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“Counters”
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no

(sufficiently universal, practical, stable)  
time

reference

Photo: Steve Gurevitz

A fundamental principle:
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Oscillator

~

Frequency 
reference

Control

Counter
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“Count cycles of an oscillator, which is itself referenced to 
a minimally-perturbed atomic resonance.”

Our best strategy yet:



Optical lattice traps & ion traps (c.a. 2018)

Instability of Earth’s day

Plot: DW Allan, N Ashby, C Hodge, HP application note 1289: Science of Timekeeping (1997)

Year



Why optical frequencies?

Photo: Nate Phillips, NIST
518 295 836 590 863.6 Hz ± 0.3 Hz



All else being equal, a faster oscillation frequency is better.
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Imagine counting electromagnetic waves:

Right: F Baynes, F Quinlan, T Fortier, et al., Optica 2(2) 141 (2015) 

Fractional frequency instability:

make bigger!
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divide time into small intervals!



Optical atomic frequencies are better inter-compared than absolutely known.

Image: N Poli, CW Oates, P Gill, GM Tino, La Rivista del Nuovo Cimento 36(12), pp. 555–624 (2013)
Additional points: TL Nicholson, SL Campbell, RB Hutson, et al., Nature Communications 6, 2896 (2015)

TK Beloy, W McGrew, X Zhang, et al., Proceedings EFTF, paper 7159 (2018) 
S Brewer, J-S Chen, D Hume, et al., Proceedings EFTF, paper 7097 (2018)



[1] X Xie, R Bouchand, D Nicolodi, Nature Photonics 11, 44–47 (2017)

CSO approx. from [2]

[2] J Hartnett, N Nand, C Lu, Appl. Phys. Lett. 100, 183501 (2012)

Low phase-noise microwaves can be generated by “dividing” optical oscillators.

Stabilized laser
e.g. 194 THz

fs-comb
12 GHz(coherent division by N~16,200)



Impact on “non-clock” applications:

https://space-geodesy.nasa.gov/techniques/VLBI.html

Very-long baseline radio-telescope interferometry

Laser-ranging / remote Doppler

Trace-gas sensing

Astronomical spectrograph calibration
… exoplanet detection

Ultra-high harmonic generation
… atto-second science

Figure: Jun Ye, JILA via aps.org

http://aps.org


Communications

“… there are more high frequencies  
than low frequencies …”
Isaac Asimov 
(Understanding Physics, p. 130, 1993)

Typical DWDM spacing: 50 or 100 GHz…

Figures: Wikimedia

… could be much closer if carriers were coherent.

Impact on “non-clock” applications:



“New” applications:

[1] Top: NASA GRACE mission

Relativistic geodesy
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Near Earth’s surface:
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[2] Bottom: CW Chou, DB Hume, T Rosenband, D Wineland, Science 329, 1630 (2010)

Comparison of two Al+ optical clocks:

…raise one 
33 cm

Frequency Comparison of Two High-Accuracy Alþ Optical Clocks

C.W. Chou,* D. B. Hume, J. C. J. Koelemeij,† D. J. Wineland, and T. Rosenband
Time and Frequency Division, National Institute of Standards and Technology, Boulder, Colorado 80305, USA

(Received 23 November 2009; published 17 February 2010)

We have constructed an optical clock with a fractional frequency inaccuracy of 8:6" 10#18, based on

quantum logic spectroscopy of an Alþ ion. A simultaneously trapped Mgþ ion serves to sympathetically

laser cool the Alþ ion and detect its quantum state. The frequency of the 1S0 $ 3P0 clock transition is

compared to that of a previously constructed Alþ optical clock with a statistical measurement uncertainty

of 7:0" 10#18. The two clocks exhibit a relative stability of 2:8" 10#15!#1=2, and a fractional frequency

difference of #1:8" 10#17, consistent with the accuracy limit of the older clock.

DOI: 10.1103/PhysRevLett.104.070802 PACS numbers: 06.20.F#

Optical clocks based on petahertz (1015 Hz) transitions
in isolated atoms have demonstrated significant improve-
ments over the current cesium primary frequency standards
at 9.2 GHz. They also shed light on fundamental physics,
such as the possible variation of physical constants. While
the merits of laser cooled ion optical frequency stan-
dards were known [1,2], further developments were re-
quired to permit their use. Subhertz linewidth lasers [3]
enabled single ions to be probed with sufficient resolution
for high-stability clock operation, and control of external-
field perturbations allowed such clocks to operate with an
inaccuracy below 10#16 [4,5]. For comparison, cesium
standards that realize the SI second have reached an in-
accuracy of 3" 10#16 [6], and an optical lattice clock
based on Sr atoms has been reported [7] with an inaccuracy
of 1:5" 10#16. Here we describe an Alþ ion clock with an
inaccuracy of 8:6" 10#18.

The 1S0 $ 3P0 transition in Alþ at 1.121 PHz is of
interest due to its low sensitivity to electromagnetic per-
turbations and its narrow natural linewidth of 8 mHz [8,9].
Alþ has the smallest sensitivity to blackbody radiation
[10,11] among atomic species currently under considera-
tion for clocks, thus relaxing the requirement on ambient
temperature control. However, the absence of an accessible
allowed optical transition prevents the internal state of Alþ

ions from being detected by conventional methods, and the
ion cannot currently be directly laser cooled. Quantum
logic spectroscopy (QLS) [12] overcomes these difficulties
by trapping a ‘‘logic ion’’ that can be directly laser cooled
together with the Alþ clock ion. The coupled motion of the
two ions allows for sympathetic cooling, as well as the
transfer of the clock ion’s quantum state to the logic ion,
where the state can be measured.

The clock described here shares features with our
previously-constructed Al-Be clock [5,9], but also includes
many changes, making a comparison of the two clocks a
valuable test of systematic errors. In the new clock, the
9Beþ logic ion has been replaced by 25Mgþ, whose mass
closely matches that of 27Alþ. Laser cooling inefficiencies
due to mass mismatch are thus suppressed. The Al-Mg ion
trap is a linear Paul trap built from tool machined all-metal

electrodes (Fig. 1). This construction differs from the
Al-Be trap that was built from laser-machined and gold-
coated alumina electrodes [13], and it exhibits reduced
rf-micromotion-inducing electric fields.
QLS with a Mgþ logic ion proceeds in the same way

as with Beþ, but the ground-state-cooling process [14]
has been modified to require only two lasers rather than
three [15]. This cools the out-of-phase axial motional
mode to an average quantum number of !n < 0:05. It also
enables quantum-nondemolition transfer (QNDT) of the
Alþ-clock-ion state to Mgþ with approximately 80% fi-
delity in a single QNDT repetition and over 99% fidelity
after typically five QNDT repetitions [16].
The trap utilized in the new Alþ clock has blade-

shaped gold-coated beryllium-copper electrodes (Fig. 1)
whose edges are approximately 400 "m from the
ions. The 25Mgþ logic ion (I ¼ 5=2) is manipulated with
light of 279.5 nm wavelength from two independent
lasers. A frequency doubled dye laser resonantly drives

x2AOM

x2

AOM

Frequency
recording

Ultra-stable
Cavity

BS

Al+Be+

BS

Mg+

Al+

x2

FIG. 1 (color). Setup for comparing the frequencies of the two
Alþ clocks. The 4th harmonic of a fiber laser is locked to the Alþ
1S0 $ 3P0 clock transition in the Al-Mg apparatus with a fixed
offset frequency (applied to AOM1). Another laser beam derived
from the same laser probes the clock transition in the Al-Be
apparatus, where the laser frequency is locked to the clock
transition in a separate digital feedback loop that controls
AOM2. The record of frequencies applied to AOM2 represents
the difference in clock frequencies. Beam splitter (BS); acousto-
optic modulator (AOM); frequency doubler (x2).

PRL 104, 070802 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

19 FEBRUARY 2010

0031-9007=10=104(7)=070802(4) 070802-1



“New” applications:

Relativistic geodesy: demonstrated with transportable optical clock

J Grotti, S Koller, S Vogt, et al., Nature Physics 14, 437 (2018)



“New” applications:
Are fundamental “constants” of nature time-varying?

Optical clocks as low-frequency gravitational wave detectors

RM Godun, PBR Nisbet-Jones, JM Jones, et al., PRL 113, 210801 (2014)

Optical clocks as speculative dark matter candidate detectors

S Kolkowitz, I Pikovski, N Langellier, et al., PRD 94, 124043 (2016)

A Arvanitaki, J Huang, K Van Tilburg, PRD 91, 015015 (2015)



Technological comparisons: 
microwave vs. optical

Control Frequency 
reference

Oscillator

~
Counter

23:59:59.012
31 Dec 2016

Transfer



Oscillator

~

Microwave Optical

Left: http://lowpowerradio.blogspot.com/2017/02/Instant-AM-radio-station-hacking-1-mhz-crystal-oscillator.html

Derive a (short-term-) stable frequency 
from an object’s physical dimensions

Right: PTB & JILA, photo reproduced at https://www.sciencedaily.com/releases/2017/06/170629101709.htm

http://lowpowerradio.blogspot.com/2017/02/Instant-AM-radio-station-hacking-1-mhz-crystal-oscillator.html
https://www.sciencedaily.com/releases/2017/06/170629101709.htm


(circa 2011) [1] S Grop, W Schafer, P Bourgeois, et al.,  
IEEE Trans. UFFC 58(8), 1694–7 (2011)

[2] DG Matei, T Legero, S Häfner, et al.,   
Phys. Rev. Lett. 118, 263202 (2017)

[3] W Zhang, JM Robinson, L Sonderhouse, et al., 
Phys. Rev. Lett 119, 243601 (2017)

Q ~ 1.5 x 1016



Microwave Optical

Derive an accurate frequency from a 
quantum-mechanical systemFrequency 

reference

Left: National Physical Laboratory, UK. Right: H Katori, University of Tokyo

~$ 106



Derive an accurate frequency from a 
quantum-mechanical systemFrequency 

reference

Left: Microsemi. Right: Institut für Physik, Humboldt-Universität zu Berlin

Microwave Optical
~$ 105



Derive an accurate frequency from a 
quantum-mechanical systemFrequency 

reference

Left: Stanford Research Systems. Right: Swinburne University of Technology, Melbourne

Microwave Optical
~$ 104



Derive an accurate frequency from a 
quantum-mechanical systemFrequency 

reference

Left: NIST chip-scale atomic clock prototype. Right: “NIST-on-a-chip” wavelength-reference concept art

Microwave Optical
~$ 103



Frequency 
reference

Ok, but which optical frequency references 
are “closest” to commercial availability?



e.g two-photon Rb

K Martin, G Phelps, ND Lemke, et al., Phys. Rev. Appl. 9, 014019 (2018) 
Photo (here for illustration): Swinburne University of Technology, Melbourne



e.g iodine molecule

Th Schuldt, K Döringshoff, E Kovalchuk, et al., Appl. Optics 56(4), 1101 (2017)



e.g calcium thermal beam

from J Olson, et al., presentation at EFTF/IFCS 2017



Counter

23:59:59.012
31 Dec 2016

Microwave Optical

Measure oscillator  
phase & frequency differences
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“Phase/frequency subtraction in a mixer” “Interference on a photodiode”



Femtosecond laser frequency comb 
(fs-comb)



Diagram: S Diddams, J Bergquist, S Jefferts, C Oates, Science 306(5700), 1318 (2004)

Femtosecond laser frequency comb 
(fs-comb)



Commercialized fs-combs



Top: V Brasch, M Geiselmann, T Herr, et. al, Science 351(6271), 357 (2016)   
Bottom: P Del’Haye, A Coillet, T Fortier, et al., Nature Photonics 10, 516 (2016)

Micro-resonator combs



Transfer

Microwave Optical

Deliver phase/frequency over an 
unknown & unstable delay.

Common theme: without knowledge-of-path, transfer must be two-way and symmetric!

Note for optical signals: effectively building an optical interferometer



[1] D Xu, W Lee, F Stefani, Optics Express 26(8), 9515 (2018)

e.g. 43 km, urban fiber between Paris laboratories: SYRTE and LPL



e.g. optical carrier phase transfer through several amplifiers ~ 920 km

K Predehl, G Grosche, SMF Raupach, et al., Science 336, 441 (2012)

Optical lattice clock
 (2017)



FR Giogetta, WC Swann, LC Sinclair, et al., Nat. Photonics 7, 434–438 (2013)

e.g. few km free-space transfer w/ fs-comb pulses



Rough estimates of 
technological readiness



Multiple 
vendors

Single 
or few- 
vendors

Partner 
w/ R&D

Active 
development

“Turnkey” stabilized laser systems

fs-comb (rack scale)
fs-comb (chip scale)

Optical phase transfer (fiber)

Optical phase transfer (free-space)

Optical atomic reference

Ultra-stable microwave generation

Portable clock for geodesy

Optical time/frequency transfer

2018

Stable laser components
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Technological overview w/ 
analogies to microwave components:
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Divide time into finer intervals 
Optical references inherently more stable

stable lasers, fs-comb technology, phase transfer commercially available

compact versions, optical atomic references, microwave-generation, 
“turnkey” optical time-keeping/transfer solutions under active development

Lots of examples:

Oscillators
Frequency references

Frequency/time-transfer
“Counters”
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