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Preview

ÅMicrowave signals with optical clock stability

ÅCompact optical reference cavities

2.54 cm



Optical clock frequency down conversion

Goal: establish that an optical frequency 
comb and high-speed photodetector 
can support optical clock stability (10-18) 
stability on a 10 GHz carrier

Leopardi et al, Optica4 p. 879 (2017)



Optical clock frequency down conversion

Goal: establish that an optical frequency 
comb and high-speed photodetector 
can support optical clock stability (10-18) 
stability on a 10 GHz carrier

Bayneset al, Optica2 p. 141 (2015)

10 GHz carrier



Phase coherent down-conversion
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Highly correlated phase records

Scaling should be given by (259 THz/10 GHz)

T. Nakamura et al, Science 368, p. 889 (2020)

Optical clock signals provided by A. Ludlow & team



Phase coherent down-conversion

Highly correlated phase records

Scaling should be given by (259 THz/10 GHz)
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Frequency down-conversion

State-of-the-art 
optical clocks

Optical-to-microwave frequency ratio:
OFD1: 25912.2626487667098(25)
OFD2: 25915.8720255287493985(25)

T. Nakamura et al, Science 368, p. 889 (2020)



Accuracy of optical-to-microwave conversion

Optical Frequency (Yb1-Yb2) fractional

Optical beat note -0.0152862 Hz (-5.8986±0.095)×10-17

Microwave + calculation -0.0152926 Hz (-5.9011±0.096)×10-17
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Parameters Values

Absolute frequency of Yb1 ⱨ◐╫
(including all AOM shifts)

259147886795431.25 Hz (±2.1×10-16)

█╫▄╪◄ 126.5 MHz

Hydrogen maser shift 1 ς6.46×10-13 (fractional)

Mode number of comb1 (▪) 1243788

Mode number of comb2 (□ 1658615

Frequency tuning word of DDS 

(╕╣╦ἎἎἡ)
103069168

Frequency tuning word of SDR 

(╕╣╦ἚἍἛ)
59821114

difference frequency (█□) -12.694921924988 Hz

ⱨ▫██▼▄◄(from Eq. 20) -0.0152926 Hz



Preview

ÅMicrowave signals with optical clock stability

ÅCompact optical reference cavities

2.54 cm



Compact optical reference cavities

(to scale)

30 cm

NIST Ybclock laser cavity

Stability ~1-2x10-16 at 1 second



Compact optical reference cavities

Å High finesse
Å Mirrors with large radius of curvature
Å Manufacturableςno more individual hand assembly
Å Passive vacuum pumping ςno more ion pumps
Å Fractional frequency stability at 10-14 or better

30 cm

NIST Ybclock laser cavity

Charles McLemore 
performing an optical 
contact bond

16 mm

Wish list



Applications of compact ultrastablecavities

Mobile optical clocks Low noise microwave generation Environmental sensing

Marra, et al. Science 361, 6401 (2018)
Marra, et al.  Science 376, 6595 (2022)
Mazur, et al. arXiv:2303.06528 (2023)
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Fortier et al, Nat. Photon. 5 (2011)
Xieet al, Nat. Photon. 11 (2017)

Jammiet al, CLEO 2022



Applications of compact ultrastablecavities

Mobile optical clocks Low noise microwave generation Environmental sensing

Marra, et al. Science 361, 6401 (2018)
Marra, et al.  Science 376, 6595 (2022)
Mazur, et al. arXiv:2303.06528 (2023)

Fortier et al, Nat. Photon. 5 (2011)
Xieet al, Nat. Photon. 11 (2017)

Jammiet al, CLEO 2022

400 km span



Survey of the state-of-the-art in FP stabilized lasers
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Original plot credit: J. Davila-Rodriguez



A glass menagerie

In-vacuum bonded cavities

Microfabricatedmirror-based cavities



N. Jin, et al., Optica9, 965-970 (2022)Kharel, et al., APL Photonics, 3, 066101 (2018).

FS or ULE

Increasing Reflow

Reactive Ion Etch

Mirror Fabrication

Stop 
reflow

Tailorable mirror ROC and sizePhotoresist pattern is 
transferred to substrate via RIE

Photoresist disk

Microfabricatinghigh finesse mirrors

Mirror reflectivity > 99.9996%

ROC ROC

Cavity ringdown& finesse

Mirror profiles

Large ROCSmall ROC

Mirror layout



Million finesse micromirrors

ÅDemonstrated ROC covers  ~4 orders of magnitude

ÅApplications range from cavity QED (small ROC) to 
optical clocks (large ROC) 

Å1 million-level finesse produced with high yield
NaijunJin, et al., Optica9, 965-970 (2022)

Survey of state-of-the-art mirror finesseFinesse compendium



Micromirrorcavities

C. A. McLemore, et al., Phys. Rev. Appl. 18, 1 (2022)

ÅMicromirrors are paired with a single flat mirror
ÅThree independent cavities in a single 8 mL volume structure
Å9ŀŎƘ ŎŀǾƛǘȅ Ƙŀǎ ŀ ŦƛƴŜǎǎŜ җ лΦф Ƴƛƭƭƛƻƴ



Micromirrorcavity phase noise and stability

Thermal noise limited performance

measurement 
setup



Micromirrorcavity + chip-scale laser
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 Measured phase noise
 Cavity thermal noise
 SIL laser

SOA

EOM

PDH 
Servo

To AOM 
frequency

Stabilized 
laser output

Diode laser injection-locked to SiNring 

1 Hz integrated linewidth laser 
Å Cavity thermal noise limited to ~4 kHz
Å 10-14 fractional frequency stability at 1 s

J. Guo et al, Sci. Adv. 8 (2022)

ʈFPcavity

RBW = 10 Hz

Phase noise

AOMSIL Laser

Linewidth

Q > 12 billion



Micromirrorcavities ςreduction in size

Cavity ringdown statistics

Mirror profile

Example cavity ringdown

Finesse = 462,000

ϵȱ
ρȱ

3 ˃ -mirrors
1550 nm

1 ˃ -mirror
1396 nm

ÅHalf-inch diameter decreases volume 
from 8 mL to 2 mL

ÅProtected annulus on micromirror 
substrate guarantees reliable bond

ÅFinesse is sufficient to reach thermal 
noise limit

ROC: 0.8 m
Sim. scattering loss: 

0.6 ppm

Mirror fab steps

contact annulus

-˃mirror



Cavity in a custom can

Heat shield/rigid holder

ѹέ ŘƛŀƳŜǘŜǊ ŎŀǾƛǘȅ

Macorbase

Custom vacuum can

Fixed pigtailed 
collimator

External Alignment Jig Assembled Vacuum System

fiber input

epoxy

Performance currently under evaluation



A glass menagerie

In-vacuum bonded cavities



Phase noise vs. air pressure
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 Thermal noise limit
 PDH in-loop
 PDH unlock (electr. floor) 

 
 0.3 hPa (2.3E-1 torr)
 6.3 hPa (4.7 torr)
 14 hPa (11 torr)
 63 hPa (47 torr)
 460 hPa (345 torr)
 740 hPa (570 torr)
 Atmospheric pressure

Meas. limit

Test cavity

Spacer length: 6.3 mm
Spacer diameter: 27 mm
Mirror thickness: 6.35 mm

Å Cavity is placed within a 
vacuum chamber with 
pressure monitoring

Å Optical phase noise is 
measured at different 
pressure settings

Tests indicate only modest vacuum ~1 torr 
is required to reach thermal noise limit

0.23

Optical Phase Noise



In-vacuum cavity bonding

19.05 mm

25.4 mm
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Residual gas noise

Gas molecules perturb 
the optical phase as 
they transit the beam

Noise model*:

*Zucker & Whitcomb, LIGO (1994)

Å Thermal noise limited phase noise
Å Still holding vacuum and going strong!

Excess noise

500 Pa (3.75 torr)



ά.ŀƪŜ ƴΩ ōƻƴŘέ ŎŀǾƛǘȅ

Thermal noise limited phase noise out to 10 kHz offset without a vacuum enclosure!



ά.ŀƪŜ ƴΩ ōƻƴŘέ ŎŀǾƛǘȅ

Thermal noise limited phase noise out to 10 kHz offset without a vacuum enclosure!



²ƘŀǘΩǎ ƴŜȄǘΚ
Vacuum bonding

+

micromirrors

Dice into 
individual cavities

In-vacuum bond 
cavity arrays



άminicubeέ ŎŀǾƛǘȅ ςpreliminary results

10 mm

7 mm

7 mm

In-vacuum micro-FP: bonded and diced at Yale

Cavity with micro-
fabricated mirror
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 Minicube phase noise - Sept. 2023
 Calculated thermal noise limit
 Residual lock noise (est.)
 PDH SNR limit (est.)

Cavity in NIST-
made holder

Preliminaryphase noise

Noise matches thermal noise limit from ~10 Hz to ~200 Hz
.ŀƪŜ ƴΩ ōƻƴŘ ŎƻǳƭŘ ƛƳǇǊƻǾŜ ƴƻƛǎŜ ŦǊƻƳ нлл IȊ ǘƻ мл ƪIȊ



Summary

Microwave signals with 
optical clock stability

High finesse micro-mirror cavities Low phase noise with in-vacuum bonding

άminicubeέ ŎŀǾƛǘƛŜǎ
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Optical clock diagram


