frequency-doubled fiber comb (Comb).
The photodetector (PD) and scope noise floors are relevant for the OFD noise. The photothermal noise (PTN) is
calculated from the relative intensity noise (RIN) and the thermorefractive noise (TRN) is calculated from device

geometry and a thermodynamical model®. b) RIN measurement for the SIL laser for a laser output power of 0.82 mW
at 40 mA laser current. The shot noise limit is -152 dBc/Hz.

Estimated minimum achievable fundamental linewidth. We estimate the achievable fundamental
linewidth (FLW) based on analysis for FLW reduction used in previous work with single-
frequency®’ and FP lasers®. The fundamental linewidth (FLW) reduction given by:

_ Qa\’ !
Avpw = AVpry, (Q_L) <16 C (1 + a?ﬂ) *

where Q4 and @, are the laser and PIC resonator quality factors, C is the power coupling efficiency
between the laser and PIC, and ay is the linewidth enhancement factor of the laser. To estimate
the FLW reduction in a multi-frequency FPLD, the SIL can be treated as a two-step process with
mode selection and linewidth narrowing of a single mode®. The laser in reference ® is the same
model as that used in our work so we use a similar initial linewidth Avg,y, =~ 5 MHz based on the
scaling of the laser operating power. Using values for our experiment, such as the back-reflection
estimated in Supplementary Note 3, we calculate an achievable FLW ranging from 0.02 to 0.1 Hz
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depending on values for Q4 and C. This indicates that our minimum FLW is limited by the TRN
floor, as pointed out in reference °.

Supplementary Note 3: Resonator design and feedback characterization

The resonator device has a Si3N4 waveguide consisting of a 15 pm SiO» lower cladding, a 40 nm
thick and 4 um wide Si3N4 core, and a 6 um SiO; upper cladding (Fig. S2(a)). The outputs of the
device contain a taper of 2 um for improved coupling to both the FPLD and the collection fiber.
We measure the resonator quality factor, free-spectral range (FSR), and static resonance tuning
with a fiber-coupled, single-frequency 780 nm DBR laser with an isolator between the laser and
the device (Fig. S2 (b, ¢)). The DBR frequency is ramped across a resonance while monitoring the
fringes of a fiber MZI for different ring heater powers. By tracking the relative shift in the
resonance position we extract a tuning strength of 26.3 MHz/mW (Fig. S2(c, d)).
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Supplementary Fig. S2. Resonator design and characterization. a) Device waveguide cross-section. b) Free-
spectral range (FSR) of the resonator. c) Static tuning with ring heater using a single-frequency DBR laser.

The SIL resonator PIC is designed with a directional coupler splitter. To reduce back-reflections
from the terminated end of the splitter we use a spiral with bend radii much smaller than the
waveguide critical bend radius and decreasing further after a few turns. This ensures that all the
power is radiated out of the waveguides before they reach the termination, preventing any
reflections from the termination. In our design, the termination spiral has four turns in an area of
300 by 300 um?.

Resonator back-reflection measurements. The resonant back-reflection used from the strong
frequency-selective feedback is resonance-dependent. For an individual resonance, the fit of the

3
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transmission sweep considers a resonance splitting g due to mode coupling between co- and
counter-propagating light and the resonator external, internal, and total linewidths y.y¢, Yine, and

Y = Yint + Vext» respectively!”.

Yext (iAw +7/2) |

- (iAw +y/2)? + g?

T = |1 3)

where Aw is the resonance detuning. The level of back-reflection I}, is related to these values as’

Yext 9

|2 =|—22
[T (y/2)? + g2

(4)

For the data in Fig. 1c of the main text these values extracted from the fit are show in Fig. S3a
below. The total level of back-reflection which considers the resonator and the on-chip splitter is
IT,|? =~ 0.04. We also quantified the level of the back-reflection feedback for different resonances
by measuring the back-reflected signal while sweeping a single-frequency tunable laser across
several resonances over a range 779 to 781 nm using the test setup shown in Fig. S3b. We
monitored the outputs at the ring transmission bus and the fiber circulator reflection as shown in
the schematic below, calibrating for fiber to PIC coupling loss. This gives us an estimate of the
power going into the ring and splitter Pj,p,¢ and the back-reflected power Prcq in the dashed-line
boxed region in the diagram.
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Supplementary Fig. S3. Back-reflection feedback characterization. a) Transmission sweep for a single resonance
to extract resonator linewidths and resonance splitting. b) Schematic for measuring the back-reflection. c) Sweep over
several resonances for different center wavelengths. d) Calculated back-reflection fraction for different resonances.
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The level of back-reflection is given by |, |? = Pren/ Pinput- The result of the frequency sweep is
shown in Fig. S3¢,d. We estimate |I,,|? from the ratio between the reflection peak signal to the
off-resonance transmission (blue circles). The strength of the back-reflection is different for each
resonance as shown for several center wavelengths of the sweep. The measured back-reflection
level is similar to that extracted from the fit of an individual resonance at 780 nm (Fig. 3d, black
dashed line). The difference can be attributed to the calibration of fiber-to-chip coupling losses.

Supplementary Note 4: Laser packaging

The coupling between the 90 degree rotated FPLD and the PIC is done using a setup with multi-
axis stages and in a packaged version where the FPLD is immobilized with respect to the PIC
using UV-cured epoxy. In the main text, the results in Figure 3(c) for laser temperature tuning and
one frequency noise trace in Figure 3(d) are measured with the packaged device and all other
results are recorded using the stage-coupled device. The image of the packaged device is shown
in Figure S4. The PIC devices each contain two SIL ring resonators and one is used at a time by
coupling the rotated FPLD at the edge. The PIC is bonded to a circuit board and wire-bonded to
control the phase and ring heaters. The entire base-plate is temperature-controlled. In the process
of attaching the FPLD, the shrinkage of the UV epoxy led to a significant drop in the laser to PIC
coupling efficiency. However, operating the package at an elevated temperature of 50 — 70 deg C
improves the coupling efficiency such that at higher laser currents (90 mA) we achieved SIL with
0.7 mW output power. The frequency noise was measured with the MZI OFD method, yielding a
1/m integral linewidth of 3.1 kHz and a fundamental linewidth of 1.6 Hz (Fig. S4b).

a b Packaged device, 0.7 mW output power
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Supplementary Fig. S4. Packaged device. a) Insets: wire-bonding to pads for controlling the phase and ring heaters,
zoom in on the coupling region between the FPLD and PIC waveguide input. b) OFD frequency noise measurement
for laser current 90 mA and temperature 50 deg C for 792 nm single-mode lasing.

Supplementary Note 5: Atomic systems and laser noise calculations

In this section, we describe the relationship between rubidium-related atomic system performance
to the laser frequency noise for gravimeters and high-fidelity neutral atom qubit gates.
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Cold atom interferometer gravimeter. In cold atom interferometers based on two-photon
transitions, atomic wave packets are split and combined using light pulses of counter-propagating
Raman beams. Differences in the phase accumulated in the atomic wavefunctions can be extracted
when the atoms are recombined and can be used to extract inertial information such as acceleration
due to gravity. The atom interferometer sensitivity described by the interferometer phase variance
can be related to the Raman laser frequency noise Sa, (f) in Hz2 Hz'! as described by!!:1?

o3 = f H(F)? Sy (F) df )

X

where the transfer function that samples the laser frequency noise contribution is given by

|G (@)]? Sy (@)
w2 2T

wt
H(w) = 1622 sin2< zd) 6)

where

G(w) = wfi_QR sin (w(T -IZ_ 2TR)> X (cos (_a)(T ; 2TR)> + %sin (%TD (7

is the Fourier transform of the interferometer sensitivity function that relates phase to atomic state
transition probability. Here, w = 2rf is the angular frequency, T is the time interval between
Raman pulses, and t; = 2L/c is the retro-reflector delay for a distance L between the mirror and
the atoms. The gravity measurement sensitivity is calculated from the interferometer phase error
as

o
¢

oy =—22 ®

7 g kege T2\ JAf

where g is the acceleration due to gravity (9.8 m s2), ke is the effective wave vector of the two
Raman probe lasers, and Af is the atom interferometer cycle rate or bandwidth. Here, Qp is the
Rabi frequency of the stimulated Raman transition and 1y is the time duration of the /2 Raman
pulses such that Qp = 7/(27g). We use the parameters from !2 and set T = 50 ms, Tz= 6 us, and
sensor bandwidth Af=4 Hz, and L =46 cm. The transfer function has a low-pass filtering effect
with a corner frequency given by f, = v/3/(12t;) = 24 kHz in this example, hence the choice of
relevant frequency offset in Table 1 of the main text. Although the gravity sensitivity in many cold
atom interferometer gravimeters is limited by vibration noise (200 nm s' Hz''?) this analysis
shows that lower-noise Raman lasers can improve the atom interferometer noise budget.
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High-fidelity neutral atom quantum gates. We use the laser frequency noise to estimate the
averaged error of a one-photon transition gate operation based on Equation 78 in reference!?. Here
the error £ = 1 — F where F is the gate fidelity. In this calculation we use a Rabi frequency
Qo/2m = 1 MHz and consider a 7 pulse'. The state averaged error is given by

g_8n2
3

f San(F) H() ©)
fx

where Sa, (f) is the driving laser frequency noise (in Hz?> Hz™!). The sensitivity or transfer function
for a  pulse is calculated using

Q3 +4m%f?)[1 + cos(2m?f /Qy)]
(2 — 4n2f2)?

H(f) = (10)

For two-photon and entangled Rydberg excitation gates the requirements on the laser noise are
more stringent and a more rigorous derivation can be found in reference '*. Experiments with ultra-
cold rubidium-87 atoms have used several different laser wavelengths for two-photon Rydberg
excitation including 480 nm with 780 nm'#, 475 nm with 795 nm'®, and 420 nm with 1013 nm!®,
A specific example of 780 nm laser frequency stabilization in a 480, 780 Rydberg excitation
experiment can be found in'’.
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