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Optical Frequency Measurements Group
NIST, BoulderOptical Clocks

Chris Oates
Cold Ca  
Yann Le Coq → (SYRTE, Paris)
Jason Stalnaker → (Oberlin)
Guido Wilpers (Germany/NPL-UK)
Anne Curtis (CU → NPL-UK)
Kristin Beck (Rochester, SURF)
Cold Yb 
Chad Hoyt (→ Bethel College)
Zeb Barber (CU) 
Valeriey Yudin (Russia)
Aleksei Taichanachev (Russia)
Nathan Lemke (CU)
Nicola Poli (LENS, Italy)

fs Frequency Combs
Scott Diddams

Tara Fortier (LANL)
Jason Stalnaker → (Oberlin)

Qudsia Quraishi (CU)
Stephanie Meyer (CU)

Albrecht Bartels → (Konstance)
L-S Ma, Z. Bi, (ECNU-BIPM)
Y. Kobayashi (AIST Japan)
Vela Mbele (South Africa)

Matt Kirchner (CU)
Andy Weiner* (Purdue)

Danielle Braje
Vladi Gerginov (Bulgaria, N.D....PTB)

Optical Length Metrology
Richard Fox

•$$ NIST, DARPA-MTO, ONR-CU-MURI, NASA, LANL

Chip Scale Atomic Devices
clocks, magnetometers …

John Kitching
Svenja Knappe (Germany)
Peter Schwindt (Sandia)

Vishal Shah → (Princeton)
Vladi Gerginov (Bulgaria, N.D....PTB)

Ying-Ju Wang (Taiwan)
Clark Griffith
Andy Geraci

Hugh Robinson
Liz Donley

Eleanor Hodby (England)
Alan Brannon (CU) → industry

Matt Eardley (CU)
Ricardo Jimenez (CU, Mexico)

Susan Schima
Lucas Willis (LSU, SURF)
Nicolas VanMeter (SURF)

Tara Cubel-Liebisch

Carol Tanner (Notre Dame)

& many others at NIST and JILA

http://tf.nist.gov/ofm/
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Highest Accuracy Atomic Clocks



Enthusiasm for Optical Atomic Clocks and fs Combs

Jan Hall

Ted Hänsch

Nobel Prize
2005

Scott
Diddams

Tara
Fortier
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Phase Noise on Oscillating Signals

Optical
•Shot-noise I = sqrt(2eIBW), technical AM noise
• ~ fs timing, (10-15 at 1s) ,… (with several caveats)

Electronics
•Thermal noise sqrt(4kTRBW), electronic phase-noise
•Timing precision in electronics is limited to ∼ ps gate delay dispersion

Note! difference between residual fluctuations and absolute fluctuations,
jitter with regard to same source vs. two independent sources.
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Δτ/τ = ΔΦ/Φ = ΔΦ/2πn = Δf/f0

Timing precision

dS/dt ~ Af0 / noiseA



What is the most significant achievement
resulting from Atomic Clocks ?

Rubidium Atomic clocks

Array of 24 orbiting GPS satellites

≈ 4 Rb atomic clocks per satellite

Clocks in Space !
GPS (Global Positioning System)



Myopic history of cold atom clocks for space

• ≈ 1989 several months at ENS-Paris & already found there discussions,
proposal for cold Cs clock in space
•  19 years later, ACES-PHARAO a reality  (but still on the ground)

•  NASA microgravity program: 1997, PARCS, RACE
•NIST-JPL … PARCS hardware built/tested,
•SCR, PDR, RDR reviews….
• uncert. ≈ 1x10-16

PARCS

RIP
PARCS
1997-2004

Optical Atomic Clocks – Prospects
• Improved stability and accuracy
• Increased complexity
• Optical and microwave connections
• uncert. ≈ 1x10-17 feasible?



Advanced cold atom clocks or
Laser ranging/imaging in/from Space

Next generation Grace
laser ranging ?

PARCS

NASA

ACES

ESA

HYPER, …

Lunar ranging
w/ laser
pulses
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T2L2 (Time Transfer by Laser Link)
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Optical Atomic Clocks for Space

Claims
– Exceptionally performance
– Could provide exquisite timing and frequency reference for

science missions (tests of relativity, precision probes of space-
time, searches for new physics, temporal variation of
fundamental constants…)

– Technological advances: improved time transfer, navigation
reference, unprecedented imaging from space …

But NOT yet ready for space :
• Would require major investment of people-time and $$ to put optical

clocks in space within 10 years
• Critical components missing (lasers and time transfer)
• Complexity, SWAP issues



Ytterbium optical atomic clock

Chad Hoyt 
Zeb Barber
Chris Oates
Jason Stalnaker
Nathan Lemke

398.9 nm,
28 MHz

1P1 (6s6p)

3P1: 555.8 nm,
182 kHz

3P0,1,2 (6s6p)

- Excellent prospects for high stability and small absolute uncertainty

Lattice
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  λ = 578 nm
Δν = ~0     174Yb

        15 mHz    171Yb, 173Yb

(171Yb, 173Yb  I=1/2,5/2)
1S0
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High resolution specctroscopy with lattice-trapped Yb atoms

full width ~ 4 Hz (Q >1014)



20 fs

Ultrashort optical pulse, plus nonlinear fiber → Broad Spectum
Repetitive pulse train  →  Frequency Comb →  “ruler for frequency/time”

Count Optical Frequencies with Optical Frequency Combs
Ultra-short and repetitive pulses of light

time

Wavelength

Power

•Initial efforts/ideas:  J. Eckstein, A. Ferguson & T. Hänsch (1978), V. P. Chebotayev (1988)



Optical clock comparisons via
optical frequency combs

PD
comb 

stabilizationCa, Hg+, Al+, Sr
stabilized laser 

PDto counter
578 nm Yb

stabilized laser

f = N x frep + f0

f0 lock

T. Fortier
S. Diddams …
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Instability: Sr v. Yb

Sr at JILA, Ludlow, Ye et al.
vs. Yb at NIST via 3 km optical fiber



Applications of Optical Frequency References and Combs

•Advanced communication systems (security, autonomous
synchronization)

•Advanced Navigation (position determination and control)

•Precise timing (moving into the fs range)

•Tests of fundamental physics (special and general relativity, time
variation of fundamental constants)

•Sensors (strain, gravity, length metrology ……)

•Ultrahigh speed data, multi-channel parallel
broadcast, or receivers, coherent communications

•Low noise microwaves, and electronic timing signals

•Scientific applications ( precision spectroscopy, chemistry, 
trace gas detection… )

•Quantum information ( Ivan Deutsch …)

•Fourier synthesized arbitrary waveform generation

Phase-coherent imaging from
independent satellites
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10 GHz Output
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region where OFD combs’
performance excels

Poseidon sapphire oscillator

10 GHz synthesizer 
Agilent 8257D + Wenzel quartz

Two Optical Frequency Dividers 
Phase noise for 10 GHz output

April 2008



Optical Frequencies Measured via GPS
R. Fox, S. Diddams NIST, 

also similar work at NPL …

I(f)

f
optical

x2
Self-Referencing

frep

funknown

GPS

Fox et al. Applied Optics, 05,

Even commercial systems now
available – CLEO/QELS trade show

Red, 633nm  I2 – Stabilized HeNe laser





CSADs Team
NIST Time and Frequency
John Kitching
  Svenja Knappe
  Vladislav Gerginov
  Vishal Shah
  Susan Schima
  Peter Schwindt
  Clark Griffith
  Brad Lindseth

  Ying-Ju Wang
  Matt Eardley
  Andy Geraci
  Elizabeth Donley
  Eleanor Hodby
  Hugh G. Robinson

NIST Electromagnetics
  John Moreland
  Li-Anne Liew

University of Colorado
Z. Popović
A. Brannon
J. Breitbarth
J. Maclennan
Y. Li

CSAC

CSAM

Gyro

Dir. 
Coup.

MEMS

LO

Wall coatings



Chip Scale Atomic Devices
CSAC (clock), CSAM (magnetometer), CSAG (gyro)

Optical excitation, atoms, MEMS, VCSEL lasers, low power
Battery powered devices, connect to application requirements



Cell Fabrication: Anodic Bonding
• Preform created by KOH etching or

DRIE of Si

• Pyrex bonded on one side with
anodic bonding

• Cell preform filled with Cs or Rb
– And buffer gases

• Diced cells made at NIST using the
anodic bonding technique
– Interior: 1 mm x ∅ 0.9 mm
– Exterior: 1.33 mm x (1.45 mm)2

Pyrex 7740 (125 µm)
Silicon (375 µm)
Pyrex 7740 (200 µm)

L. Liew, et al., Appl. Phys. Lett., 84, 2694, 2004.

1 mm1 mm



NIST Chip-Scale Atomic Clock: 2004

Volume:
9.5 mm3

Cell volume:
0.81 mm3

Cell temp:
85 ºC

Heating
power:
75 mW

Stability:
σy(1 sec.) =
2.5×10-10

S. Knappe, et al., Appl. Phys. Lett. 85, 1460 (2004).

1 mm

4.2 mm

1.5 mm



All-Optical (CPT) Excitation

• Non-linear process in atoms drives
hyperfine oscillation at difference
frequency between optical fields

• Absorption of light changes when
modulation frequency equals hyperfine
splitting

• Can be very small !

Local
Oscillator

Diode
Laser

E1

E2

Optical
fields

carrier
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LO Frequency

Control
Electronics νatom



(A Very Rough) Oscillator Comparison

Adapted from figure by R. Lutwak, Symmetricom

Quartz Crystal
Oscillators



Applications of Microfabricated Atomic Clocks

• Size (1 cm3)
• Power (30 mW)
• Precise timing: higher-performance, more reliable operation

Integration in portable, 
battery-operated devices

Key application areas:
• Global positioning and navigation (GPS)

• Faster acquisition time
• More precise altitude determination
• Direct P(Y)/M code acquisition → anti-jam capability
• Position solution with < 4 satellites visible

• Wireless communications, network synchronization
•   Secure communications
• Avoidance of data accumulation, more information capacity

• Data logging, seismology, remote sensors…
• Others …



GPS Positioning with < 4
Satellites

τ1
τ2

τ3

τ4

Atomic 
clock

?

(τ1, τ2, τ3, τ4)

(x, y, z, t)
GPS
Receiver



Commercialization of Chip-Scale Atomic Clocks
Honeywell 

(courtesy D. Youngner)
Symmetricom/Draper/Sandia

(courtesy R. Lutwak)

RF output

Complete functioning CSACs

< 10 mW
power requirement

10 cm3

108 mW
5×10-11 
@ 100 s

1.7 cm3

57 mW
4×10-12 
@ 1 hr

bench wafer

Photo -detector

vcsel

Trans -Impedance Amp

optics

bench wafer

Photo -detector

vcsel

Trans -Impedance Amp

bench wafer

Photo -detector

vcsel

Trans -Impedance Amp

bench wafer

Photo -detector

vcsel

Trans -Impedance Amp

optics

top cap 
wafervacuum

gold reflectortitanium getter

soldersolder

top cap 
wafervacuum

gold reflectortitanium getter

soldersolder

optical pathoptical path

cavity 
wafer

rubidium +AR/N2

cavity 
wafer
cavity 
wafer

rubidium +AR/N2



Magnetometry with Chip-Scale Devices
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splitting

Zeeman splitting

ћωHF

ћωL = ½µΒΒ



MX Magnetometer

Vapor
cell

Semiconductor
Laser

Photodetector

B

RF
Coils

λ/4
Filter

Optical

Microwave νhf
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D1

A. Bloom, E. Alexandrov, H. Dehmelt, H.G. Robinson, A. Weis, and many others

• Improved sensitivity; no GHz oscillator

ΔB



CSAM Operation

2 kHz Sidebands

Width = 1.7 kHz
 or 243 nT

Heater Currents

Laser Current

Local Oscillator
Driving RF Coils

Lock-in 
Amplifier

Photo-
Diode
Signal

Data 
Acquisition

Loop
Filter



MX CSAM Performance

Sensitivity Frequency Response

F3dB = 1 kHz

Kitching, Knappe et al.




