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Ultrafast dynamics and precision stabilization in
chip-scale optical frequency combs
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Optical Frequency Comb
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synthesizer
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— ultrastable laser
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Microresonator-based ultrafast light source delivering 74 femtosecond pulse train
- Huang et al., Phys. Rev. Lett. 114, 053901 (2015).

Low noise broadband microcomb containing 3,600 coherent frequency teeth
- Huang et al., Sci. Rep. 5, 13355 (2015).

High bandwidth comb stabilization achieving a fractional uncertainty of 2.7x10-16
- Huang et al., Sci. Adv. 2, e1501489 (2016).

Microresonator stabilized diode laser at the thermodynamical limit of 1.7x10-13
- Lim et al., Opt. Lett. 41, 3706 (2016).
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—— “The combination of chip-scale Kerr

P1 P2 )
g sl Multicasted copies frequency comb sources with large-
A scale silicon photonic integration can
[ 1] | s
] || ﬁﬂﬂ become a key concept for power-
‘ — ' apm A wavelength efficient optical interconnects.”
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pump laser (thiswerk) ) Pfeifle et al., Nat. Photon. 8, 375 (2014).
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effective number of bits

10°  10°
Analog input frequency, Hz

Sampling microwave signals directly in the
optical domain with mode-locked lasers has
shown promises to overcome the bottleneck
of aperture jitter in the high-speed and high-
resolution ADCs.
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A. Khilo et al., Opt. Express 20, 4454 (2012).
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“The

integration with other devices makes chip-scale Kerr

frequency comb sources well suited for possible realization of a

dual-comb spectroscopic system-on-a-chip.”

Microresonator |  Soliton | |”H|| v _=f +nf
nl ¢l £l
CW Laser | O Reference
\

CWLaserII O =it |||H|| v, =f,+nf,
Microresonator |l

Absorption spectrum

T

Optical Domain

f =Af +nAf

Dual-Comb
Spectroscopy

< »

RF Domain

M.-G. Suh et al., Science 354, 600 (2016).
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Astro-comb for earth-like exoplanet search | “#4
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Finite side mode suppression and the
instability of the external Fabry-Perot

Star Spectrum . .. . . .
b cavities are the limiting factor in precision.

f Astro-comb — as a )
wavelength reference C.-H. Li et al, Nature 452., 610 (2008).

A. G. Glenday et al., Optica 2, 250 (2015).

Year-long precision radial velocity measurements will identify habitable exoplanets

* An ideal wavelength calibrator must have thousands of calibration lines, a bandwidth of
>100 nm, a comb spacing of >10 GHz, an uniform comb line power of >100 nW, and a
fractional uncertainty of <3x10-11,
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@ Optical quantum information processing , '#4

“The exploitation of integrated Kerr frequency combs, with their ability to
generate multiple, customizable, and complex quantum states, can provide a
scalable, practical, and compact platform for quantum technologies.”

C. Reimer et al., Science 351, 1176 (2016).
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@ Baseline process control: Si;N, presonators
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V. Brasch et al., Science 351, 357 (2016).

ﬁ \ X.Yietal., Optica2, 1078 (2015).
C. Joshi et al., Opt. Lett. 41, 2565 (2016).
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S.-W. Huang et al., Sci. Rep. 6, 26255 (2016).
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transmission (arb. unit)

scan speed: >40 nm/s
« MZI clock: 5 MHz sampling
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Measurements of GVD and intracavity filter , =4

i
I
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Each resonance is fitted with a Lorentzian lineshape to find the resonance
frequency and the quality factor. The GVD is then determined by analyzing the
dependence of the free spectral range on the mode number.
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A stepwise change of resonance detuning
or pump power drives the microresonator
into the Kerr frequency comb state.
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linewidth of 800 kHz, limited by the mutual
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M FROG spectrogram
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Spectral interferometric fringes arise due to the presence of the cw background as it can also mix with
830 the pulse, generating two temporally-separated signal pulses. The exact fringe patterns depend on
the relative phase between the cw background and the pulse.

-15 -10 -5 A time (ps) +5 +10 +15

Shu-Wei Huang University of California, Los Angeles



Genetic algorithm for phase retrieval R

Genetic algorithm is a global search method based on ideas taken from evolution
and is less susceptible to becoming trapped by local extrema in the search space.
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FROG retrieved pulse structure Wy
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Bright pulse and analytic solution W
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Analytically calculated chirp agrees well

with the FROG retrieval.
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A narrower filter bandwidth and smaller
GVD are beneficial for short pulses.

156505
V6

cavity GVD (fs?)
[ (s4/2)Bo| ] yipimes|nd

filter bandwidth Q; (THz)

University of California, Los Angeles



ll. Low noise broadband microcomb

TE,; mode profile
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1. Microresonator-based ultrafast light source delivering 74 femtosecond pulse train
- Huang et al., Phys. Rev. Lett. 114, 053901 (2015).

2. Low noise broadband microcomb containing 3,600 coherent frequency teeth
- Huang et al., Sci. Rep. 5, 13355 (2015).

3. High bandwidth comb stabilization achieving a fractional uncertainty of 2.7x10-1
- Huang et al., Sci. Adv. 2, e1501489 (2016).

4. Microresonator stabilized diode laser at the thermodynamical limit of 1.7x10-13
- Lim et al., Opt. Lett. 41, 3706 (2016).
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Coherence between different comb families

preferably phase matched comb lines
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Quantum-noise-limited phase noise has a roll-off of 20 dB/decade and
approaches -148 dBc/Hz at 1 MHz offset from the carrier of 17.9 GHz.
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Stability of the pcomb oscillator Y

Pump frequency drift limits the pcomb oscillator’s long term frequency stability.

Allan deviation is improved to 7 X10-" at 1 s by a computer-aided pump frequency
feedback control.

pump A induced instability
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lIl. High bandwidth comb stabilization ..
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3. High bandwidth comb stabilization achieving a fractional uncertainty of 2.7x10-1°
- Huang et al., Sci. Adv. 2, e1501489 (2016).

Shu-Wei Huang University of California, Los Angeles



optical reference

external cavity I . -
diode laser Dl -

A

analysis

A

)
o

PI2D loop filter

electri. power (dB)
a &

o)
S

PR [N TR AT TR A W |
2 1 0 1 2

RBW = 1kHz

-500

0

500

frequency - 188 THz (kHz)

frequency (MHz)

(o))
o
|

—_ E 0
I L c =1mHz
E 1wl 5% 5 =5mHz
. 3-60 p-p
L O
8- o ] A ]
£ 20 | ~100 0 700
= i frequency - 188 THz (Hz)
o
E e e e e R R
0O 100 200 300 400 500 600 700 800 900 1000

time (s)

Shu-Wei Huang

University of California, Los Angeles



Stabilization of f,
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via pump power control |, ‘#4
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Assessment of the comb frequency uncertainty , 'r. |
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Fractional uncertainty of 2.7x10-16 4y

Clockwork using the chip-scale frequency comb as the optical-to-microwave gear
can reach a fractional uncertainty of 2.7x10-6,
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IV. Microresonator stabilized diode laser "=,
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3. High bandwidth comb stabilization achieving a fractional uncertainty of 2.7x10-1
- Huang et al., Sci. Adv. 2, e1501489 (2016).

4. Microresonator stabilized diode laser at the thermodynamical limit of 1.7x10-13
- Lim et al., Opt. Lett. 41, 3706 (2016).
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The MgF, resonator features a high Q of 2.4x10° (ring-down time of 4 ys) over a
wide spectral range (visible to mid-IR), making it an attractive candidate as an
optical reference for laser stabilization.
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Stabilized laser linewidth and frequency noise, ‘=4

« The stabilized laser linewidth is measured at 100 Hz (25 Hz if the power-line
noise is numerically removed).

« The pink frequency noise is a direct consequence of the presence of multiple
normal modes of the heat transfer equation in the MgF, microresonator.

1.0} -
RBW =47 Hz g
N
o 08} %
e T
"cq'; 06F g
8 Av, ;=100 Hz S
T 04} =
= O
o
O 0.2F g
O
o
OO | N | N | N | | h N N
-2000  -1000 0 1000 2000 10° 10" 102 10° 10* 10°
offset frequency (Hz) offset frequency (Hz)

Shu-Wei Huang University of California, Los Angeles



Fractional instability of the stabilized laser frequency reaches the thermo-
refractive noise limit of 1.7x10-13 at 100 ms.

Long-term stability deviates from the random walk noise (1'?) due to the
digitization error of the used thermo-electric cooler.
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T. Kessler et al., Nat. Photo
6, 687 (2012).
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Summary

1. Microresonator-based ultrafast light source delivering 74 femtosecond pulse train
- Huang et al., Phys. Rev. Lett. 114, 053901 (2015).

2. Low noise broadband microcomb containing 3,600 coherent frequency teeth
- Huang et al., Sci. Rep. 5, 13355 (2015).

3. High bandwidth comb stabilization achieving a fractional uncertainty of 2.7x10-16
- Huang et al., Sci. Adv. 2, e1501489 (2016).

4. Microresonator stabilized diode laser at the thermodynamical limit of 1.7x10-13
- Lim et al., Opt. Lett. 41, 3706 (2016).
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